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1.1 Introduction

RNA interference (RNAI) is an evolutionarily conserved, endogenous process for post-
transcriptional regulation of gene expression. The main classes of small regulatory RNAs
that silence target RNAs in a sequence-specific manner include small interfering RNAs
(siRNAs) and microRNAs (miRNAs). The first class, siRNAs, are derived from longer
double-stranded RNA (dsRNA) molecules (Figure 1.1). The endonuclease Dicer cleaves
the dsRNA into 21-25nt small RNAs, which are incorporated into the RNA-induced
silencing complex) (RISC) and then downregulates target mRNA through site-specific
cleavage. The second class, miRNAs encoded in the genome, are transcribed from endog-
enous miRNA genes as primary transcripts (pri-miRNAs), containing ~65-70 nt stem-
loop structures. The mechanism of miRNA-mediated silencing is repression of target
mRNA translation accompanied by deadenylation and subsequent degradation of the
mRNA targets.

Several years after the revolutionary discovery of RNAi in Caenorhabditis elegans by
Fire and Mello [1], Elbashir et al. successfully demonstrated that a synthetic 21-mer
siRNA duplex could induce sequence-specific gene silencing in mammalian cells without
triggering interferon responses [2]. Since then, RNAIi has captured the attention of scien-
tists and has rapidly become a powerful tool for gene function research as well as an
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Figure 1.1 Proposed mechanism for combinatorial targeting for targeted RNAI delivery.
(a) Upon binding of the cell-specific aptamer portion or ligands of the nanocarrier-siRNA
system to the target receptor on the cell surface, (b) the complex is internalized into cells,
probably through an EPR effect (passive targeting) and receptor-mediated endocytosis path-
way (active targeting). It is presumed that the complex shuttles into the endosome; (c) subse-
quently the nanocarrier-siRNA complex escapes from the endosome and then (d) siRNAs are
dissociated from the complex and released into the cytoplasm. Or (e) Cytoplasmic double-
stranded RNAs (dsRNAs) are processed by a complex consisting of Dicer, TAR RNA-binding
protein (TRBP) and protein activator of protein kinase PKR (PACT) into small interfering RNAs
(siRNAs). (f) siRNAs are loaded into Argonaute 2 (AGOZ2) and the RISC. The siRNA guide
strand recognizes target sites to direct mRNA cleavage, which is carried out by the catalytic
domain of AGO2. (g) siRNAs complementary to promoter regions direct transcriptional
gene silencing in the nucleus through chromatin changes involving histone methylation.
(Abbreviation: m7G, 7-methylguanylate.) (See color figure in color plate section).

emerging therapeutic strategy to suppress disease genes, including wet agerelated macular
degeneration (AMD), asthma, pancreatic cancer, liver cancer, advanced solid tumor, res-
piratory syncytial virus (RSV), hepatitis B virus (HBV), HIV-1 etc [3,4]. Over the past
few years, a number of preclinical and phase I or II clinical trials on RNAI therapy fueled
the excitement for the potential clinical development of RNAI in the treatment of various
diseases [5], such as cancer, autoimmune diseases, renal disease and viral infections.
Although conceptually elegant, RNAI as a therapeutic has met some frustrating chal-
lenges [6]. The most common method used to harness the RNAi pathway for targeted
gene silencing is to transfect synthetic triggers (such as siRNAs or Dicer substrate
siRNAs — DsiRNAs) into cells, so here we focus on the mechanism and major barriers
to successful use of the siRNA-mediated RNAi pathway. The main barriers have been
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(1) inefficient delivery to the correct cells or tissues; (ii) suboptimal gene-silencing
activity owing to instability and poor bioavailability of RNAi agents; (iii) toxicity due to
off-target effects or immune activation. Amongst these, the most formidable impediment
to clinical translation of RNAI is effective delivery of siRNAs to specific cells or tissues at
therapeutic doses [7,8]. Proper delivery formulations must therefore be developed to over-
come this key hurdle before RNAi-based therapy can be realized eventually as a general
approach to treat human diseases [3,9]. In this regard, the advent of versatile nano-
technology platforms is triggering the development of multifunctional delivery formula-
tions for targeted RNAI therapeutics [10,11]. In parallel, extensive efforts have been made
to explore the molecular mechanisms of RNAi delivery [12], which might facilitate the
clinical development of RNAi-based therapeutics. In this chapter, the mechanisms for,
and major barriers to, the achievement of efficient RNAi delivery, and the current status
of clinical trials of siRNA therapeutics are introduced. Recent advances in overcoming
these challenges by using aptamer-functionalized delivery formulations are discussed.

1.2 Barriers to Systemic RNAi Delivery

The average diameter of a single siRNA duplex is below 10nm, so nonformulated
siRNAs administered into the blood stream, even using stabilizing backbone modifica-
tions, result in rapid excretion through renal filtration [7]. Although siRNAs can be
administered directly to a target, for many diseases systemic administration is required,
which generally requires greater therapeutic doses, leading to higher costs and potentially
harmful side effects such as off-targeting and innate immune activation. Off-target effects
refers to the potential for siRNAs to silence not only the intended target but also other
transcripts. From a therapeutic standpoint, off-target effects can result in toxic effects that
limit the clinical development of siRNAs. Various local alignment algorithms (such as
BLAST and Smith-Waterman) should already be used to minimize off-targeting potential
when designing an siRNA. High-level dosing of siRNAs may also result in competition
for the RNAi machinery, which would negatively affect endogenous microRNA function.
In addition, before reaching the targeted cells, it is hard for a nonformulated siRNA to
pass through the blood-vessel endothelial wall and multiple tissue barriers including liver,
kidney and lymphoid organs [12,13]. The blood supply to tissues and organs depends on
endothelial cells that form the linings of the blood vessels and regulate exchanges
between the bloodstream and the surrounding tissues. The endothelial cells line the entire
circulatory system from the heart to the smallest capillaries and have very distinct and
unique functions, including fluid filtration and barrier functions. By serving as a semise-
lective barrier, the endothelium controls the passage and the transit of materials. The
kidney is also the body’s natural filtration system, which removes waste products like
urea and toxins, along with excess fluids, from the bloodstream in the form of urine. As a
part of the circulatory system, the lymphatic system is responsible for the removal of
interstitial fluid from tissue. These natural barriers and filters prevent a nonformulated,
negatively charged nucleic acids from penetrating cellular membranes. Even if entering
the cells via endoscytosis, siRNAs have to escape from endosomes and subsequently be
incorporated into the RISC to trigger the RNAi mechanism [8] (Figure 1.1). In order to
achieve efficient RNAIi potency, several requirements are crucial, such as (i) optimal
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gene-silencing activity without nonspecific immune stimulation or off-target effects;
(ii) prolonged circulation time in the body and effective accumulation in the desired target
tissues/organs; (iii) selective binding and uptake into target cells; (iv) rapid release into
the cytoplasm and effective incorporation to RISC.

