
RNAi therapeutics represent a funda-
mentally new way to treat human disease 
by addressing targets that are otherwise 
‘undruggable’ with existing medicines. 
The discovery of long double-stranded RNA 
(dsRNA) mediated RNAi in the worm1 and 
the subsequent demonstration that RNAi, 
mediated by small-interfering RNA (siRNA), 
operates in mammalian cells2 sparked an 
explosion of research to uncover new mecha-
nisms of gene silencing, revolutionizing our 
understanding of endogenous mechanisms 
of gene regulation and providing powerful 
new tools for biological research and drug 
discovery. From the first in vivo evidence 
of RNAi-based therapeutic efficacy in an 
animal disease model in 2003 (REF. 3), the 
pace of drug development has been rapid. 
Three phase I studies to investigate RNAi-
based drugs for age-related macular degene-
ration (AMD), a leading cause of blindness, 
and for respiratory syncytial virus (RSV), the 
leading cause of paediatric hospitalizations 
in the United States today, have already 
been completed without untoward toxicity. 
Despite the promise, real hurdles need to 
be overcome to translate the therapeutic 
potential of RNAi into clinical reality. 
An important milestone will be the clear 
demonstration of efficacy in well-controlled 
human clinical studies.

RNAi pathways are guided by small 
RNAs that include siRNAs and microRNAs 
(miRNAs), with the latter deriving from 
imperfectly paired non-coding hairpin RNA 
structures that are naturally transcribed by 
the genome4,5. Gene silencing can be induced 
by siRNA through sequence-specific cleavage 
of perfectly complementary messenger RNA 
(mRNA), whereas microRNAs mediate 
translational repression and transcript 
degradation for imperfectly complementary 
targets (FIG. 1). In the endogenous pathway, 
RNAs containing stem loops or short hairpin 
structures, encoded in intragenic regions or 
within introns, are processed in the nucleus 
and exported to the cytoplasm as precursor 
molecules called pre-microRNAs5,6. In the 
cytoplasm, the pre-microRNA is further 
shortened and processed by an RNAse III 
enzyme called Dicer to produce an imper-
fectly matched, double-stranded microRNA. 
Dicer similarly processes long, perfectly 
matched dsRNA into siRNA (FIG. 1). A multi-
enzyme complex, which includes Argonaute 2 
(AGO2, also known as EIF2C2) and the 
RNA-induced silencing complex (RISC), 
binds to either the microRNA duplex or the 
siRNA duplex and discards one strand (it 
is thought the passenger or sense strand is 
cleaved in the case of siRNA and is released 
in the case of miRNA) to form an activated 

complex containing the guide or antisense 
strand7. The activated AGO2–RISC complex 
then seeks and binds to an mRNA strand 
bearing a complementary sequence and 
inactivates its expression. If complementarity 
is less than perfect (such as with miRNA), the 
AGO2–RISC complex blocks translation. If 
complementarity is perfect or nearly perfect 
(such as with siRNA) the complex cleaves the 
mRNA strand between the nucleotides that 
are complementary to nucleotides 10 and 
11 of the guide strand relative to the 5′-end 
(FIG. 1). In addition to translational repression, 
miRNAs may also mediate mRNA degrada-
tion in cytoplasmic compartments known as 
processing bodies (P-bodies)8. Gene silencing 
by mRNA cleavage is thought to be particu-
larly potent, in part because mRNA cleavage 
leads to rapid nucleolytic degradation of the 
RNA fragments and frees the activated RISC 
complex to seek and destroy another target 
mRNA in a catalytic fashion9.

The goal of RNAi-based therapy is to 
activate selective mRNA cleavage for efficient 
gene silencing. It is possible to harness the 
endogenous pathway in one of two ways: 
either by using a viral vector to express short 
hairpin RNA (shRNA) that resembles micro-
RNA precursors, or by introducing siRNAs 
that mimic the Dicer cleavage product 
into the cytoplasm. These siRNAs can 
bypass the earlier steps in the RNAi silencing 
pathway and can be loaded directly onto the 
AGO2–RISC complex. Although delivery of 
synthetic siRNA and viral delivery of shRNA 
are being developed as potential RNAi-based 
therapeutic approaches, this article focuses 
solely on the development of synthetic 
siRNA as drugs. Synthetic siRNAs harness 
the naturally occurring RNAi pathway in a 
manner that is consistent and predictable, 
thus making them particularly attractive as 
therapeutics. Moreover, as they enter the 
RNAi pathway later, siRNAs are less likely to 
interfere with gene regulation by endogenous 
microRNAs10. As a consequence, siRNAs are 
the class of RNAi therapeutics that are most 
advanced in preclinical and clinical studies.

