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ABSTRACT: RNA interference (RNAi) has considerable
potential as a therapeutic strategy, but the development of
efficient in vivo RNA delivery methods remains challenging.
To this end, we designed and synthesized chemically modified
interfering nanoparticles (INOPs) composed of functionalized
poly-L-lysine dendrimers modified with reducible spacers to
facilitate release of small interfering RNAs (siRNAs) in vivo.
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We show that the novel siRNA—iINOP complexes mediate efficient gene-specific RNAIi in cultured cells and in mice, where they
display enhanced tissue-targeting capabilities. At a clinically feasible dose of 1 mg kg™, apolipoprotein B (apoB) siRNA—iNOP
complexes achieved ~40—45% reduction of liver apoB mRNA and plasma apoB protein levels within 48 h of administration to
mice, without apparent toxicity. Collectively, these findings demonstrate that siRNA delivery by the modified reducible iNOPs
can provide a clinically significant and potentially tissue-specific new approach for RNAi therapy.
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G ene silencing by RNA interference (RNAi) is attracting
increasing attention as a potential therapeutic strate M
During RNAi, small interfering RNA (siRNA) duplexes™ are
introduced into the cell and assemble in the RNA-induced
silencing complex (RISC),’ a multiprotein complex that cleaves
the complementary targeted mRNA or blocks its translation.
The sequence specificity of RNAi supports its potential to treat
diseases caused by gene products that are inaccessible to
traditional small molecule approaches and thus considered
nondruggable. However, effective siRNA-based therapies
require identification of target-specific siRNA sequences and
development of efficient vehicles to deliver siRNA to the
appropriate cells in vivo.” Successful in vivo delivery of siRNA
has recently been reported using cholesterol-functionalized
siRNA and formation of stable nucleic acid—lipid siRNA
particles (SNALPs).*~"! Moreover, polymeric nanoparticles for
RNAi have been successfully administered to humans,
providing encouragement for the development of RNAi-based
therapies.'”> ™'

We previously reported the design and synthesis of
interfering nanoparticles (iNOPs) as new siRNA delivery
agents.'”” iNOPs can be conveniently assembled by mixing
siRNA with functionalized poly-L-lysine dendrimers without the
need for complex liposomal formulation procedures'®'” or
harsh covalent reaction conditions.® One formulation, iNOP-7,
has been successfully used to deliver apolipoprotein B (apoB)-
specific siRNA in mice at therapeutically feasible and affordable
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doses, and to deliver NOX2-specific siRNA to local arteries for
prevention of restenosis in an atherosclerotic rat model."
Here, we describe a novel form of iNOP designed to increase
the efficiency of in vivo siRNA delivery. We considered that
reducible nanoparticles may have advantages over non-
hydrolyzable materials by allowing siRNA to be released within
the cellular environment.>*~** To test this, we modified iINOP-
7 by conjugating reducible spacers to the surface of the core
lipid-functionalized poly-L-lysine dendrimer. We prepared a
spacer (I) containing a disulfide bond (Scheme 1A) and
coupled it to iINOP-7 to give the new reducible derivative,
iNOP-7DS (Scheme 1B). Excess spacer I was included during
the coupling reaction to ensure highly substituted dendrimers
were obtained, which was confirmed by monitoring free amines
in the product by Kaiser’s test (data not shown), as well as
analysis by 'H nuclear magnetic resonance (NMR) and matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF MS). As shown in Figure 14, signals from the deprotected
spacer I (242, 2.79, and 2.95 ppm), the oleoyl group (0.75,
1.12, ~1.75—1.85, and 5.21 ppm), and lysine residues (~1.20—
1.54, 2.85, and 4.06 ppm) were observed in the 'H NMR
spectrum. iNOP-7DS showed a broad distribution in the
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Scheme 1. Synthesis of Disulfide Bond-Containing Spacer I
(A) and Reducible iNOP-7DS (B)“
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“Reagents and conditions: (a) acetic acid, EtOH, r.t., 4 h, 65%. (b)
EtOH, r.t,, 6 h, 73%. (c) BOP reagent, DIPEA, DMF, 0 °C to r.t., 24 h,
84% then TFA, r.t., 30 min.