1.3 Rational Design to Improve RNAi Efficacy

RNAI is a sequence-specific post-transcriptional gene-silencing process triggered by
21-25 nucleotide siRNAs, which can be chemically synthesized or produced by ribonu-
clease III Dicer cleavage from longer dsRNAs [1,14] (Figure 1.1e). The cleaved small
RNA products possess a 5'-phosphate and two-base 3’-overhangs which facilitate their
incorporation into the multi-protein RISC, where one of the two strands is selected as a
“guide” for the sequence-specific degradation of the complementary messenger RNA,
while the other strand — the “passenger” — is either rejected and/or degraded [15—17]. The
selection of the guide strand is determined by the thermodynamic end properties of the
siRNA duplex. The thermodynamic stability of the siRNA duplex ends is a major deter-
minant for RISC incorporation efficacy with the 5’ end of the strand having the lowest
stability being preferentially loaded [18-20]. The PAZ domain, a single-stranded RNA-
binding domain of Dicer and the Argonaute proteins, also specifically recognizes the 3’
two-base overhang, suggesting it can function as a module for anchoring the 3’ end of the
guide strand within the RISC [21-23]. For the Dicer substrate duplexes, the 3’ overhang
affects the polarity of Dicer entry and hence cleavage as well as subsequent strand selec-
tivity (binding to the RSIC catalytic component Ago2), ultimately influencing overall
RNAI efficiency [24,25]. When using chemically synthesized siRNAs, the design of these
RNAI triggers must take these factors into account. Moreover, the accessibility of the pri-
mary sequence and secondary structure of the targeted mRNA should be considered care-
fully as well. In order to avoid/minimize unwanted off-target effects, designed siRNA
sequences should be screened against a transcriptome database as a safety measure.
Sequences can be rationally designed by combining computer algorithms and experimen-
tal validation, optimized siRNA [26,27]. There have been several reviews on siRNA
design, with in-depth discussions of some optimal design features of siRNA, including
length/composition of 3’-terminus, GC content, inverted repeats, and so on [25,28,29].

The main strategy used to harness the RNAi mechanism for targeted gene silencing
is to transfect chemically synthesized 21-nt traditional siRNAs or longer, 25-27 nt
RNA duplexes that can be processed by Dicer into siRNAs — Dicer substrate siRNA
(DsiRNA) — into cells. Previous studies have reported that Dicer substrate duplexes
of 25-30nt can be up to a hundred-fold more potent than conventional 21 nt duplexes
for the same target [30,31]. The increased potency might be attributed to the fact that
Dicer-generated 21-23nt siRNAs are more efficiently incorporated into RISC
through physical association of Dicer with the Argonaute proteins [32,33]. Since the
overall RNAi efficacy of Dicer substrates critically depends on the composition and
potency of the Dicer processing products, a random design of Dicer substrates may
generate siRNAs with poor RNAi activity. In this regard, dicing patterns should be
carefully considered in rational designs of Dicer substrate siRNAs.

Combinatorial siRNA approaches may be desirable for downregulating multiple targets
associated with different human diseases. This is especially relevant for antiviral
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applications where the viral targets have a high rate of mutation [34]. Contransfection of a
mixture of siRNAs is typically used when simultaneous targeting of more than one mRNA
is required. However, competition between siRNAs for RISC can occur, resulting in
reduced knockdown efficiencies of some of the siRNAs within the mixture. A recent study
showed that Dicer-substrate siRNAs (DsiRNAs) have reduced competitive potentials, pre-
sumably due to more efficient RISC loading [35]. The Dicer-substrate siRNAs may there-
fore offer a more efficient way of multiplexing siRNAs for multiple mRNA targets. Dual-
targeting Dicer substrate siRNAs allow the use of a single duplex wherein each strand is
selected separately into RISC and at least two different targets can be downregulated [36].

1.4 Chemical Modifications to Enhance siRNA Stability and Reduce
Immune Response

It is known that siRNAs without some protective backbone modifications are vulnerable
to nuclease digestion in biological fluids such as serum. Systemic administration might
ultimately result in poor pharmacokinetics (PK) and lack of target gene silencing.
Unmodified siRNAs can also be potent triggers of the innate immune response, such as
triggering interferon gene-mediated transcriptional upregulation, either through the
double-stranded RNA-activated protein kinase (PKR) [37,38] or toll-like receptors
(TLRs) [39,40]. In particular, it has been reported previously that siRNAs delivered by
liposomes or polyplex reagents can nonspecifically activate inflammatory cytokine pro-
duction (tumor necrosis factor-alpha, interleukin-6, and interleukin-12) as well as IFN-
responsive genes; this, in turn, can trigger cellular toxicity [41,42]. In this regard, chemi-
cally modified siRNAs ameliorate these responses and are therefore more suitable for
therapeutic application. Precisely placed chemical modifications in siRNAs therefore not
only improve serum stability but also decrease TLR responses [43].