In vitro selection

The initial steps to identify potent lead siRNA 
candidates start with bioinformatics design 
and involve in vitro studies to determine 
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silencing efficacy, verify that unwanted 
off-target effects are absent and introduce 
chemical modifications, if needed, to 
improve stability and specificity. The overall 
scheme for turning siRNAs into drugs is 
summarized in FIG. 2. The three most impor-
tant attributes to take into account when 
designing and selecting siRNA are potency, 
specificity and nuclease stability. Two types 
of off-target effects need to be avoided or 
minimized: silencing of genes sharing partial 
homology to the siRNA, and immune stimu-
lation stemming from the recognition of 
certain siRNAs by the innate immune system. 
As our understanding of the molecular and 

structural mechanism of RNAi has grown, 
the issues around lead siRNA selection are 
better understood and the off-target effects 
can generally be mitigated. It is now possible 
to rapidly identify (in the span of several 
weeks to months) potent, specific and stable 
in vitro active lead siRNA candidates targeting 
any gene of interest.

Potency. RNAi can be activated in mamma-
lian cells by introducing siRNAs that mimic 
Dicer-cleaved, endogenous microRNAs. 
siRNAs can be identified to silence any gene, 
often with in vitro activity at nanomolar or 
lower concentrations. Algorithms to predict 

effective siRNAs, based on common features 
of siRNAs identified by empirical testing, 
are available on the web11,12. Although algo-
rithms can increase the chances of identify-
ing active siRNA, they are imperfect and can 
sometimes miss the most potent siRNAs, 
which can only be identified by experimental 
testing. An alternative to using algorithms 
as a starting point to identify candidate 
siRNAs, is to test all the tiled 21 nucleotide 
sequences from the mRNA coding 
region experimentally and select a group of 
candidates that induce effective silencing 
at the lowest concentrations. One study 
suggests that slightly longer siRNAs, which 
need to be processed by Dicer before they 
can be incorporated into RISC, can be used 
as Dicer substrates and maintain silencing 
activity, although these longer siRNAs are 
more complicated to synthesize and could 
have an increased propensity to activate 
untoward immune responses13,14. Loading of 
RISC with respect to the sense and antisense 
siRNA strands is not symmetrical15–17. The 
strand that is least tightly bound at its 5′-end 
is favoured to bind to a deep pocket in RISC 
and become the active strand. Strand selec-
tion can in fact be manipulated by making a 
single nucleotide substitution at the end of 
the duplex to alter the relative binding of the 
ends15. By designing an siRNA with a mis-
match at the 5′-end of the intended active 
strand that favours its incorporation into 
RISC, it may be possible to increase the 
likelihood of identifying a potent duplex.

Specificity. RNAi-mediated silencing of 
gene expression can be highly specific, 
as evidenced by selective silencing of 
alleles containing single nucleotide poly-
morphisms18. Nevertheless, siRNAs also 
recognize and interfere with the expression 
of mRNAs that share partial homology with 
the target mRNA. In vitro transcriptional 
profiling has shown that siRNAs can alter 
the mRNA levels of off-target genes in addi-
tion to the intended target gene but usually 
the changes are less than threefold19–21. An 
accurate assessment of off-target silencing 
would require detailed proteomic analyses to 
identify these genes. The tools for unbiased 
analysis of protein expression are less deve-
loped at present and have not been applied 
to examine off-target silencing. Not surpri-
singly, many of the off-target genes that have 
reduced mRNA levels contain regions that 
are complementary to one of the two strands 
in the siRNA duplex19–21. Complementarity 
between the 5′-end of the guide strand and 
the mRNA is key to off-target silencing 
with the critical nucleotides being in positions 

Figure 1 | Mechanism of RNA interference in mammalian cells. RNA interference (RNAi) pathways 

are guided by small RNAs that include small interfering RNA (siRNA) and microRNAs (miRNAs). The 

siRNA pathway begins with cleavage of long double-stranded RNA (dsRNA) by the Dicer enzyme 

complex into siRNA. These siRNAs are incorporated into Argonaute 2 (AGO2) and the RNAi-induced 

silencing complex (RISC). If the RNA duplex loaded onto RISC has perfect sequence complementarity, 

AGO2 cleaves the passenger (sense) strand so that active RISC containing the guide (antisense) strand 

is produced. The siRNA guide strand recognizes target sites to direct mRNA cleavage (carried out by 

the catalytic domain of AGO2). RNAi therapeutics developed to harness the siRNA pathway typically 

involve the delivery of synthetic siRNA into the cell cytoplasm. The microRNA pathway begins with 

endogenously encoded primary microRNA transcripts (pri-miRNAs) that are transcribed by RNA 

polymerase II (Pol II) and are processed by the Drosha enzyme complex to yield precursor miRNAs 

(pre-miRNAs). These precursors are then exported to the cytoplasm by exportin 5 and subsequently 

bind to the Dicer enzyme complex, which processes the pre-miRNA for loading onto the AGO2–RISC 

complex. When the RNA duplex loaded onto RISC has imperfect sequence complementarity, the 

passenger (sense) strand is unwound leaving a mature miRNA bound to active RISC. The mature miRNA 

recognizes target sites (typically in the 3′-UTR) in the mRNA, leading to direct translational inhibition. 

Binding of miRNA to target mRNA may also lead to mRNA target degradation in processing (P)-bodies. 

