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Tissue-targeted delivery of small interfering RNA (siRNA)
must be achieved before RNA interference (RNAI) tech-
nology can be used in practical therapeutic approaches.
In this study, the potential of apolipoprotein A-I (apo A-I)
for the systemic delivery of nucleic acids to the liver is
demonstrated using real-time in vivo imaging. As a proof
of concept, synthetic siRNAs against hepatitis B virus
(HBV) were formulated into complexes of apo A-land 1, 2-
dioleoyl-3-trimethylammonium-propane (DOTAP)/cho-
lesterol (DTC-Apo) and injected intravenously (IV) into
a mouse model carrying replicating HBV. We show that
administration of these nanoparticles can significantly
reduce viral protein expression by receptor-mediated
endocytosis. The advantages of the apo A-l-mediated
siRNA delivery method are its liver specificity, its effec-
tiveness at low doses (£2mg/kg) in only a single treat-
ment, and its persistent antiviral effect up to 8 days. The
liver-targeted gene silencing was also shown by in vivo
images, in which bioluminescent signals emitted from
the liver were efficiently reduced after IV administration
of luciferase-specific siRNA and DTC-Apo lipoplex. Thus,
our unique approach to siRNA delivery creates a foun-
dation for the development of a new class of promis-
ing therapeutics against hepatitis viruses or hepatocyte
genes related to tumor growth.
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INTRODUCTION

RNA interference (RNAi) is a gene silencing process induced
by 21-23-nucleotide RNA duplexes called small interfering
RNAs (siRNAs) and resulting in sequence-specific messenger
RNA degradation post-transcriptionally in the cellular cytoplas-
mic region.? For the therapeutic application of siRNA, diverse
approaches have been attempted to develop efficient delivery
methods on the basis of clinically viable and acceptable admin-
istration strategies using viral vectors,’ non-viral complexes,*” or

antibody-protamine fusion proteins.® In particular, the systemic
delivery of stable nucleic acid lipid particle-encapsulated>® or
cholesterol-conjugated' siRNAs has validated the in vivo RNAi
effects against endogenous or viral hepatic RNAs in mice and
non-human primates and has also led to the promise of their use
in a clinical setting. However, improved technologies to enable
liver-targeted delivery of siRNAs using non-viral vehicles that can
transfer RNA molecules safely, efficiently, and selectively to the
target organ via systemic routes is still a challenge.

In a recent report, recombinant high-density lipoprotein
(HDL) was used as a carrier to deliver a lipophilic anti-tumor drug
into human hepatocellular carcinoma cells in vitro but not in vivo,
by taking advantage of the hydrophobic cholesterol ester-loading
properties of HDL."" Taken together, these findings suggested
that apolipoprotein A-I (apo A-I), which is a protein component
of HDL that guides the transport of cholesterol from cells of the
arterial wall to the liver and steroidogenic organs,'” is conceptu-
ally applicable to liver targeting of nucleic acids or other, non-
nucleic acid drugs. Most of all, apo A-I as a targeting moiety has
noticeable advantages: it is predominantly taken up by the liver
via the cell-surface receptor SR-BI (for mouse) or Cla-1 (for
human), its recycling or catabolic pathway has been well char-
acterized, and the protein itself is an endogenous product, so it
should not be detrimental to humans and it should not trigger
immunological side effects in clinical applications.

Accordingly, this study was conducted to determine the fea-
sibility and effectiveness of using native apo A-I for the deliv-
ery of liposomes containing synthetic siRNA to the liver via
systemic routes in vivo. Here, we show that apo A-I can be for-
mulated onto the surface of the lipid bilayer of a representative
cationic liposome, 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP)/cholesterol, and that it can facilitate the hepatocyte-
specific release of the nucleic acid payload via receptor-mediated
endocytosis. Using a mouse model carrying actively replicating
hepatitis B virus (HBV) or expressing a bioluminescence pro-
tein in the liver, we show that the subsequent inhibition of tar-
get protein expression can be monitored via the secreted viral
protein levels in serum and by in vivo imaging analysis of the
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expression of the bioluminescence protein in the mouse whole
body, respectively.