Various positions in the siRNA duplexes can be modified to alter the duplex melting
temperature, confer resistance to nucleases and inhibit TLR activation without affecting
the efficiency of RNAi [44-46]. Some examples of base modifications that can be used
are 5S-methyuridine, 3-methyuridine, and pesudourine, while examples of backbone modi-
fications include phosphorothioates (PS), peptide nucleic acids (PNA), boranophosphates
or the 2 ribose modifications 2’-O-methyl, 2’-fluoro, and 2’-amino. Even the more confor-
mationally strained locked nucleic acids (LNA) have been functionally incorporated into
siRNAs. By selectively modifying 2’-O-methyl uridine or guanosine nucleosides in one
strand of the siRNA duplex, the immune stimulation was completely abrogated [44].
However, it must be emphasized that modifications of bases or the ribose backbone are
position sensitive and therefore empirical testing must be carried out for each individual
siRNA. It has been demonstrated that hypermodification or improper positioning of the
modification can compromise RNAI activity and even trigger cellular toxicity [46]. As an
example, a siRNA with a boranophosphonate modification at the central position of the
antisense strand resulted in improved stability but reduced the silencing potency [47].

1.5 Cellular Uptake and Intracellular Release of siRNA

Although it was recently reported that a minor pathway mediated by fusion between
siRNA lipoplexes and the plasma membrane is responsible for functional siRNA delivery,
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the major pathway of internalizing a nanocarrier-mediated siRNA delivery system
involves two subtypes of endocytosis [12,48,49]: phagocytosis and macropinocytosis.
Macropinocytosis usually occurs from highly ruffled regions of the plasma membrane. In
this case, the cell membrane forms a pocket and subsequently pinches off the extracellular
molecules to form a vesicle. The vesicle subsequently travels into the cytosol and fuses
with other vesicles (endosomes and lysosomes). This process allows cells to internalize
molecules from the external environment for metabolic purpose, recycling or degradation
in lysosomes. Compared to phagocytosis, the macropinocytosis pathway is observed in
almost every cell type and in uptake of small sized nanocarriers. In the phagocytosis pro-
cess cells bind internalized particulates larger than around 0.75 pm in diameter. The com-
position, surface properties and other characteristics (rigidity and shape) of nanocarriers
may affect the phagocytosis pathway of internalization [50].

Following cellular uptake, the endocytic vesicle generated by the nanocarrier-siRNA
system travels along microtubules and subsequently fuses with early endosomes, which
mature into late endosomes and finally enter into lysosomes, which are the last compart-
ment of the endocytic pathway [48]. The lysosomal environment is acidic (approx. pH
4.8) with a high content of lysosomal membrane proteins and active lysosomal hydro-
lases, so lysosomes can break down cellular waste products, fats, carbohydrates, proteins
and other macromolecules (such as nanocarriers, RNA, DNA) into simple compounds.
The endosomal release of the internalized molecules has therefore been identified as a
major impediment to achieving effective RNAI activity in siRNA delivery systems [51].
Different strategies have been conducted to improve endosomal escape of siRNA into the
cytoplasm. For example, by taking advantage of the “proton-sponge” effect, cationic
polymers (such as: poly(ethyleneimine) (PEI) or polycationic dendrimer-mediated deliv-
ery of siRNAs) show enhanced transfection efficiency in various cell lines. The “proton-
sponge” effect [52,53] of the acidic lysosomal environment can result in a high protona-
tion of amine groups in the PEI or dendrimer vehicles, thereby causing osmotic swelling
and vacuole disruption accompanied by cytoplasmic release of the polymer and its siRNA
cargo [54]. Moreover, some acid-sensitive components (e.g. endosome-disruptive fuso-
genic peptides [55,56] and acid-responsive disulfide bonds [57]) have also been incorpo-
rated into nanocarriers to accelerate endosomal escape of siRNA and overcome this
intracellular hurdle.

1.6 Combinatorial Targeting for Targeted RNAi Delivery

Typically, liposomes, nanoparticles and macromolecular drug molecules with diameters
below 400 nm are able to extravasate and accumulate in the “leaky” vasculature of tumor
tissue more effectively than in normal tissues, thereby providing a selective targeting of
drugs for the tumors and enhancing the therapeutic index [58,59]. This passive leakage
phenomenon has been characterized and termed the tumor-selective enhanced permeabil-
ity and retention (EPR) effect [60,61]. Differing from macromolecular drugs, small
molecules, which reach most normal tissues/organs as well as tumor tissues by diffusion-
dependent equilibrium, do not discriminate between tumor tissue and normal tissue.
Passive targeting relies on a size-flow-tissue filtration that is generally limited to tumors
and lymph nodes, so the EPR concept is popularly applied in the design of new anticancer
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agents [62], and is important for nanoparticle and liposome delivery to cancer tissue. Sim-
ilarly, some studies have taken advantage of the EPR effect to achieve passive targeting of
siRNA-nanocarriers within the size range optimal for EFP to the human tumor. Currently,
various kinds of materials [54,63], including cationic lipids (e.g. liposome, micelle), natu-
ral materials (e.g. chitosan, cyclodextrin) or synthetic polymers (e.g. polyethylenimine
PEI, dendrimer), cationic polypeptides (e.g. atelocollagen, poly(L-lysine) and inorganic
nanoparticles (quantum dots) have been exploited to form nanocarriers for in vitro or
in vivo delivery of siRNAs.

Although EPR-based passive targeting can result in a selective accumulation of drugs in
tumor tissue, the low/moderate specificity may not be sufficient to direct the tissue distribu-
tion of siRNAs. Decoration of carriers with a ligand specific to the target tissue of interest
can be used to promote carrier-specific binding to the cell membrane and facilitate cellular
uptake via receptor-mediated endocytosis or cellular membrane permeation, thus increasing
the local concentration of the drugs in the desired cells or tissues [9]. A wide variety of
internalizing molecules such as antibodies, proteins, peptides, folate, carbohydrates,
aptamers and other small molecule ligands have been adapted successfully for the targeted
delivery [64—66]. For example, siRNAs have been covalently conjugated to a targeting
ligand (e.g. cholesterol [45], alpha-tocopherol [67], lipophilic molecules [68,69], short pep-
tides and antibodies [70,71], agonist molecules and nucleic acid-based aptamers [72,73]).