Modified with permission from Nature Rev. Genet. REF 5 © (2007) Macmillan Publishers Ltd.
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two to eight (from the 5′-end of the guide 
strand) or the so-called ‘seed region’ for 
microRNA recognition of endogenous 
target mRNAs22,23 (FIG. 2). Accordingly, one 
approach for minimizing off-target effects 
is the careful design of siRNA to minimize 
exact seed pairings, although seed regions 
of seven nucleotides are very short in length. 
Alternatively, chemical modifications of 
riboses in the guide strand can suppress 
most off-target effects, while maintaining 
target-mRNA silencing24,25. In particular, 
a single 2′-O-methyl modification at nucleo-
tide 2 suppresses off-target silencing without 
significantly interfering with on-target 
silencing. Thus, bioinformatics design and/or 
position-specific, sequence-independent 
chemical modifications can be used to 
reduce sequence-related off-target effects 
while maintaining efficient target-mRNA 
silencing.

siRNA can also induce potential 
unwanted effects by activating the innate 
immune response, setting off defence systems 
usually used to combat viruses. One pathway 
involves recognition of dsRNAs by the serine/
threonine protein kinase PKR (reviewed 
in REF. 26). This pathway is efficiently 
triggered only by dsRNAs that are more than 
30 nucleotides long. At higher concentra-
tions, however, smaller siRNAs may be 
able to activate this pathway, resulting in 
global translational blockade and cell death. 
Perhaps of more concern is the potential to 
activate Toll-like receptors (TLRs), especially 
the dsRNA receptor TLR7 in plasmacytoid 

dendritic cells, to trigger the production of 
type I interferons and pro-inflammatory 
cytokines, and induce nuclear factor-κB 
(NF-κB) activation27. In much the same way 
that certain CpG motifs in antisense oligo-
nucleotides mediate TLR9 immunostimula-
tion, interferon induction by some siRNAs 
occurs principally through TLR7, which 
is largely found in endosomes of immune 
antigen-presenting cells. Fortunately, TLR7 
binding is sequence specific, favouring 
GU-rich sequences, and can be avoided by 
choosing sequences that are not recognized 
by this receptor. Additional work is required 
to identify immunostimulatory motifs and 
determine whether other receptors might 
also be involved. Several approaches exist 
to circumvent the immunostimulatory 
properties of certain siRNA duplexes. 
Candidate duplexes can be transfected into 
plasmacytoid dendritic cells to test whether 
they induce interferon expression27,28; those 
that do can be discarded. Moreover, the pres-
ence of 2′-O-methyl modifications within the 
siRNA duplex can be used to abrogate TLR7 
binding and abolish immunostimulatory 
activity27,29. These modifications also reduce 
sequence-dependent off-target silencing and 
may be particularly beneficial in enhancing 
siRNA target specificity. Potentially, TLR7 
signalling could also be evaded by using 
siRNA delivery strategies that avoid the cell 
types responsible for immune stimulation 
or that transport the siRNA directly to the 
cytoplasm, thereby avoiding TLR activation 
in the endosome.

Stability. Naked siRNAs are degraded in 
human plasma with a half-life of minutes30,31. 
To convert siRNAs into optimized drugs, the 
chemical modifications that prolong siRNA 
half-life without jeopardizing biological 
activity have been investigated in detail. 
The starting point for these efforts has been 
chemistries that are already in use with 
antisense oligonucleotide and aptamer thera-
peutics. For instance, the introduction of a 
phosphorothioate (P=S) backbone linkage 
at the 3′-end protects against exonuclease 
degradation, and 2′-sugar modification 
(such as 2′-O-methyl or 2′-fluoro) provides 
endonuclease resistance30–33 (FIG. 2). With 
respect to maintaining RNAi silencing acti-
vity, exonuclease-stabilizing modifications 
are well tolerated. Introduction of internal 
sugar modifications to protect against endo-
nucleases is also generally tolerated but can 
depend on the location of the modification 
within the duplex; the sense strand being 
more amenable to modification than the 
antisense strand. Nevertheless, using simple, 
well-described modifications such as P=S, 
2′-O-methyl and 2′-fluoro it is possible, in 
most instances, to stabilize an siRNA duplex 
while maintaining silencing activity. The 
minimal modifications required to stabilize 
a particular siRNA duplex can be identified 
by studying its degradation fragments in 
the plasma, thereby avoiding the toxicities 
associated with certain oligonucleotide 
chemistries and minimizing changes that 
could reduce activity.