RESULTS AND DISCUSSION

Apo A-l characterization

Human apo A-I (28kd) was highly purified according to an estab-
lished protocol” from normal healthy adult blood not infected
with viral pathogens such as HBV, hepatitis C virus, or human
immunodeficiency virus (Figure 1a), and its identity was also
verified by western blot analysis with an apo A-I-specific poly-
clonal antibody (data not shown). Our preliminary interest was to
determine whether the purified human apo A-I retained the native
structure required for recognition by the cell-surface receptor
SR-BI and targeting to hepatic cells in vivo. Thus, we labeled it with
an infrared fluorescence dye before injecting it into mice via the
tail vein with normal pressure. With a real-time imaging system,
apo A-I biodistribution in whole, live mice was assessed at several
time points (Figure 1b). The imaging analysis revealed that sys-
temically administered apo A-I can be specifically delivered to and
stably maintained in the liver for at least 6 hours. Fluorescent sig-
nals observed in the bladder are likely to represent elimination of
the protein from the body by urination, resulting in irregular fluo-
rescent intensities in each bladder (data not shown). Kinetic anal-
ysis of photon intensities in the liver showed that the uptake yield
of the input apo A-I was maximal at approximately 45% within
150 minutes after treatment (Figure 1¢). Next, we determined ana-
tomically whether labeled apo A-I accumulated in the liver not in
other internal organs. Thus, mice were killed, and selective organs
(heart, lung, spleen, kidney, adrenal gland, ovary, and liver) were
collected and examined for apo A-I uptake 24 hours after systemic
injection of fluorescence-labeled apo A-I or fluorescent dye only.
As shown in Figure 1d, substantial fluorescent signals associated
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with apo A-I distribution were detected in the liver but not in
thoracic or other internal organs, except for the kidney, which is
known to be another site for the renal clearance of free or HDL-
associated apo A-I after catabolic processes.'*’* In contrast, the
infrared dye used as a control material was not internalized stably
in any organ. In addition, this liver-targeted delivery of apo A-I
protein through blood circulation was confirmed by a microPET
imaging study using '*I-labeled apo A-I (data not shown), indi-
cating its ability to penetrate deep hepatic tissue. Taken together,
these data demonstrate that purified free apo A-I maintained its
native conformation required for cell-surface receptor recogni-
tion and catabolic circulation in vivo, suggesting that it might be
applicable as a potent liver targeting moiety in feasibility studies
for gene therapy.

Hepatocyte-specific gene delivery in vitro

To investigate whether apo A-I can guide hydrophilic nucleic acids
to hepatic cells by a mechanism of receptor-mediated endocyto-
sis, we chose cationic liposomes composed of DOTAP and cho-
lesterol (hereafter designated DTC) as carriers and characterized
the gene-transfer properties of apo A-I-decorated DTC (hereaf-
ter designated DTC-Apo). Particle size analysis revealed that the
average diameters of DTC and DTC-Apo encapsulating nucleic
acids were approximately 200 and approximately 180 nm, respec-
tively, indicating that these particles are homogeneously assem-
bled and suitable for systemic administration (Table 1). Moreover,
zeta potential values of both DTC and DTC-Apo particles were
positive (approximately 40-50mV). In previous reports, it was
pointed out that assembly of negatively charged protein onto cat-
ionic liposomes can cause the net charge to shift from positive to
negative and subsequently promote their gene-delivery efficiency.
This appears to occur by alleviation of undesirable interactions
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Figure 1 Liver-targeted delivery of free apolipoprotein A-l (apo A-l). (a) Purified human apo A-l separated by 4-20% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis is indicated by an arrow on the right and the molecular weights of the marker proteins, in kilodaltons (kd),
are shown on the left of the gel. (b) /n vivo images of a representative live nude mouse intravenously injected with 200 ug of apo A-l labeled with an
infrared fluorescent dye at several times after injection. Systemically administered apo A-I migrates to the liver (indicated with white arrows) before
being eliminated from the body by urination. (c) Percentage uptake rate of the labeled protein in the liver at different time points (n = 4). The total
fluorescence intensity of the injected solution was measured before injection. (d) Mice were exsanguinated and selective organs were isolated from

the body to measure apo A-l biodistribution anatomically.
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Table 1 Size and zeta potential measurements of cationic nanoparticles®

Formulation Size (nm) { pot (mV)
DTC 176.5+ 1.4 53.3+4.0
DTC with DNA® 205.5+4.2 42.7+1.8
DTC with siRNA* 196.0 + 1.8 44.6 £2.2
DTC-Apo 1479 +2.8 49.5+6.3
DTC-Apo with DNA® 179.5+3.4 38.6+4.0
DTC-Apo with siRNA®¢ 177.1+1.4 39.1+2.8

Abbreviations: { pot, zeta potential; DTC-Apo, apo A-l-decorated DOTAP/
cholesterol; si RNA, small interfering RNA.

2Sizes are given as diameters in nanometers; all values are noted as means + SD.
n = 3. Particles are resolved in 5% dextrose solution. PDNA is phRL-CMV. “siRNA
is a non-specific control siRNA. “DOTAP/cholesterol:apoA-I:nucleic acids = 10:1:1
(wt/wt/wt).

between lipoplexes and unknown serum components not in a
receptor-mediated manner.'®"” However, in our study, the similar
zeta potentials of both preparation sets indicate that the anionic
apo A-I scarcely influences the positive net charge of the lipo-
plex. In other words, it means that improvement of gene-transfer
efficiency mediated by apo A-I is not associated with the “charge
shielding” effect.

We examined changes in the transfection ability of DTC by
apo A-I and compared gene delivery efficiencies of DTC and
DTC-Apo in hepatic and non-hepatic cells in vitro. In this experi-
ment, it was observed that loading of apo A-I onto DTC resulted
in an increase in the transfection yield, specifically in human
hepatocyte-derived cells, HepG2 and Huh7, but not in non-
hepatic cells, B16F10 (Figure 2a—c). The improved transfection
efficiency by apo A-I was correlated with the expression levels of
its cell-surface receptor SR-BI and Cla-1 (Figure 2d). Moreover, in
competition assays, both SR-BI-specific and apo A-I-specific anti-
bodies decreased the transfection efficiency of DTC-Apo, but not
of DTC, into HepG2 cells in a dose-dependent manner (Supple-
mentary Figure S1). These results provide direct support for our
hypothesis that apo A-I can mediate gene transport into hepatic
cells through interactions with its cell-surface receptors.