By combining two targeting strategies (passive targeting and active targeting) in one
delivery module it may be possible to achieve therapeutic doses of siRNA drugs in the
desired cell type, tumor or tissue/organ. Figure 1.1 shows a proposed mechanism for
combinatorial targeted RNAi delivery. A precisely engineered nanocarrier system has
an appropriate nano-scale size, thereby allowing preferential accumulation in the
tumor/organ in the passive target mode. Meanwhile, such a nanocarrier system, function-
alized with a cell type-specific internalizing ligand, will selectively bind to surface pro-
teins on the targeted cells via the interaction of the ligand and cell-surface receptor,
thereby facilitating selective internalization. Small interfering RNAs have been noncova-
lently assembled with active target recognition moieties and nanocarriers as
multifunctional targeting delivery systems, such as a folate conjugated dendrimer [74],
folate-conjugated phage RNA [11], a transferrin modified polymer/liposome [75-78],
peptide-based nanovectors [79-82], cholesterol polymers [83], antibody-mediated
delivery formulations [84-86], aptamer-coated cationic polymers or nanoparticles
[87,88], and peptide-functionalized exosome nanovesicles [89].

1.7 Cell-Specific Aptamer-Functionalized Nanocarriers for RNAi Delivery

By functionalizing cell-specific aptamers with therapeutic agents or delivery vehicles, the
cellular uptake of the therapeutic agent is enhanced and the local concentration of the
therapeutics in the targeted cells or tissues is increased, thereby improving the therapeutic
efficacy. Currently, a number of aptamer-functionalized therapeutics have been success-
fully utilized for targeted delivery [72]. In particular, with the technological maturation
and increasing knowledge of RNAi, aptamers and their mechanism of action, it seems
natural to partner these two types of therapeutic nucleic acids to expand the options for
targeted RNAI delivery.
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During chemical synthesis of nucleic acids, various functional groups can be readily
incorporated into the aptamers to functionalize them as nanocarriers. For example,
synthetic aptamers containing a 5'-NH, group can be conjugated with a terminal carbox-
ylic acid on the surface of the nanoparticles using carbodiimide coupling chemistry.
Recently, a 5’-NH,-modified PSMA aptamer was chemically coupled with a branched
polyethyleneimine-grafted-polyethylene glycol polymer (PEI-PEG) that serves as a
vehicle for siRNA delivery [87].

Anaplastic large cell lymphoma (ALCL) cells, an aggressive T-cell lymphoma, exhibit
an abnormal expression of the anaplastic lymphoma kinase (ALK) oncogene and unique
surface expression of CD30 [90]. Similar to a CD30-specific antibody, a CD30 RNA
aptamer is able to selectively bind to CD30-expressing lymphoma cells. Most recently, a
nanocomplex was formulated by incorporating both an ALK siRNA and the CD30 RNA
aptamer onto nanosized polyethyleneimine-citrate carriers via a noncovalent interaction
[91]. Exposure of ALCL cells to this targeted nanocomplex, with a maximum hydro-
dynamic diameter of ~140nm, specifically silenced ALK gene expression and induced
growth arrest and apoptosis.

Anti-CD4 RNA aptamers also have been fused into a multifunctional RNA-based nano-
particle for targeted siRNA delivery [92]. As an ideal RNA building block for bottom-up
assembly, pRNAs (bacterial virus phi29 DNA packaging RNAs) were covalently fused
with different therapeutics agents, targeting ligands or imaging agents (for example:
siRNAs, a CD4 specific-aptamer, fluorescent molecules) and subsequently self-assembled
into multifunctional nanoparticles, allowing aptamer-directed cell-specific gene silencing
and drug tracking. In contrast to the average size of a normal single siRNA molecule that
is well below 10 nm, aptamer-functionalized pRNA nanoparticles (dimer or trimer) have a
size ranging from 20 to 40 nm, which have the potential to improve circulation time and
biodistribution in vivo, as well as efficacy in therapeutic applications.

1.8 The Clinical Development and Challenges of siRNAs Therapeutics

Since Song et al. demonstrated the first in vivo evidence of RNAi-based therapeutic effi-
cacy in a mouse disease model in 2003 [93], siRNAs have been proposed as an attractive
therapeutic modality. The first in-human Phase I clinical trial using a targeted nano-
particle system to deliver siRNA to patients was recently conducted and showed direct
evidence for siRNA-mediated gene silencing via RNAi pathway [94]. This targeted, nano-
particle formulation of an siRNA consists of a cyclodextrin-containing polymer (CDP), a
polythethylene glycol (PEG) steric stabilization agent, and human tranferrin (Tf) as a tar-
geting ligand for binding to transferrin receptors (TfR) that are typically upregulated on
cancer cells. The four component formulation is self-assembled into nanoparticles in the
pharmacy and administered intravenously (IV) to patients. The data demonstrate that
siRNA administered systemically in humans can produce specific gene inhibition by an
RNAIi mechanism of action. So far, over 20 RNAi-based drugs have been evaluated in
clinical trials for the treatment of various diseases [3].