Information about siRNA stability in 
other body fluids is not published and 
needs to be considered depending on the 
application. When siRNAs are formulated 
into different carrier systems for in vivo 
delivery they may be protected from 
nuclease digestion and last longer than 
naked siRNAs. Improved nuclease-stability 
is especially important for siRNA 
duplexes that are exposed to nuclease-rich 
environ ments (such as blood) and that 
are formulated using excipients that do 
not themselves confer additional nuclease 
protection. As might be expected in these 
situations, nuclease-stabilized siRNAs 
show improved pharmacokinetic properties 
in vivo34. In other situations, when delivering 
siRNA directly to less nuclease-rich sites, 
such as the lung, or when delivering siRNA 
in conjunction with delivery agents such as 
liposomes, the degree of nuclease stabiliza-
tion can be reduced significantly. Although 
the ability of an siRNA duplex to reach 
its target cell intact is vitally important, 
whether nuclease protection confers a 
measurable benefit once an siRNA is inside 

Figure 2 | Turning siRNA into drugs. This three-step process begins with in silico design and in vitro 

screening of target siRNAs, is followed by incorporating stabilizing chemical modifications on lead 

siRNAs as required, and ends with the selection and in vivo evaluation of delivery technologies that 

are appropriate for the target cell type/organ and the disease setting. A schematic illustration of the 

important features of siRNA structure (two base pair overhangs, seed region and mRNA cleavage site) 

is shown. An example of an optimized siRNA molecule that incorporates chemical modifications to 

increase nuclease stability and to minimize off-targeting is shown below. The phosphorothioate (P=S) 

and 2′-base sugar modifications (green circles) are illustrative of exonuclease and endonuclease 

stabilizing chemistries, respectively; other chemistries that confer similar properties on an siRNA 

duplex also exist39. The passenger strand and the guide strand are represented in blue and orange, 

respectively.  
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the cell remains to be determined. In vitro 
comparisons of naked siRNA versus fully 
stabilized siRNA do not reveal significant 
differences in longevity of mRNA silencing30, 
but these studies have typically been carried 
out using rapidly dividing cells in which dilu-
tion due to cell division, and not intracellular 
siRNA half-life, governs the duration of 
gene silencing35. However, the durability 
of silencing in non-dividing cells in vitro 
and in vivo — lasting for weeks — suggests 
that stabilization might not be necessary 
within the cell. Recently developed fluores-
cence resonance energy transfer techniques 
(FRET) for studying siRNAs36 should be 
useful for evaluating whether nuclease-
stabilization enhances intracellular activity.

Therapeutic considerations. In designing 
siRNAs for therapeutic purposes there 
are other considerations beyond finding 
an active target sequence. If possible, it is 
desirable to identify target sequences that 
are conserved across all the relevant species 
used in safety and efficacy studies, thus 
enabling the development of a single drug 
candidate from the research stage through 
to clinical studies. Much progress has been 
made in understanding what attributes 
identify an active and stable siRNA in vitro, 
but much less is known about how well those 
attributes translate into in vivo activity. Most 
of our knowledge on siRNA specificity is 
based only on in vitro data. Furthermore, the 
range of off-target genes identified in tissue 
culture can differ dramatically depending on 
the transfection method used to introduce 
siRNAs into cells and the mRNA expression 
profile of the target cell37. Likewise, induc-
tion of innate immune responses by certain 
siRNAs is cell-type specific14. Because of 
the uncertainty about in vivo properties, the 
practical and prudent approach is to identify 
several lead candidate siRNAs that are suitable 
for subsequent in vivo study by selecting 
from a library of tested siRNA duplexes 
those that are most potent, specific and 
stable to endogenous nucleases, but that 
lack immunostimulatory activity.

In vivo delivery 

Effective delivery is the most challenging 
hurdle remaining in the development of 
RNAi as a broad therapeutic platform. 
Animal studies using siRNA have either used 
no additional formulation (naked siRNA) or 
have delivered siRNA formulated as conju-
gates, liposome/lipoplexes or as complexes 
with peptides, polymers or antibodies (FIG. 3). 
The challenges of local, direct delivery have 
been elucidated for some tissue sites, and 

locally delivered siRNAs are being tested in 
ongoing clinical studies in the eye for AMD 
and in the lung for RSV infection (see the 
clinical trials section for details). Local 
delivery or ‘direct RNAi’ has the advantage 
that, as for any drug, the dose of siRNA 
required for efficacy is substantially lower 
when injected into or administered at, 
or near, the target tissue. Direct delivery 
might also reduce any undesired systemic 
side effects. Systemic delivery of siRNA to 
target tissues deep within the body remains 
challenging although there have been some 
recent successes in animal models. This 
section will review different siRNA delivery 
approaches; examples of in vivo success using 
siRNA are summarized in TABLE 1. Several 
recent publications offer more comprehen-
sive reviews on this topic33,38,39.

Naked siRNA. Many reports describing 
success with RNAi in vivo involve direct 
delivery of naked siRNA to tissues such as 
the eye, lung and central nervous system 
(CNS) (TABLE 1). It is not understood why 
certain cells, but not others, can directly 
take up siRNAs into the cytoplasm where 
the RNAi machinery operates. As used 
here, the term ‘naked’ siRNA refers to the 
delivery of siRNA (unmodified or modified) 
in saline or other simple excipients, such as 
5% dextrose (D5W). The ease of formulation 
and administration using direct delivery of 
naked siRNA to tissues make this an attrac-
tive therapeutic approach. Not surprisingly, 
the initial development of RNAi therapeutics 
has focused on disease targets and clinical 
indications (such as AMD and RSV infec-
tion) that allow for direct administration of 
siRNA to the diseased organ.