MALDI-TOF mass spectrum (Figure 1B). Major peaks were
seen at approximately m/z 9432.0, which corresponds to a
molecule with a degree of substitution 23, and minor peaks
were present at m/z 4730.9, corresponding to [M + 2H]. These
analyses confirmed we had successfully synthesized the highly
substituted INOP derivative.

To test the ability of iNOP-7DS to release nucleic acid
following cleavage of the spacer, we mixed a 21-nucleotide
dsDNA with iNOP-7DS for 20 min at room temperature to
allow electrostatic association of the components. The complex
was then treated with reducing agents, and the products were
analyzed by electrophoretic mobility shift assay. We found that
the electrophoretic mobility of DNA was completely inhibited
when complexed with iNOP-7DS at a weight ratio of 1:6 (N/P
ratio 5:1) (Figure 1C). However, the DNA was released from

the complex following a brief incubation (10 min at 37 °C)
with glutathione or dithiothreitol, indicating that the disulfide
bonds in iNOP-7DS are readily cleaved by reducing agents
(Figure 1C). Taken together, these data showed that iNOP-
7DS is reducible and, given the physiological abundance of
glutathione (3—10 mM), the new iNOP derivative may be
expected to facilitate siRNA delivery by promptly releasing
siRNA upon entering the cell.

The electrostatic interaction between iNOP-7DS and nucleic
acids could yield a range of particle sizes. To examine this, we
measured the size distribution profiles of siRNA-INOP-7DS
complexes by dynamic light scattering. At a weight ratio of 1:10
(N/P ratio 8:1), siRNA and iNOP-7DS formed nanoparticles
~140 nm in diameter (Supplementary Figure 1), confirming
that the siRNA-iINOP-7DS nanoparticles are an ideal size for
application in drug or siRNA delivery.”?

To determine whether iINOP-7DS could efficiently deliver
complexed siRNA to target cells in vitro, we tested silencing of
apoB transcription in FL83B mouse hepatocytes. ApoB is a
critical ligand for the low-density lipoprotein receptor and plays
an important role in cholesterol metabolism. For these
experiments, the stability of the apoB siRNA was enhanced
by chemical modification according to rules established in our
previous studies.””** FL83B cells were treated for 3 h at 37 °C
with iNOP-7DS complexed with apoB-specific or mismatched
siRNA, and apoB mRNA levels were then measured by
quantitative RT-PCR. As shown in Figure 2A, incubation of
cells with apoB siRNA-INOP-7DS complexes effectively
silenced apoB expression (90% inhibition) compared with
cells treated with the control siRNA-INOP-7DS (Figure 2A).
Cell viability was unchanged in the presence of iNOPs,
indicating that inhibition of apoB transcription was not due to
toxicity (Figure 2A). These results demonstrate that the
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Figure 1. Characterization of iNOP-7DS. (A) 'H NMR spectrum showing signals from the disulfide-containing spacer, lipid chains, and lysine
residues. (B) MALDI-TOF MS analysis of iNOP-7DS. (C) DNA complexed with iNOP-7DS at 1:6 weight ratio (N/P ratio 5:1) was treated with or
without reducing agents at 37 °C for 10 min and then analyzed on a 2% agarose gel. (D) Schematic of iNOP-7DS reduction by glutathione (GSH)