Small interfering RNA drugs against the vascular endothelial growth factor (VEGF)
gene and the VEGF receptor have been used in preclinical studies to suppress ocular neo-
vascularization and vascular permeability in animal models. The first and most advanced



Mechanisms and Barriers to RNAI Delivery 11

clinical study was the phase III trial of Bevasiranib, an unmodified siRNA targeting vas-
cular endothelial growth factor (VEGF) [95]. Opko Heath (previous Acuity Pharmaceut-
icals) announced the first siRNA-related clinical trial in 2004, in which Bevasiranib was
given in patients with wet age-related macular degeneration (AMD). Because it was
unlikely to achieve its primary endpoint of reducing vision loss, Opko terminated the
Phase III clinical trial of bevasiranib on March of 2009. In this case, it was administered
as an unmodified siRNA without a delivery formulation that was given by intravitreal
injection. Since negatively charged nucleic acids do not readily traverse cellular mem-
branes and are vulnerable to degradation without some protective covering and/or appro-
priate chemical modifications, such direct administration might ultimately result in poor
pharmacokinetics and lack of gene silencing. In addition to Bevasiranib, there are two
clinical trials focusing on the intravitreal treatment of AMD: VEGFA165b siRNA against
VEGF A165 isoform and Sirna-027 [96] (also known as AGN 211745, a chemically
modified siRNA, Allergan Inc.) against a conserved region VEGF receptor-1 mRNA. In
the phase I study, a single intravitreal dose of Sirna-027 between 100 wg to 1600 g was
well tolerated in patients. The 84-day follow-up data indicated that 14.4% patients had
an improvement in visual acuity. Although a randomized phase II trial was conducted,
the study finally failed to meet the efficacy endpoints. Recently, the specificity and
mechanism of the anti-VEGF siRNA drugs mentioned above for treating AMD was called
into question [97]. This study showed that the siRNA-mediated inhibitory activity of
neovascularization may be attributed to a nonspecific immune response associated with
activation of the cell surface toll-like receptor 3 (TLR3), rather than to a target sequence-
specific interaction. In this regard, careful attention must be to nonspecific activation of
the innate immune response receptors such as the TLRs in the future development of
siRNA drugs.

RNAI therapy for respiratory syncytial virus (RSV) has rapidly progressed from labora-
tory investigations to clinical trials. ALN-RSVO01, an siRNA targeting a highly conserved
region of the mRNA encoding the nucleocapsid (NC) protein of RSV, has been shown to
exert a potent antiviral effect against RSV in vitro and in murine models by intranasal
delivery [98—100]. In 2007 Alynylam Pharmaceuticals started phase II clinical studies for
ALN-RSVO0I1. The siRNA was shown to reduce the rate of RSV lung infection in exper-
imentally infected adult patients. In 2011 the first randomized trials of ALN-RSVO01
siRNA to treat a naturally occurring RSV infection in lung transplant (LTX) recipients
were reported [101]. Aerosolized ALN-RSVO1 (0.6 mg/kg) or placebo was administered
daily for three days. The 90-day followup results demonstrated that ALN-RSVO01 was
safe, well tolerated and a significant improvement in symptoms accompanied by a
decrease in the incidence of new or progressive bronchiolitis obliterans syndrome (BOS),
suggesting it may have beneficial effects for allografts in LTX patients infected with RSV.
Due to its high specificity for its target RSV mRNA, ALN-RSVO01 did not have
unintended off-target adverse effects. In this case, the genetic characteristics and tropism
of RSV make it an excellent target for siRNA therapy. The tropism of RSV to the airway
epithelial cells allows for direct delivery of the siRNA, so naked, aerosolized ALN-
RSVO1 can be delivered directly to the airway mucosa via a nebulizer device and still
remain stable and active. However, siRNA was rapidly degraded upon absorption to the
circulatory system. It was found that ALN-RSVO1 levels were undetectable or transiently
low in the plasma of all of the patients treated with the siRNA drug. Therefore, a proper
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delivery formulation for the siRNA would be necessary to enhance the siRNA stability
and achieve the maximal cellular uptake and duration of therapeutic efficacy.

1.9 Conclusion and Perspectives

RNAI technology is widely employed for biological applications but is also being har-
nessed to suppress pathogenic genes for therapeutic applications. Since the first siRNA
clinical trials in 2004, siRNAs have been proposed as an attractive treatment for a wide
variety of diseases. However, some trials have been put on the back burner or are still in
development because of current technical challenges. Safe and efficient RNAi delivery
remains a major challenge.

Although the early excitement in siRNA therapy might be tempered by the reality of
impediments to clinical development, extensive efforts are being made to surmount the
key hurdles to the widespread use of RNAI as a therapy, which most importantly includes
development of intelligent delivery formulations for siRNNAs. Rational design and precise
chemical modifications can improve siRNA potency and stability but these features are
not sufficient to solve the major hurdle of targeted systemic delivery. Precisely engi-
neered, multifunctional nanocarriers with combined passive and active targeting capabili-
ties may therefore be the best solution for therapeutic applications. Such carriers could
protect siRNAs from serum nucleases, enhance the pharmacokinetics and biodistribution
and allow targeted delivery only to the desired cells or tissues. Once inside the cellular
environment, these must be engineered to release the siRNA drugs rapidly into the cytosol
and achieve RNAI and hence therapeutic efficacy in the absence of nonspecific toxicities.
With continued efforts directed towards understanding the cellular mechanisms of uptake
and siRNA release into the RISC, RNAi-based therapy should eventually be realized as a
general approach to treat human diseases.

References

1. Fire, A. et al. (1998) Potent and specific genetic interference by double-stranded
RNA in Caenorhabditis elegans. Nature, 391, 806-811.

2. Elbashir, S.M. et al. (2001) Duplexes of 21-nucleotide RNAs mediate RNA interfer-
ence in cultured mammalian cells. Nature, 411, 494-498.

3. Davidson, B.L. and McCray, P.B. Jr., (2011) Current prospects for RNA interfer-
ence-based therapies. Nature Reviews Genetics, 12, 329-340.

4. Lares, M.R. et al. (2010) RNAi and small interfering RNAs in human disease
therapeutic applications. Trends in Biotechnology, 28, 570-579.

5. de Fougerolles, A., et al. (2007) Interfering with disease: a progress report on
siRNA-based therapeutics. Nature Reviews Drug Discovery, 6, 443-453.

6. Castanotto, D. and Rossi, J.J. (2009) The promises and pitfalls of RNA-interference-
based therapeutics. Nature, 457, 426-433.