Ocular delivery. Proof-of-concept of siRNA 
efficacy in the eye was first demonstrated in 
animal models of ocular neovascularization 
and scarring using both saline and lipid-
based formulations40–43. Lipid-formulated 
vascular endothelial growth factor (VEGF) 
siRNA reduced laser-induced choroidal 
neovascularization in a mouse model of 
AMD40. In the same scarring model in 
non-human primates intravitreal injection 
of saline-formulated VEGF siRNA was 
well tolerated and efficacious41. Intravitreal 
injection of saline-formulated siRNA 
targeting VEGF receptor-1 was also 
effective in reducing the area of ocular 
neovascularization in two different mouse 
models42. These encouraging studies laid 
the ground work for clinical testing of 
siRNA targeting the VEGF pathway in 
AMD.

Respiratory delivery. Intranasal or orotracheal 
administration of formulated siRNA results 
in effective gene silencing in the lung and 
therapeutic benefit in a number of pulmonary 
disease models. Most of these studies 
used naked siRNA either in saline or with 
excipients such as D5W or lung surfactants. 
Formulating the siRNA with a transfection 
lipid or another specialized delivery carrier 
is sometimes dispensable. However, the 
required dose or delivery to certain cell types 
in the lung for some indications might be 
improved by incorporating the siRNA into 
carriers. In one study, intranasal instillation of 
siRNAs (either unformulated or complexed 
with the transfection agent Transit-TKO) 
directed against viral genes reduced the viral 
load of RSV and parainfluenza virus, two 
relevant pathogens in paediatric and immuno-
compromised patients, by more than three 
orders of magnitude, using doses of siRNA 
as low as 70 μg per animal with no observed 
adverse events44. Other pathological features 
of RSV infection such as elevated leukotriene 
levels, pulmonary inflammation and clinical 
signs of respiratory distress were also reduced 
after siRNA administration. Protection could 
be achieved in both prophyl axis and treat-
ment paradigms. Similarly, siRNA formulated 
in D5W adminis tered intranasally in a non-
human primate model of severe acute respira-
tory syndrome (SARS) corona virus infection 
significantly reduced interstitial infiltrates 
and pathological changes, and inhibited viral 
replication in the lung45. These studies clearly 
demonstrate the potential of RNAi therapeu-
tics to treat viral respiratory infection.

Gene silencing by locally delivered siRNAs 
in the lung has also been demonstrated in 
studies designed to identify the key mole cules 
that are responsible for lung injury in various 
models of acute lung injury (ALI). Intranasal 
administration of siRNAs targeting 
haeme oxygenase 1 (HO1, also known as 
HMOX1) resulted in enhanced apoptosis 
in an ischaemia–reperfusion (I-R) mouse 
model, demonstrating that induction of this 
gene is protective46. While I-R induced HO1 
expression in a number of organs, intranasally 
administered siRNA only silenced gene 
expression in the lung. Another study in a 
haemorrhage-induced and septic challenge 
model of ALI showed that siRNA targeting 
keratinocyte-derived chemokine (KC) 
and macrophage-inflammatory protein 2 
(MIP2, also known as CXCL2) administered 
intratracheally decreased lung KC and MIP2 
mRNA by approximately 50%, reducing 
local interleukin 6 (IL-6) concentrations 
and, in the case of MIP2 siRNA, reducing 
neutrophil influx, interstitial oedema and lung 
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pathology47. Silencing with Fas-siRNAs in the 
same model suppressed the induction of Fas 
and ameliorated pulmonary apoptosis and 
inflammation48. In hyperoxia-induced ALI, 
intranasal administration of an angiopoietin 
2 (ANGPT2) siRNA in saline dramatically 
ameliorated oxidant injury, cell death, inflam-
mation, vascular permeability and mortality49. 
In bleomycin-induced lung fibrosis, intranasal 
instillation of siRNA targeting Discoidin 
Domain Receptor 1 (DDR1) reduced DDR1 
protein in the lung by 60–70% and attenuated 
lung inflammatory cell infiltrates and cytokine 
production50. These studies clearly demons-
trate the potential for direct instillation of 
naked siRNA to silence endogenous genes in 
the lung and treat pulmonary disease. 

CNS delivery. Direct instillation of siRNA 
in saline has also been used in the CNS 
to validate disease targets in vivo. Direct 
administration of saline-formulated 
siRNA by intracerebro ventricular, intra-
thecal or intraparenchymal infusion 
resulted in silencing of specific neuronal 
mRNA targets in multiple regions of the 
peripheral and central nervous system51–54. 
Although the naked unformulated siRNA 
dose that is typically required for target 
silencing in these rodent studies is high 
(~0.5 mg per day) and siRNA uptake is 
uneven, polymer or lipid-based delivery 
systems facilitate cellular uptake; effective 
in vivo doses are reduced to ~50 μg with 
these formulations55–57.