Liver-specific gene delivery in vivo

Further to validate the preferential delivery potency of apo A-I
to hepatocytes in vivo, we prepared DTC-Apo particles contain-
ing the phRL-CMV plasmid (named DTC-Apo/RLuc), which
expresses the Renilla luciferase gene. Apo A-I was labeled with
BT (named DTC-Apo*/RLuc) to facilitate the systemic and sen-
sitive detection of its migration route, and biodistribution of
the particles was monitored by whole-body imaging at differ-
ent time points after intravenous (IV) injection. As shown in
Figure 3a, the gamma camera photograph (the left picture) at
120 minutes revealed that DTC-Apo*/RLuc complexes accumu-
lated in hepatic tissue. Mouse organ distribution was determined
from an X-ray photograph (the right picture). As mentioned, the
isotope signals in the bladder indicate that after separation of the
protein ligand component from the lipoplex particles, it could be
eliminated from the body by urination, similar to free apo A-I
(see also Figure 1b). Furthermore, the property of liver-oriented
migration of the apo A-I-coupled lipoplex was also evaluated by
insertion of "'I-N-succinimidyl-3-(4-hydroxyphenyl)propionate
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Figure 2 Hepatocyte-specific gene delivery by apolipoprotein A-l-
decorated DOTAP/cholesterol (DTC-Apo) liposomes in vitro. DTC or
DTC-Apo liposomes (3-5ug) containing 1pug pEGFPLuc DNA were trans-
fected into human liver cell lines, (a) HepG2 and (b) Huh7, or into a
mouse melanoma cell line, (c) B16F10. At day 2 after transfection, cell
lysates were harvested to measure luciferase expression levels. All transfec-
tion experiments were performed in 12-well plates in triplicate. (d) The
expression levels of the apo A-l receptor, SR-BI and Cla-1, for the differ-
ent cell lines were assessed by western blot analysis. f-actin served as an
internal loading control.

(¥'1-SHPP)-linked dioleoyl phosphatidylethanolamine (DOPE)
into the cationic liposome (named DTC*). To compare the quan-
tity of DTC* and DTC*-Apo liposomes taken up by the organs,
we killed mice 3, 6, and 24 hours after systemic administra-
tion and collected the organs as well as blood for radioactive
counting using a gamma counter (Figure 3b; Supplementary
Table S1). As shown in Figure 3b, which represents quantitative
biodistribution at 6 hours after injection, the accumulation level of
DTC*-Apo was enhanced in the liver by approximately threefold
compared with that of simple DTC*. This definitively shows that
the apo A-I in DTC-Apo liposomes plays a key role in delivering
nanoparticles to the liver selectively and efficiently. To obtain criti-
cal and direct evidence that DTC-Apo particles can subsequently
release their nucleic acid components into the cytoplasm or nucleus
of hepatocytes in vivo, we injected mice IV with unlabeled DTC-
Apo/RLuc or DTC/RLuc particles and measured the biolumines-
cence intensities in tissue homogenates from heart, lung, kidney, and
liver by the luciferase assay (Figure 3c). Before measuring luciferase
levels, we confirmed that there were neither distinctive body weight
differences nor organ weight variations among individuals. Consis-
tent with liver-specific accumulation of isotope-labeled DTC-Apo
vehicle (Figure 3b), luminescence signals were particularly con-
centrated in the mouse liver 24 hours after IV injection of DTC-
Apo/RLuc, with a range of 6,700-50,300 relative luciferase units per
1 mg of total protein. In contrast, in mice treated with DTC/RLuc,
luciferase signals were detected strongly in the lung and kidney
but only modestly in the liver, and there was only basal luciferase
expression in the naked DNA-treated or 5% dextrose mock-treated
groups. Although DTC-Apo/RLuc administration showed the high
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Figure 3 Apolipoprotein A-l (apo A-l)-mediated migration into the
liver of cationic liposomes. (a) The apo A-I component in DOTAP/
cholesterol (DTC)-Apo complexes encapsulating the phRL-CMV plasmid
was labeled with 'l and administered to mice by standard intravenous
(IV) injection (200 uCi per mouse). Whole-body images for radioiodine
signals were captured using agamma camera after injection (left). Organs
with detectable radioactive signals are indicated with arrows at 120
minutes. Mouse organ distribution was determined from an X-ray pho-
tograph (right). (b) Organ distribution of DTC* and DTC*-Apo was mea-
sured. After IV administration of 15uCi of DTC* and DTC*-Apo, organs
and blood (n = 4) were collected for monitoring biodistribution of par-
ticles. The radioactivity was counted using a gamma counter in triplicate
and expressed as a percentage of the injected dose per gram of tissue
at 6 hours. (c) Liver-specific gene delivery by the DTC-Apo vehicle. Mice
(n = 3) were systemically administered with a mock control (5% dex-
trose), naked DNA, DTC/RLuc, or DTC-Apo/RLuc at a dose of 40ug
phRL-CMV per mouse and killed 1 day after administration. Luciferase
levels were measured in tissue homogenates from heart, lung, kidney,
and liver and then expressed as relative luciferase units (RLUs) per mg
total protein. Values represent mean + SD.