or dithiothreitol (DTT).
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Figure 2. Efficient in vitro and in vivo delivery of siRNA by iNOP-7DS. (A) ApoB siRNA-iINOP-7DS complexes specifically silence apoB expression
in FL83B cells. Cells were treated for 3 h with iNOP-7DS with mismatched siRNA (m) or complementary siRNA (p). ApoB mRNA levels were
measured by qRT-PCR, and viability was assessed with the MTS assay. Results are expressed as percent of control cells and are the mean + SD of
duplicate cultures from two representative experiments. (B) DDB1 siRNA-iNOP-7DS specifically silences DDB1 in HCT116 cells in the absence or
presence of serum. Cells were treated for 3 h in medium containing 0% or 10% FBS with control or DDBI1 siRNA (50 nM) delivered by iNOP-7DS
(N/P ratio 6:1) or Lipofectamine (S uL per well for 6-well plate). DDB1 mRNA levels were measured by qRT-PCR and are expressed as percent of
control cells. (C) In vivo silencing of apoB by apoB siRNA-INOP-7DS complexes. Mice were injected via the tail vein with PBS (mock) or with 2.0
mg kg™! iNOP-7DS containing apoB-specific siRNA (pm) or mismatched siRNA (mm). Mice were sacrificed 48 h later and liver apoB mRNA levels
were measured by QRT-PCR. (D) ApoB protein levels are reduced in plasma of mice injected with apoB siRNA-INOP-7DS. Animals were treated as
in panel B, and blood was drawn 24 h later. ApoB protein was analyzed in plasma samples by Western blotting. Fibronectin blotting was performed
as a protein loading control. Samples from two mice are shown. (E) Biodistribution of apoB guide strand siRNA in mouse tissues after i.v. injection
with iNOP-7DS complexes. Northern blots of total RNA (~10 ug) isolated from the indicated tissues harvested 48 h after i.v. injection. Ethidium
bromide staining of tRNA is shown as a loading control.

reducible iNOP derivative is nontoxic and efficiently delivers siRNA complexes showed ~40% decrease in liver apoB mRNA
siRNA into cells. levels (Figure 2C) and ~45% decrease in plasma apoB protein

The stability of siRNA-containing nanoparticles may be (Figure 2D). Moreover, Northern blot analysis of total RNA
affected by serum components. To assess this, we incubated isolated from the major organs of these mice showed the apoB
human colon carcinoma (HCT116) and hepatocellular siRNA guide strand was present mainly in liver, spleen, and
carcinoma (HepG2) cell lines in 0% or 10% serum-containing lung at 48 h after injection (Figure 2E). These results showed
medium. Control or DDB1 siRNA was added to cells either that iNOP-7DS complexed to chemically modified siRNA was
complexed with iNOP-7DS or in the presence of a standard able to silence apoB expression efficiently in vivo. Remarkably,
transfection reagent Lipofectamine 2000. Treatment of cells apoB silencing with the new INOP derivative required only 2.0

with siDDB1-iNOP-7DS not only knocked down mRNA by mg kg™' siRNA, which is a therapeutically feasible dose when
~90% in HT116 cells (Figure 2B) but also efficiently delivered scaled to hl&m;r(;s. Of no.te, INOP—7D § did not affe.ct h‘.’er
DDB1 siRNA to HepG2 cells, which are notoriously difficult to egzymes ar}ll 1d not activate an immune response in mice
transfect (Supplementary Figure 2). (data not shown).

Moreover, iNOP-7DS was as efficient as Lipofectamine 2000 b Ctl}(l)llectivelly, (;he.szl ﬁnﬁg%s (;ler_notl?strate that Si.};NA <li.el.i veﬁy
in delivering siRNA into the cells (Figure 2B and Y the nove reducibie 1 erivative may provide a cunica’tly

Supplementary Figure 2). Significantly, serum did not affect Zlgr.uﬁc'a nt new app roach for RNAi tl}erap V- Furthe.rmore, the
e A . . erivatization strategy could be applied to create iNOPs for
DDBI silencing in either cell type, indicating that iNOP-7DS is i i ; .
. o - issue-specific RNAi therapies.
stable in serum-containing medium.
We next evaluated the efficiency of siRNA delivery by iNOP-

7DS in vivo. For this, iNOP-7DS complexes were prepared W ASSOCIATED CONTENT

with chemically modified control or mouse apoB siRNA (N/P © Supporting Information

ratio 8:1) and injected at 1—2 mg kg™" into wild-type CS7BL/6 Complete experimental details and supporting Figures S1—S3.
mice. Mice were bled after 24 h and sacrificed after 48 h. This material is available free of charge via the Internet at
Analysis of plasma and tissues from animals treated with apoB http://pubs.acs.org.
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