Conjugation. Covalent conjugation of siRNAs 
to a targeting molecule has been used to 
deliver siRNA into cells and can be used, 
in principle, for cell-type-specific targeting. 
Through conjugation, the therapeutic can 
be fixed as a single compound, reducing the 
complexity from a chemical, manufacturing 
and regulatory perspective. Conjugation 
is especially attractive for siRNA-based 
drugs as only one of the strands in the 
duplex is active and conjugates can be 
attached to the sense or passenger strand 
without disrupting the activity of the active 
antisense strand. Conjugates can be placed 
on either the 5′- or 3′-end of the sense 
strand, although in some instances they 
can also be tolerated on the 3′-end of the 

Figure 3 | Delivery of small interfering RNAs. Different strategies have 

been used to deliver and achieve RNAi-mediated silencing in vivo. a | Direct 

injection of naked siRNA (unmodified or chemically modified) has proven 

efficacious in multiple contexts of ocular, respiratory and central nervous 

system disease40–57. b | Direct conjugation of siRNA to a natural ligand such 

as cholesterol has demonstrated in vivo silencing in hepatocytes following 

systemic administration59. c | Aptamer–siRNA conjugates silence target 

genes in tumour cells following local injection in a tumour xenograft 

model64. d | Liposome-formulated delivery of siRNA has been used to silence 

multiple targets following systemic administration69–71,73. The composition 

of a stable nucleic acid–lipid particle (SNALP) is shown. Cationic lipids aid 

formulation, cellular uptake and endosomal release. Fusogenic lipids also 

function in endosomal release. Polyethylene glycosylated (PEG) lipids sta-

bilize the formulation, regulate fusogenicity and shield surface charges. 

Cholesterol also helps to stabilize the formulation. Other cationic liposome 

formulations exist which may or may not contain a fusogenic or PEG lipid. 

The ratios of different components can vary between formulations. 

e | Antibody–protamine fusion proteins have been used to non-covalently 

bind siRNAs through charge interactions and to deliver siRNA specifically 

to cells that express the surface receptor that is recognized by the anti-

body101,102. The passenger strand and the guide strand are represented in 

blue and orange, respectively.
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Table 1 | Selected examples of in vivo efficacy using siRNA in disease models

Target Formulation Route Model Refs

Ocular

VEGF Lipoplex Subretinal Laser-induced CNV 40

VEGF Saline Intravitreal Laser-induced CNV 41

VEGF R1 Saline Intravitreal Laser-induced CNV; ROP 42

TGFβ R2 Lipoplex Subconjunctival Subconjunctival scarring 43

Pulmonary

RSV-P, PIV-P Saline or lipoplex Intranasal RSV infection; PIV infection 44

SARS D5W or surfactant Intranasal SARS infection 45

HMOX1 Saline Intranasal Hyperoxic acute lung injury 46

KC, MIP2, Fas Saline Intranasal Septic acute lung injury 47,48

ANGPT2 Saline Intranasal Hyperoxic acute lung injury 49

DDR1 Saline Intranasal Bleomycin-induced fibrosis 50

Caveolin-1 Liposomes Intravenous Vascular permeability 73

Influenza A – NP, PA PEI Intravenous Influenza virus infection 82

GFP Chitosan nanoparticle Intranasal GFP transgenic 89

Nervous System

AGRP Saline Stereotactic injection Metabolic alterations 51

Dopamine transporter Saline Intraventricular Hyperlocomotor response 52

Serotonin transporter Saline Intraventricular Behavioural response 53

P2X3 Saline Intrathecal Chronic neuropathic pain 54

DOR Lipoplex Intrathecal DELT-induced nociception 55

NMDAR subunit NR2B PEI Intrathecal Formalin-induced nociception 56

JEV and WNV-envelope Lipoplex Intracranial JEV- and WNV-induced encephalitis 57

Liver

ApoB Cholesterol conjugate Intravenous Dyslipidaemias 59

ApoB Liposome Intravenous Dyslipidaemias 69

HBV Liposome Intravenous Plasmid-based HBV replication 70

Ebola L gene PEI or Liposome Intraperitoneal Ebola virus infection 71

Tumours

EWS-FLI1 Tf-targeted nanoparticle Intravenous Ewing’s sarcoma model 61

VEGF R2 RGD peptide-targeted PEI Intravenous Subcutaneous tumour xenograft 63

PLK1, BCL2 PSMA aptamer Intratumoral Subcutaneous tumour xenograft 64

HPV-E6 Lipoplex Intratumoral or intraperitoneal Subcutaneous tumour xenograft 74

Pleotrophin PEI Intraperitoneal or subcutaneous Subcutaneous and glioblastoma tumour xenografts 83

HER2 PEI Intraperitoneal Subcutaneous tumour xenograft 84

RhoA Chitosan nanoparticle Intravenous Subcutaneous tumour xenograft 90

VEGF Atelocollagen Intravenous Subcutaneous tumour xenograft 92

VEGF Cholesteryl oligoarginine Intratumoral Subcutaneous tumour xenograft 99

C-Myc, MDM2, VEGF HIV envelope protamine fusion Intravenous Subcutaneous tumour xenograft 101