7. Whitehead, K.A. et al. (2009) Knocking down barriers: advances in siRNA delivery.
Nature Reviews Drug Discovery, 8, 129-138.



10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mechanisms and Barriers to RNAI Delivery 13

. Wang, J., et al. (2010) Delivery of siRNA therapeutics: barriers and carriers. The

AAPS journal is an Official Journal of the American Association of Pharmaceutical
Scientists, 12, 492-503.

. Shim, M.S. and Kwon, Y.J. (2010) Efficient and targeted delivery of siRNA in vivo.

FEBS Journal, 277, 4814-4827.

Baigude, H. and Rana, T.M. (2009) Delivery of therapeutic RNAi by nanovehicles.
Chembiochem, 10, 2449-2454.

Guo, P. (2010) The emerging field of RNA nanotechnology. Nature Nano-
technology, 5, 833-842.

. Juliano, R. et al. (2008) Mechanisms and strategies for effective delivery of

antisense and siRNA oligonucleotides. Nucleic Acids Research, 36, 4158—4171.
Perez-Martinez, F.C. et al. (2011) Barriers to non-viral vector-mediated gene deliv-
ery in the nervous system. Pharmaceutical Research, 28, 1843—1858.

Zamore, P.D. et al. (2000) RNAi: double-stranded RNA directs the ATP-dependent
cleavage of mRNA at 21 to 23 nucleotide intervals. Cel/, 101, 25-33.

Hammond, S.M. et al. (2000) An RNA-directed nuclease mediates post-
transcriptional gene silencing in Drosophila cells. Nature, 404, 293-296.

Jinek, M. and Doudna, J.A. (2009) A three-dimensional view of the molecular
machinery of RNA interference. Nature, 457, 405-412.

Parker, J.S. (2010) How to slice: snapshots of Argonaute in action. Silence, 1, 3.
Lee, H.S. et al. (2007) Contributions of 3’-overhang to the dissociation of small
interfering RNAs from the PAZ domain: molecular dynamics simulation study.
Journal of Molecular Graphics and Modelling, 25, 784-793.

O’Toole, A.S. et al. (2006) Comprehensive thermodynamic analysis of 3’ double-
nucleotide overhangs neighboring Watson-Crick terminal base pairs. Nucleic Acids
Research, 34, 3338-3344.

O’Toole, A.S. et al. (2005) Stability of 3’ double nucleotide overhangs that model
the 3/ ends of siRNA. RNA, 11, 512-516.

Zhang, H. et al. (2002) Human Dicer preferentially cleaves dsRNAs at their termini
without a requirement for ATP. The EMBO Journal, 21, 5875-5885.

Zhang, H. et al. (2004) Single processing center models for human Dicer and bacte-
rial RNase III. Cell, 118, 57-68.

Lima, W.F. et al. (2009) Human Dicer binds short single-strand and double-strand
RNA with high affinity and interacts with different regions of the nucleic acids. The
Journal of Biological Chemistry, 284, 2535-2548.

Song, J.J. et al. (2003) The crystal structure of the Argonaute2 PAZ domain reveals
an RNA binding motif in RNAI effector complexes. Nature Structural Biology, 10,
1026-1032.

Vermeulen, A. et al. (2005) The contributions of dsRNA structure to Dicer specific-
ity and efficiency. RNA, 11, 674—682.

Amarzguioui, M. and Prydz, H. (2004) An algorithm for selection of functional siRNA
sequences. Biochemical and Biophysical Research Communications, 316, 1050—1058.
Fellmann, C. et al. (2011) Functional identification of optimized RNAI triggers
using a massively parallel sensor assay. Molecular Cell, 41, 733-746.

Reynolds, A. et al. (2004) Rational siRNA design for RNA interference. Nature
Biotechnology, 22, 326-330.



14

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

Advanced Delivery and Therapeutic Applications of RNAi

DiNitto, J.P. et al. (2010) Continuous fluorescence-based method for assessing dicer
cleavage efficiency reveals 3’ overhang nucleotide preference. Biotechniques, 48,
303-311.

Kim, D.H. et al. (2005) Synthetic dsRNA Dicer substrates enhance RNAi potency
and efficacy. Nature Biotechnology, 23, 222-226.

Rose, S.D. et al. (2005) Functional polarity is introduced by Dicer processing of
short substrate RNAs. Nucleic Acids Research, 33, 4140-4156.

Amarzguioui, M. and Rossi, J.J. (2008) Principles of Dicer substrate (D-siRNA)
design and function. Methods in Molecular Biology (Clifton, NJ), 442, 3-10.
Amarzguioui, M. et al. (2006) Rational design and in vitro and in vivo delivery of
Dicer substrate siRNA. Nature Protocols, 1, 508-517.

Scherer, L. et al. (2007) Progress and prospects: RNA-based therapies for treatment
of HIV infection. Gene Therapy, 14, 1057-1064.

Tanudji, M. et al. (2010) Competition between siRNA duplexes: impact of RNA-
induced silencing complex loading efficiency and comparison between conven-
tional-21 bp and Dicer-substrate siRNAs. Oligonucleotides, 20, 27-32.

Tiemann, K. et al. (2010) Dual-targeting siRNAs. RNA, 16, 1275-1284.

Katze, M.G. et al. (1991) Functional expression and RNA binding analysis of the
interferon-induced, double-stranded RNA-activated, 68 000-Mr protein kinase in a
cell-free system. Molecular and Cellular Biology, 11, 5497-5505.

Barber, G.N. et al. (1991) Functional expression and characterization of the
interferon-induced double-stranded RNA activated P68 protein kinase from
Escherichia coli. Biochemistry, 30, 10356-10361.

Alexopoulou, L. et al. (2001) Recognition of double-stranded RNA and activation
of NF-kappaB by Toll-like receptor 3. Nature, 413, 732-738.

Robbins, M. et al. (2009) siRNA and innate immunity. Oligonucleotides, 19,
89-102.