SD of the mean efficiency of the reporter gene delivery in the liver,
these luciferase expression levels were significantly increased when
compared with simple DTC/RLuc treatment (P < 0.05). Our results
provide fundamental evidence and a rationale for the use of apo A-I
in the development of liver-directed non-viral gene delivery meth-
ods that accompany receptor-mediated endocytosis.
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RNAi effects against HBV

To examine the therapeutic activity of DTC-Apo-encapsulated
siRNA, we chose HBV as a target for RNAi-mediated inhibition
because it replicates exclusively in the liver. Quantitative estima-
tion of in vivo RNAI efficacy of the DTC-Apo-formulated HBV
X-specific siRNA (DTC-Apo/siHBV) was facilitated by a mouse
model of acute HBV infection. We generated this model sys-
tem by hydrodynamic injection of an HBV-replicating plasmid,
pCpGHBV-MBRI, into mice. Compared with the mother clone,
pHBV-MBRI* the backbone-modified pPCpGHBV-MBRI plasmid
was designed to express viral antigens at elevated levels over longer
periods of time in vivo (data not shown), as this plasmid backbone
does not induce non-specific inflammatory responses in mamma-
lian hosts. The relative expression levels of apo A-I receptor, SR-BI,
were measured by western blot analysis before and after hydro-
dynamic injection of pCpGHBV-MBRI into adult C57BL/6 mice.
As shown in Figure 4a, transient HBV replication in liver did not
affect SR-BI expression levels, demonstrating that the concept of
apo A-I-mediated siRNA delivery is applicable in this acute HBV
mouse model. Eight hours after hydrodynamic injection of 10 ug
pCpGHBV-MBRI into mice, they were treated again with an IV
injection of 2 mg/kg (40 pg siRNA per mouse) DTC/siRNA, DTC-
Apo/siRNA, naked siRNA, or a 5% dextrose mock control. At dif-
ferent times, serum HBV surface antigen, one of the major viral
structural proteins, was measured by enzyme-linked immunosor-
bent assay (Figure 4b). Notably, a significant reduction in serum
HBYV surface antigen was observed in mice administered DTC-
Apo/siHBV particles in a single dose, as shown by average inhibi-
tions of 65.1% (P = 0.014), 63.4% (P = 0.047), 74.9% (P = 0.015),
and 72.8% (P = 0.034) on days 2, 4, 6, and 8 after injection, respec-
tively, relative to the matched DTC-Apo/siCont group. Although
simple DTC/siHBV particles reduced viral antigen expression in
some individuals, with a maximum reduction of 43% relative to
DTC/siCont as observed in a previous report,° this group showed
wide variations among individual animals and failed to yield statis-
tical evidence for an RNAi effect. We further tested the dose-depen-
dent activity of DTC-Apo/siHBV. Mice with acute HBV replication
were treated with 0.5, 1, or 2 mg/kg doses of HBV-targeted siRNA,
and the serum viral antigen levels were monitored at day 2 after
injection. As shown in Figure 4c, the reduction in viral antigen
expression reached saturation at a dose of 1mg/kg siRNA, and
the results were statistically significant (P < 0.01) in both groups
treated with 1 and 2mg/kg siHBV relative to the control treated
with 2mg/kg siRNA. In addition, the enhanced siRNA delivery to
the liver mediated by the targeting moiety apo A-I was validated
again in another acute HBV mouse model system using pHBV-
MBRI with an additional HBx-specific sequence, siHBV-3, which
was selected in our previous study'® (sequence in Supplementary
Table S2; Supplementary Figure S2). Our in vivo data indicate
that apo A-I assembled on cationic lipids promotes the hepatic tis-
sue-specific delivery of siRNA and that a single IV treatment of a
mature formulation containing anti-HBV siRNAs leads to potent
gene silencing effects on viral replication in vivo.