Other Organs

TNF Lipoplex Intravenous Collagen-induced arthritis 72

HSV2 – UL27, UL29 Lipoplex Intravaginal Herpes simplex 2 virus infection 75

TNF Lipoplex Intrarectal DSS-induced colitis 76

AGRP, agouti-related peptide; ANGPT2, angiopoietin 2; ApoB, apolipoprotein B; CNV, choroidal neovascularization; D5W, 5% dextrose; DELT, D-Ala Glu deltorphin II; DDR1, 

Discoidin domain receptor 1; DOR, delta opioid receptor; DSS, dextran sodium sulfate; GFP, green fluorescent protein; HBV, hepatitis B virus; HER2, human epidermal growth 

factor receptor 2; HMOX1, haeme oxygenase 1; HPV, human papilloma virus; JEV, Japanese encephalitis virus; KC, keratinocyte-derived chemokine; MIP2, macrophage-

inflammatory protein 2; NMDA R, N-methyl-d-aspartate (NMDA) receptor; NP, nucleoprotein gene; PA, polymerase gene, acidic; PEI, polyethylenimine; PIV, parainfluenza virus; 

PIV-P, PIV phosphoprotein gene; PSMA, prostate-specific membrane antigen; RGD, Arg-Gly-Asp; ROP, retinopathy of prematurity; RSV, respiratory syncytial virus; RSV-P, RSV 

phosphoprotein gene; SARS, severe acute respiratory distress syndrome; Tf, transferrin; TGFβ R2,  transforming growth factor receptor 2; TNF, tumour necrosis factor α; VEGF, 

vascular endothelial growth factor; VEGF R1/2, VEGF receptor 1/2; WNV, West Nile virus.
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antisense strand. To date, siRNA conjugates 
have been made using lipophilic molecules, 
proteins, peptides and aptamers.

Conjugation to cholesterol, previously 
used to deliver antisense oligonucleotides 
to the liver58, has been adapted to achieve 
effective in vivo silencing by siRNAs59. 
Intravenous injection of siRNA duplexes 
conjugated to cholesterol at the 5′-end of the 
passenger strand targeting apolipoprotein 
B (ApoB) in mice silenced ApoB mRNA by 
~55% in the liver and ~70% in the jejunum, 
the two main sites of ApoB expression. 
Concomitantly, ApoB plasma protein 
dropped by ~70% and serum cholesterol fell 
by 35–40%, consistent with the biological 
function of ApoB in binding cholesterol. 
Cholesterol conjugation was critical for 
improved pharmacokinetics and in vivo 
cellular uptake as the unconjugated ApoB 
siRNA was rapidly cleared and inactive. 
However, these experiments required a rela-
tively high dose (50 mg per kg) of siRNA. 
Cholesterol conjugation has been reported 
to prolong circulating half-life by incor-
porating the cholesterol–siRNA conjugate 
into circulating lipoprotein particles that 
are resistant to filtration by the kidney and 
may also provide protection from plasma 
nucleases. The siRNA-containing lipopro-
tein complexes are endocytosed through 
cholesterol receptors present on all cells 
(M. Stoffel, personal communication).

Other natural ligands have been directly 
conjugated to siRNA duplexes and shown 
to facilitate delivery, at least in vitro. These 
include membrane permeant peptides such as 
penetratin and transportan60, but robust evi-
dence for improved cellular delivery by these 
conjugates is still lacking. Although certain 
natural ligands such as transferrin, folate and 
RGD (Arg-Gly-Asp) peptides have been suc-
cessfully used as targeting agents for siRNA 
when formulated into nanoparticles61 –63, 
these have yet to be thoroughly investigated 
as direct siRNA conjugates. Finally, siRNA 
conjugation to small molecules that bind to 
cell-surface receptors that are present on a 
limited number of cells should, in theory, 
enhance drug specificity and reduce the 
required drug concentration. Evidence for 
the in vivo use of small-molecule siRNA 
conjugates has so far not been published, and 
it is important to remember that these small 
molecules might not have the benefit of natu-
ral ligand conjugates, such as cholesterol, in 
facilitating siRNA incorporation into larger 
plasma protein complexes that evade rapid 
renal excretion and elimination.

siRNAs can also be conjugated to RNA 
aptamers for delivery to specific cell types. 

This approach has the advantage that the 
therapeutic can be composed entirely of 
RNA. Recently, in vitro and in vivo proof-
of-concept has been shown using aptamers 
to prostate-specific membrane antigen 
(PSMA), a cell-surface receptor overex-
pressed in prostate cancer cells and tumour 
vascular endothelium64,65. PSMA aptamers, 
either directly linked to siRNA64 or con-
jugated through a modular strepta vidin 
bridge65, promote specific cellular uptake 
and RNAi-mediated silencing of target 
mRNA in vitro. siRNAs directed against 
survival genes (PLK1 and BCL2) and directly 
linked to PSMA aptamers were internalized 
by cells and resulted in RNAi-mediated 
target-mRNA silencing and cell death 
in vivo64. Short aptamers (25–35 bases long) 
that bind to a wide variety of targets with 
high affinity have been described66. It should 
be possible to design siRNA-aptamer chime-
ras with longer strands (45–55 bases) that are 
within the range of technical and commercial 
feasibility for synthesis, but longer molecules 
may prove difficult to synthesize on a com-
mercial scale. However, although short 
aptamer conjugates work for local delivery 
in vivo, they can be rapidly cleared by the 
kidney and have a half-life that is too short 
for systemic therapy unless they are 
incorporated into larger particles.