Hornung, V. et al. (2005) Sequence-specific potent induction of IFN-alpha by short
interfering RNA in plasmacytoid dendritic cells through TLR7. Nature Medicine,
11, 263-270.

Judge, A.D. et al. (2005) Sequence-dependent stimulation of the mammalian innate
immune response by synthetic siRNA. Nature Biotechnology, 23, 457-462.

Shukla, S. et al. (2010) Exploring chemical modifications for siRNA therapeutics: a
structural and functional outlook. ChemMedChem, 5, 328-349.

Judge, A.D. et al. (2006) Design of noninflammatory synthetic siRNA mediating
potent gene silencing in vivo. Molecular Therapy: The Journal of the American
Society of Gene Therapy, 13, 494-505.

Soutschek, J. et al. (2004) Therapeutic silencing of an endogenous gene by systemic
administration of modified siRNAs. Nature, 432, 173-178.

Collingwood, M.A. et al. (2008) Chemical modification patterns compatible with
high potency dicer-substrate small interfering RNAs. Oligonucleotides, 18, 187-200.
Hall, A.H. et al. (2004) RNA interference using boranophosphate siRNAs:
structure-activity relationships. Nucleic Acids Research, 32, 5991-6000.

Mukherjee, S., et al. (1997) Endocytosis. Physiological Reviews, 77, 759-803.
Medina-Kauwe, L.K. et al. (2005) Intracellular trafficking of nonviral vectors. Gene
Therapy, 12, 1734-1751.



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Mechanisms and Barriers to RNAI Delivery 15

Devine, D.V. et al. (1994) Liposome-complement interactions in rat serum: implica-
tions for liposome survival studies. Biochimica et Biophysica Acta, 1191, 43-51.
Cho, Y.W. et al. (2003) Polycation gene delivery systems: escape from endosomes
to cytosol. The Journal of Pharmacy and Pharmacology, 55, 721-734.

Boussif, O. et al. (1995) A versatile vector for gene and oligonucleotide transfer into
cells in culture and in vivo: polyethylenimine. Proceedings of the National Academy
of Sciences of the United States of America, 92, 7297-7301.

Tseng, Y.C. et al. (2009) Lipid-based systemic delivery of siRNA. Advanced Drug
Delivery Reviews, 61, 721-731.

Singha, K. et al. (2011) Polymers in Small-Interfering RNA Delivery. Nucleic Acid
Ther., 21, 133-147.

Plank, C. et al. (1994) The influence of endosome-disruptive peptides on gene trans-
fer using synthetic virus-like gene transfer systems. The Journal of Biological
Chemistry, 269, 12918-12924.

Plank, C. et al. (1998) Application of membrane-active peptides for drug and gene
delivery across cellular membranes. Advanced Drug Delivery Reviews, 34, 21-35.
Breunig, M. et al. (2008) Mechanistic investigation of poly(ethylene imine)-based
siRNA delivery: disulfide bonds boost intracellular release of the cargo. Journal of
Controlled Release, 130, 57-63.

Yuan, F. et al. (1995) Vascular permeability in a human tumor xenograft: molecular
size dependence and cutoff size. Cancer Research, 55, 3752-3756.

Moghimi, S.M. et al. (2001) Long-circulating and target-specific nanoparticles:
theory to practice. Pharmacological Reviews, 53, 283-318.

Matsumura, Y. and Maeda, H. (1986) A new concept for macromolecular therapeu-
tics in cancer chemotherapy: mechanism of tumoritropic accumulation of proteins
and the antitumor agent smancs. Cancer Research, 46, 6387-6392.

Greish, K. (2007) Enhanced permeability and retention of macromolecular drugs in
solid tumors: a royal gate for targeted anticancer nanomedicines. Journal of Drug
Targeting, 15, 457-464.

Maeda, H. (2001) The enhanced permeability and retention (EPR) effect in tumor
vasculature: the key role of tumor-selective macromolecular drug targeting. Advan-
ces in Enzyme Regulation, 41, 189-207.

Peer, D. et al. (2007) Nanocarriers as an emerging platform for cancer therapy.
Nature Nanotechnology, 2, 7151-760.

Russ, V. and Wagner, E. (2007) Cell and tissue targeting of nucleic acids for cancer
gene therapy. Pharmaceutical Research, 24, 1047-1057.

Ciavarella, S. et al. (2010) Targeted therapies in cancer. BioDrugs: Clinical Immu-
notherapeutics, Biopharmaceuticals and Gene Therapy, 24, 77-88.

Higuchi, Y. et al. (2010) Strategies for in vivo delivery of siRNAs: recent progress.
BioDrugs: Clinical Immunotherapeutics, Biopharmaceuticals and Gene Therapy,
24, 195-205.

Nishina, K. et al. (2008) Efficient in vivo delivery of siRNA to the liver by conjuga-
tion of alpha-tocopherol. Molecular Therapy: The Journal of the American Society
of Gene Therapy, 16, 734-740.

Wolfrum, C. et al. (2007) Mechanisms and optimization of in vivo delivery of
lipophilic siRNAs. Nature Biotechnology, 25, 1149-1157.



16

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Advanced Delivery and Therapeutic Applications of RNAi

Lorenz, C. et al. (2004) Steroid and lipid conjugates of siRNAs to enhance cellular
uptake and gene silencing in liver cells. Bioorganic and Medicinal Chemistry
Letters, 14, 4975-49717.

Chiu, Y.L. et al. (2004) Visualizing a correlation between siRNA localization,
cellular uptake, and RNAI in living cells. Chemistry and Biology, 11, 1165-1175.
Muratovska, A. and Eccles, M.R. (2004) Conjugate for efficient delivery of short
interfering RNA (siRNA) into mammalian cells. FEBS Letters, 558, 63-68.

Zhou, J. and Rossi, J.J. (2011) Cell-specific aptamer-mediated targeted drug deliv-
ery. Oligonucleotides, 21, 1-10.