RNA:i in the liver
Although evidence in this study demonstrates DTC-Apo/siRNA-
mediated silencing of hepatitis viral replication, questions about
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Figure 4 Therapeutic silencing of viral protein levels after a single treatment with apolipoprotein A-I-decorated DOTAP/cholesterol (DTC-
Apo)-encapsulated hepatitis B virus (HBV)-specific small interfering RNA (siRNA) in an HBV mouse model. (a) The protein expression levels of
the apo A-l receptor were estimated in mouse liver specimens. Total liver homogenates of normal mice (lanes 1 and 2) and mice hydrodynamically
injected with 10 ug of pPCpGHBV-MBRI (lanes 3-5) were probed for SR-BI (upper) and S-actin as a loading control (lower). (b) Female C57BL/6 mice
were hydrodynamically injected with 10ug of pCpGHBV-MBRI. Eight hours later, naked HBV X-specific siRNA (siHBV), DTC/siCont, DTC/siHBV, DTC-
Apo/siCont, or DTC-Apo/siHBV was intravenously administered at a dose of 2mg/kg, and blood serum was harvested at days 2, 4, 6, and 8 after
injection. Relative levels of secreted HBV surface antigen (HBsAg) were determined by enzyme-linked immunosorbent assay (ELISA) and normalized
against the average level of the 5% dextrose control. Values represent mean + SD (n = 4). *P < 0.05 compared with the matched control group.
(c) Dose-dependent RNA interference effect of the systemically administered DTC-Apo/siHBV in the same in vivo mouse model of HBV replication.
DTC-Apo-encapsulated HBV-specific siRNA or irrelevant control siRNA was injected into HBV-replicating mice at doses of 0.5, 1, and 2mg/kg by
standard tail vein injection. At day 2 after injection, serum HBsAg levels were measured by ELISA and expressed as mean + SD (n = 4). DTC-Apo/siHBV

reduced viral protein expression at 1 and 2mg/kg doses significantly. *P < 0.07 compared with the control siRNA group.

whether this RNAi machinery occurs selectively and mainly in the
hepatic tissue remained to be addressed. We therefore prepared
another mouse model for in vivo imaging by hydrodynamic injec-
tion of a target plasmid, pEGFPLuc, which expresses the firefly
luciferase gene and facilitates in vivo image analysis. One day after
target injection of pEGFPLuc, DTC-Apo/siRNAs were admin-
istered IV into Balb/c female mice, as described above. When
DTC-Apo/siCont or naked siLuc was injected, mice showed no
inhibition of luciferase expression, and when DTC/siLuc was
injected, mice showed a slight but not significant gene silencing
effect (Figure 5; Supplementary Figure S3). In contrast, sys-
temic injection of a complex of DTC-Apo/siLuc (1 and 2mg/kg
siRNA per mouse) exhibited a dramatic reduction in luciferase
activity (approximately 70% in Figure 5 and 95% in Supplemen-
tary Figure S3, respectively) as early as day 1 after treatment
compared with the DTC-Apo/siCont group.

As a toxicology study, we characterized the short-term safety
profile associated with systemic DTC-Apo/siRNA administra-
tion. For serological and histological analysis, serum and organs
were collected from mice at day 1, 2, or 3 after IV injection for
each preparation. Two main serum aminotransferase (alanine
aminotransferase and aspartate aminotransferase) levels, as well
as serum albumin, bilirubin, and alkaline phosphatase levels,

Molecular Therapy vol. 15 no. 6 june 2007

were measured (Supplementary Tables S3 and S4). In paral-
lel, a histopathological analysis of liver, lung, heart, kidney, and
spleen was performed (Supplementary Figure S4). These results
were reviewed by board-certified pathologists. From these clinical
assessments of the serum alanine aminotransferase and aspartate
aminotransferase levels and organ histopathology, none of the
preparations led to significant toxic effects on liver or other organs
of animals. However, it could not be excluded that the presence of
additive apo A-I protein (40 pug per mouse), even though its injec-
tion dose was insignificant, influenced cholesterol metabolism or
induced an undesirable balance of lipoproteins. Therefore, serum
cholesterol and triglyceride levels were also estimated (Supple-
mentary Tables S5 and S6). Notably, neither DTC-Apo/siRNA
nor any of its components had an effect on the serum levels of total
cholesterol, HDL or low-density lipoprotein cholesterol, or triglyc-
erides. Taken together, these results show that liver is the selective
target for DTC-Apo/siRNA particles administered systemically
and that siRNA released from the nanoparticles can trigger the
RNAi pathway, without inducing any enzymatic abnormalities or
pathological damage in normal liver function.

To the best of our knowledge, this is the first report to demon-
strate the liver-targeted delivery of therapeutic siRNA via recep-
tor-mediated endocytosis. Our findings suggest that DTC-Apo

1149



Anti-HBV Activity of siRNAs Targeted to the Liver

DTC-Apo/siCont DTC-Apo/siLuc

5% dextrose

#1 #2 #1 #2

(p/sec/cm?/sr)
300

250
200 405
150

100

140 -

120 1
100
80
60 1 *
40
20
0 T T

5% dextrose control DTC-Apo/siCont  DTC-Apo/siLuc

o

Relative luciferase flux [%]

Figure 5 In vivo images of inhibition of the luciferase gene expres-
sion by apolipoprotein A-l-decorated DOTAP/cholesterol (DTC-
Apo)/siRNA duplexes targeting luciferase (siLuc). (a) Representative
images of Balb/c mice that were hydrodynamically injected with 10pug
of the luciferase expression plasmid, pEGFPLuc, and, 1 day after target
injection, intravenously treated with 1 mg/kg DTC-Apo/siCont or DTC-
Apo/siLucin 200 pl of 5% dextrose solution. (b) Relative luciferase expres-
sion levels were measured by counting bioluminescence signals emitted
from the liver of the mice. Data are from four individuals and expressed as
means + SD. *P < 0.05 compared with the control siRNA group.

nanoparticles, composed of apo A-I (the protein component of
HDL) and cationic DTC liposomes, can be used to carry siRNA
molecules to the animal liver selectively. As a proof of concept,
we showed that DTC-Apo-formulated HBV-specific siRNA sig-
nificantly diminished expression levels of viral surface protein in
acute HBV infection models after treatment with a single dose.
In vivo imaging also confirmed that this RNAi-based mechanism
might be implicated in systemic siRNA delivery to the hepatic
tissue. Importantly, our supplementary data indicate that (i) after
assembly, the tertiary structure of apo A-I a-helical domains that
are critical for binding to SR-BI (or Cla-1)"** remained nearly
intact (277%) and were exposed on the lipid particle surface
(Supplementary Figure S5) and (ii) the expression level of the
cell-surface receptor for apo A-I was maintained in cell lines or
mouse livers with transient HBV replication compared with
respective control groups, or increased approximately fourfold in
persistently HBV-replicating cells in vitro (Figure 4a; Supplemen-
tary Figure S6). These points decisively addressed the potency
of apo A-I as a therapeutic target moiety, especially against viral
hepatitis.

Currently, there are several reports concerning non-specific
interferon and/or immunostimulatory responses to unmodified
synthetic siRNA-cationic liposome complexes that activate the
Toll-like receptor signals of immune cells.»* It has also been
suggested that activation of the immune system by liposome-
formulated siRNAs and associated toxicities could be triggered
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in a nucleotide sequence-dependent manner.* We observed
that DTC-Apo/siRNAs (DTC-Apo/siCont, DTC-Apo/siHBYV,
DTC-Apo/siHBV-3, and DTC-Apo/siLuc) stimulated interferon
and inflammatory cytokines such as interferon-«, interferon-y,
tumor necrosis factor-a, and interleukin-6 without sequence-
specific differences and transiently within 6 hours after injection
(data not shown). Notably, no changes were detected in mouse
body weight or behavior, the histological cell morphology, or liver
function after administration of DTC-Apo/siRNA at a maximum
of 2mg/kg dose (data not shown; Supplementary Figure S4;
Supplementary Tables $3-6). In recent reports, it was elucidated
that this undesirable immunostimulatory activity of liposome-
siRNA complexes can be clearly eliminated by chemical modifica-
tion of siRNAs,>*** which allow the siRNA to escape the Toll-like
receptor-mediated response. Thus, our further studies are focus-
ing on selection of chemically modified siRNAs suitable to the
DTC-Apo-derived gene-delivery system to increase RNA stability
as well as immuno-safety. This approach will be required before
using siRNA in small-molecule drug strategies. Nevertheless, this
study sufficiently shows that the use of an unstable, unmodified
RNA in the DTC-Apo-formulated complex is able to yield sig-
nificant, long-lasting (more than 8 days) silencing activity at low
doses (<2mg/kg), even after a single IV injection into an acute
HBV-infected mouse model.

Here, we demonstrated the feasibility of a systemic and non-
viral ligand-mediated RNAi gene therapy using endogenous
protein apo A-I. This strategy allowed the effective delivery of
siRNAs to the liver and release of nucleic acids into hepatic cells
and, finally, reduced target gene expression. Thus, our unique
and promising approach using DTC-Apo A-I-formulated siRNA
nanoparticles may allow the development of a new class of thera-
peutics to down-regulate hepatitis viruses or endogenous genes
involved in the growth of hepatocellular carcinomas.

MATERIALS AND METHODS

siRNAs. All siRNAs used in these studies were purchased from Bioneer
(Daejeon, South Korea). The sequences of the sense and antisense strands
of the control, HBV-specific,' and firefly luciferase-specific' siRNAs
are detailed in Supplementary Table S2. The double-stranded siRNAs
were characterized by denaturing and non-denaturing polyacrylamide
gel electrophoresis.

Animal studies. All animal studies were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals prepared by the
National Academy of Sciences.

Plasmid DNA. The plasmids phRL-CMYV, encoding Renilla luciferase, and
pEGFPLuc, encoding firefly luciferase, were purchased from Promega
(Madison, WI) and Clontech (Palo Alto, CA), respectively. The HBV
replication-competent plasmid, pCpGHBV-MBRI, was created by
excision of the viral genome from the mother clone pHBV-MBRI*
and re-ligation into Spel- and Xbal-digested pCpG-mcs (InvivoGen,
San Diego, CA) for the sensitive and extended expression of viral antigens
in immunocompetent mice.