Zhou, J. and Rossi, J.J. (2009) The therapeutic potential of cell-internalizing
aptamers. Current Topics in Medicinal Chemistry, 9, 1144-1157.

Kim, S.H. et al. (2006) Comparative evaluation of target-specific GFP gene silenc-
ing efficiencies for antisense ODN, synthetic siRNA, and siRNA plasmid
complexed with PEI-PEG-FOL conjugate. Bioconjugate Chemistry, 17, 241-244.
Hu-Lieskovan, S. et al. (2005) Sequence-specific knockdown of EWS-FLI1 by tar-
geted, nonviral delivery of small interfering RNA inhibits tumor growth in a murine
model of metastatic Ewing’s sarcoma. Cancer Research, 65, 8984-8992.

Bellocq, N.C. et al. (2003) Transferrin-containing, cyclodextrin polymer-based par-
ticles for tumor-targeted gene delivery. Bioconjugate Chemistry, 14, 1122-1132.
Heidel, J.D. et al. (2007) Administration in non-human primates of escalating intra-
venous doses of targeted nanoparticles containing ribonucleotide reductase subunit
M2 siRNA. Proceedings of the National Academy of Sciences of the United States
of America, 104, 5715-5721.

Pal, A. et al. (2005) Systemic delivery of RafsiRNA using cationic cardiolipin lipo-
somes silences Raf-1 expression and inhibits tumor growth in xenograft model of
human prostate cancer. International Journal of Oncology, 26, 1087-1091.
Schiffelers, R.M. et al. (2004) Cancer siRNA therapy by tumor selective delivery
with ligand-targeted sterically stabilized nanoparticle. Nucleic Acids Research, 32,
el49.

Kang, H., et al. (2005) Tat-conjugated PAMAM dendrimers as delivery agents for
antisense and siRNA oligonucleotides. Pharmaceutical Research, 22, 2099-2106.
Howard, K.A. et al. (2006) RNA interference in vitro and in vivo using a novel
chitosan/siRNA nanoparticle system. Molecular Therapy: The Journal of the Amer-
ican Society of Gene Therapy, 14, 476-484.

Urban-Klein, B. et al. (2005) RNAi-mediated gene-targeting through systemic
application of polyethylenimine (PEI)-complexed siRNA in vivo. Gene Therapy,
12, 461-466.

Kim, W.J. et al. (2006) Cholesteryl oligoarginine delivering vascular endothelial
growth factor siRNA effectively inhibits tumor growth in colon adenocarcinoma.
Molecular Therapy: The Journal of the American Society of Gene Therapy, 14,
343-350.

Patri, A.K. et al. (2004) Synthesis and in vitro testing of J591 antibody-dendrimer
conjugates for targeted prostate cancer therapy. Bioconjugate Chemistry, 15,
1174-1181.

Kumar, P. et al. (2008) T cell-specific siRNA delivery suppresses HIV-1 infection in
humanized mice. Cell, 134, 577-586.



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Mechanisms and Barriers to RNAI Delivery 17

Kumar, P. et al. (2007) Transvascular delivery of small interfering RNA to the
central nervous system. Nature, 448, 39—43.

Kim, E. et al. (2010) Prostate cancer cell death produced by the co-delivery
of Bcl-xL shRNA and doxorubicin using an aptamer-conjugated polyplex.
Biomaterials, 31, 4592—4599.

Duyster, J. et al. (2001) Translocations involving anaplastic lymphoma kinase
(ALK). Oncogene, 20, 5623-5637.

Alvarez-Erviti, L. et al. (2011) Delivery of siRNA to the mouse brain by systemic
injection of targeted exosomes. Nature Biotechnology, 29, 341-345.

Morris, S.W. et al. (1994) Fusion of a kinase gene, ALK, to a nucleolar protein gene,
NPM, in non-Hodgkin’s lymphoma. Science, 263, 1281-1284.

Zhang, P. et al. (2009) Using an RNA aptamer probe for flow cytometry detection of
CD30-expressing lymphoma cells. Laboratory Investigation, 89, 1423-1432.

Guo, S. et al. (2005) Specific delivery of therapeutic RNAs to cancer cells via
the dimerization mechanism of phi29 motor pRNA. Human Gene Therapy, 16,
1097-1109.

Song, E. et al. (2003) RNA interference targeting Fas protects mice from fulminant
hepatitis. Nature Medicine, 9, 347-351.

Davis, M.E. (2009) The first targeted delivery of siRNA in humans via a self-
assembling, cyclodextrin polymer-based nanoparticle: from concept to clinic.
Molecular Pharmacology, 6, 659-668.

Singerman, L. (2009) Combination therapy using the small interfering RNA
bevasiranib. Retina, 29, S49-S50

Kaiser, PK. et al. (2010) RNAi-based treatment for neovascular age-related macular
degeneration by Sirna-027. American Journal of Ophthalmology, 150, 33-39 e32.
Kleinman, M.E. et al. (2008) Sequence- and target-independent angiogenesis sup-
pression by siRNA via TLR3. Nature, 452, 591-597.

Alvarez, R. et al. (2009) RNA interference-mediated silencing of the respiratory
syncytial virus nucleocapsid defines a potent antiviral strategy. Antimicrobial
Agents and Chemotherapy, 53, 3952-3962.

DeVincenzo, J. et al. (2008) Evaluation of the safety, tolerability and pharmaco-
kinetics of ALN-RSVOI1, a novel RNAi antiviral therapeutic directed against
respiratory syncytial virus (RSV). Antiviral Research, 77, 225-231.

DeVincenzo, J. et al. (2010) A randomized, double-blind, placebo-controlled study
of an RNAi-based therapy directed against respiratory syncytial virus. Proceedings
of the National Academy of Sciences of the United States of America, 107,
8800-8805.

Zamora, M.R. et al. (2011) RNA interference therapy in lung transplant patients
infected with respiratory syncytial virus. American Journal of Respiratory and
Critical Care Medicine, 183, 531-538.