In vivo imaging of free apo A-l biodistribution. Human apo A-I protein
was isolated from plasma fractions by cold ethanol precipitation as
described previously.”® After sodium dodecyl sulfate—polyacrylamide gel
electrophoresis, apo A-I was characterized by Coomassie blue staining,
and its identity was confirmed by western blot analysis using a goat
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anti-human apo A-I antibody (Academy Biomedical Company, Houston,
TX), which has cross-reactivity to mouse apo A-I, and a secondary anti-
body, rabbit anti-goat IgG-horseradish peroxidase (KPL, Gaithersburg,
MD). The expression level of the apo A-I receptor, SR-BI or Cla-1, in mouse
organs or cell lines was measured by western blot analysis using a rabbit
anti-SR-BI antibody (Novus Biologicals, Littleton, CO) and a horseradish
peroxidase—conjugated goat anti-rabbit IgG (KPL, Gaithersburg, MD). For
in vivo imaging, the purified protein (0.6 mg) was labeled with an infrared
dye using IRDye 800 CW in vivo imaging agents (LI-COR Biosciences,
Lincoln, NE) according to the manufacturer’s instructions and purified
using a dextran desalting column (Pierce Biotechnology, Rockford, IL)
to remove the unincorporated dye. Free infrared dye or labeled apo A-I
(200 ug) with the same photon intensity was administered to 6-8-week-
old female nude mice (Charles River Laboratories, Wilmington, MA) via
tail vein injection. After 10 minutes of anesthesia with 2% isoflurane, each
animal was placed in a supine position in a light-tight chamber, and whole-
body images were obtained using the IVIS 200 imaging system and Liv-
ing Image Software (Xenogen, Alameda, CA). At 24 hours after treatment
with labeled apo A-I, mice were exsanguinated and perfused with saline.
Organs (heart, lung, spleen, kidney, adrenal gland, ovary, and liver) were
collected and examined for fluorescent image analysis using the IVIS 200
imaging system (Xenogen, Alameda, CA).

Formulation of DTC-Apo and nucleic acids. To prepare conventional
cationic DTC liposomes, we mixed chloroform (Sigma, St. Louis, MO)
solutions of lipids at the equimolar ratio of DOTAP (Avanti Polar Lipids,
Alabaster, AL) and cholesterol (Sigma, St. Louis, MO).?**” After liposome
assembly, the organic solvent was evaporated under a stream of N, gas.
Vacuum desiccation for 2 hours ensured removal of the residual organic
solvent. The dried film was hydrated in a 5% dextrose solution and then the
liposomal suspension was sonicated using a bath sonicator. To formulate
DTC-Apo, the DTC liposomes suspended in 5% dextrose solution were
reassembled with A-I protein solution (at a ratio of 10:1 (wt/wt) DTC:pro-
tein) overnight at 4°C. For in vitro treatment, 1 ug of plasmid DNA was
mixed with 3-5 g of DTC or DTC-Apo liposomes in 200 ul of Opti-MEM
(Gibco BRL-Invitrogen, Life Technologies, Gaithersburg, MD), incubated
at room temperature for 30 minutes, and then transfected into cells. In
in vivo experiments of liver-specific gene delivery, 40ug of siRNAs or
plasmid DNA was mixed with 400 ug of the empty cationic liposomes in
200ul of 5% dextrose solution and the mixture was incubated at room
temperature for 30 minutes. Before in vivo administration and in vitro
transfection, the formulated particles were characterized by measur-
ing their size and charge using a Zetasizer 3000 apparatus (Malvern
Instruments, Malvern, Worcestershire, UK).

Cell culture studies. HepG2, Huh7, and B16F10 cells were maintained
in Dulbeccos modified Eagles medium (Gibco, Life Technologies,
Gaithersburg, MD) supplemented with 10% fetal bovine serum (Gibco,
Life Technologies, Gaithersburg, MD). Cells were plated (2 x 10° cells/well)
in 12-well plates and incubated overnight. One microgram of a reporter
gene expression DNA, pEGFPLuc (Clontech, Palo Alto, CA), encapsu-
lated in increasing amounts of DTC or DTC-Apo (3-5 pg), was added to
wells in triplicate. The medium was changed 4 hours later and cells were
collected as lysates after 48 hours for the luciferase assay (Luciferase Assay
System; Promega, Madison, WI).

Labeling of DTC-Apo. DTC-Apo liposomes (3 mg) were assembled with
0.3 mg of phRL-CMV (Promega, Madison, WT) and then the protein com-
ponent was labeled with 0.6 mCi "*'I (The Korea Atomic Energy Research
Institute, Daejeon, South Korea) by the chloramine-T method (named
DTC-Apo*/RLuc).? In parallel, the lipid component of DTC-Apo was also
radiolabeled. In brief, Bolton-Hunter reagent (SHPP; Pierce, Rockland,
IL) as a linker was labeled with *'T according to a modified chloramine-
T method (named "'I-SHPP).?** Empty cationic liposomes consisting of
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DOTAP, cholesterol, and DOPE (Avanti Polar Lipids, Alabaster, AL) were
prepared at a molar ratio of 50:30:20 DTC/DOPE (named DTC-DOPE),
and then the DTC-DOPE was conjugated with *'I-SHPP by incubation
in pH 8.5 borate buffer for 3 hours on ice (named DTC*). Unincorpo-
rated P'I-SHPP was removed using a dextran desalting column (Pierce,
Rockland, IL). DTC* was mixed with apo A-I at a weight ratio of 10:1
DTC*/apo A-I (named DTC*-Apo) at 4°C overnight.

In vivo imaging of DTC-Apo biodistribution. To monitor biodistribu-
tion of the complexed DTC-Apo*/RLuc, we injected the purified lipoplex
(200pCi) IV into nude mice (Charles River Laboratories, Wilmington,
MA) and monitored the radioactivity from the whole mouse using a
gamma camera (Medical Imaging Electronics, Elk Grove Village, IL). In
a second approach, complexes of DTC* or DTC*-Apo were IV injected
into female C57BL/6 mice (15 uCi/head). Organs and blood (n = 4) were
collected at 3, 6, and 24 hours after injection and their radioactivity was
counted in triplicate using the "*'I channel of the multi-channel analyzer
1480 WIZARD (Wallac Perkim Elmer, CT). The radioactivity in each
organ was expressed as a percentage of the injected dose per gram. In a
third approach, to examine nucleic acid release by lipoplexes after systemic
injection, we IV treated mice (n = 3 per group) with unlabelled DTC or
DTC-Apo containing phRL-CMV (Promega, Madison, WI) and killed
them the following day. Luciferase expression levels per total protein were
measured in homogenate samples from heart, lung, kidney, and liver using
a Renilla luciferase assay system (Promega, Madison, WI).

Antiviral activity of DTC-Apo/siHBV in mice. To assess the in vivo antiviral
effect of DTC-Apo-formulated HBV-specific siRNAs (DTC-Apo/siHBV),
we established an acute HBV-infected mouse model. In brief, 10pug of a
replication-competent plasmid, pCpGHBV-MBRI, was hydrodynami-
cally injected into female C57BL/6 mice (Charles River Laboratories,
Wilmington, MA) of 8-9 weeks of age weighing approximately 20 g.** After
8 hours, groups of four mice with replicating HBV in their livers were IV
administered 10, 20, or 40ug (i.e., 0.5, 1, or 2mg/kg) of siRNAs incor-
porated into the DTC or DTC-Apo liposomes at a constant ratio of 10:1
(wt/wt) liposome:siRNA. To monitor viral protein levels secreted into the
blood, we collected serum on days 2, 4, 6, and 8 after DTC-Apo (or DTC)/
siRNA injection and determined HBV surface antigen levels by enzyme-
linked immunosorbent assay (DiaSorin, Stillwater, OK). The absorbance
from normal mice was used as the background for this study.

In vivo imaging of RNAI activity by DTC-Apo/siLuc. To assess the RNAi1
effect visually in living animals, we prepared a luciferase-expressing
mouse model by hydrodynamic injection with 10 pug of pEGFPLuc plasmid
(Clontech, Palo Alto, CA) into 6-7-week-old female Balb/c mice (Charles
River Laboratories, Wilmington, MA). DTC-Apo/siCont or DTC-Apo/
siLuc was injected at a dose of 1 mg/kg via the tail vein under normal
pressure 1 day after target DNA injection. On subsequent days, mice were
anesthetized with 2% isoflurane and intraperitoneally injected with 200 ul
of 15mg/ml p-luciferin (Molecular Imaging Products Company, Ann
Arbor, MI) solution, according to the manufacturer’s instructions. Ten
minutes later, photon signals from whole bodies were quantified using the
IVIS imaging system (Xenogen, Alameda, CA). In parallel with the in vivo
imaging analysis, serum and organs (liver, lung, heart, kidney, and spleen)
of mice treated with 5% dextrose (mock control), naked control siRNA,
empty DTC, DTC-Apo liposomes, or DTC/siRNA or DTC-Apo/siRNA
lipoplexes were harvested at day 1, 2, or 3 after injection. Necropsies and
both histopathological and serological analyses were performed by board-
certified pathologists at Green Cross Reference Laboratories (Yongin-si,
Kyonggi-do, South Korea) to examine for toxicity.

Statistical analysis. Statistical analyses were performed using Student’s

t-test to measure statistical differences among groups. Data with P < 0.05
were considered to be statistically significant.
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SUPPLEMENTARY MATERIAL

Figure S1. Cell-surface receptor-mediated gene delivery by DTC-Apo
in vitro.

Table $1. Comparative study of liver-specificaccumulation of '*'l-labeled
lipid of DTC and DTC-Apo particles administered intravenously.

Table $2. Sense and antisense siRNA sequences used in these studies.
Figure $2. RNAi effects of DTC-Apo-encapsulated HBV-specific SiRNAs
in an HBV mouse model.

Figure $3. In vivo RNAi effects of DTC-Apo-encapsulated siRNAs
directed against firefly luciferase mRNA.

Table $3. Total albumin, bilirubin, alkaline phosphatase, aspartate
aminotransferase, and alanine aminotransferase levels in mouse serum
after intravenous injection of any component or full particles of DTC-
Apo/siRNA.

Table $4. Total albumin, bilirubin, alkaline phosphatase, aspartate
aminotransferase, and alanine aminotransferase levels in mouse serum
after intravenous injection of DTC-Apo/siRNA.

Figure $4. Histological sections from mouse organs.

Table $5. Cholesterol and triglyceride levels in mouse serum after
intravenous injection of any components or full particles of DTC-Apo/
siRNA.

Table $6. Cholesterol and triglyceride levels in mouse serum after
intravenous injection of DTC-Apo/siRNA.

Figure $5. CD spectra of apo A-l protein.

Figure $6. Western blot analysis of Cla-1.
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