Liposomes and lipoplexes. Many drugs 
have been formulated into liposomes to 
improve their pharmacokinetic properties 
and decrease toxicity. Liposomes, vesicles 
with an aqueous compartment enclosed in a 
phospholipid bilayer, can fuse with cell mem-
branes and enhance drug delivery into cells. 
Polar drugs can be entrapped in their aqueous 
centre. When lipids complex with nucleic 
acids to form amorphous particles they are 
known as lipoplexes. Lipoplexes are formed 
by mixing siRNAs with most commercial 
transfection agents, such as Lipofectamine 
2000 and Transit-TKO. Liposomes developed 
for therapeutic delivery of siRNAs are 
multi-component nanoparticles, typically 
composed of multiple lipids, including a 
cationic and/or a fusogenic lipid, cholesterol 
and a polyethylene glycosylated lipid. Each 
of these components has an important role 
in the fusogenicity and pharmacokinetic 
properties of the liposome (FIG. 3d; for review 
see REFS 67–68).

Both liposomes and lipoplexes have been 
extensively used to deliver siRNA in vitro 
and in vivo. In vitro transfection of siRNA 
using lipid-based delivery agents is a routine 
laboratory procedure. However, some 
primary cell types, such as lymphocytes, 

are resistant to lipid-mediated transfec-
tion. Significant success has also been 
demonstrated with both local and systemic 
administration of siRNA using liposomes 
and lipoplexes. Intravenous injection of 
siRNA encapsulated in stable nucleic acid–
lipid particles (SNALPs28) silenced ApoB 
dramatically in both mice and non-human 
primates69. Importantly, a single intravenous 
dose of 2.5 mg per kg of SNALP-formulated 
siRNA in cynomolgus monkeys reduced 
ApoB mRNA in the liver by more than 90%. 
Consequently, serum cholesterol and low-
density lipoproteins were reduced by more 
than 65% and 85%, respectively. Moreover, 
following a single intravenous dose of 
2.5 mg per kg of SNALP-formulated siRNA, 
gene silencing lasted for at least 11 days. 
Treatment with siRNA in liposomes was 
fairly well tolerated in these experiments, 
with transient increases in liver enzymes 
seen at the highest dose. The same SNALP 
formulations also effectively delivered 
siRNA to the liver in animal models of hepa-
titis B and Ebola virus infection70,71. Whether 
these SNALPs can be used for delivering 
siRNA to organs other than the liver is 
uncertain. Systemic administration of other 
liposomal formulations and lipoplexes have 
resulted in the delivery of siRNA to other 
tissues. Intravenous delivery of a cationic 
lipoplex containing tumour necrosis factor 
(TNF) siRNA specifically inhibited TNF 
production in knee joints and alleviated 
disease in a mouse model of rheumatoid 
arthritis72, whereas caveolin-1 siRNA formu-
lated in liposomes reduced target expression 
by 90% in mouse lung endothelia with the 
expected physiological effects73. In summary, 
use of lipid-based formulations for systemic 
delivery of siRNA, especially to the liver, 
represents one of the most promising near-
term opportunities for the development of 
RNAi therapeutics.

Locally injected liposomes and lipoplexes 
have also delivered siRNA effectively to 
target cells in the eye and nervous system, 
and to tumours. Subretinal injection of 
VEGF siRNA formulated in Transit-TKO 
reduced choroidal neovascularization in a 
laser-induced injury mouse model40, and 
subconjunctival injection of transforming 
growth factor β receptor II siRNA in Transit-
TKO suppressed inflammation and fibrosis 
in a mouse subconjunctival scarring model43. 
Intracranial delivery of lipid-complexed 
siRNA targeting viral genes protected mice 
against fatal Japanese encephalitis virus and 
West Nile virus encephalitis57. Similarly, 
intrathecal administration of cationic lipid 
formulated delta opioid receptor (DOR) 
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siRNA facilitated delivery and specific 
target-gene silencing in the spinal cord and 
dorsal root, blocking antinociception by a 
DOR selective agonist55. Numerous publica-
tions have reported successful antitumoural 
effects following either direct or systemic 
tumoural injection of lipid-formulated 
siRNA (for reviews see REFS 33,38,39). In 
one recent example, either intratumoural 
or intraperitoneal injection of formulated 
siRNA directed against the human papil-
loma virus E6 oncogene inhibited tumour 
growth, suppressed E6 expression and 
induced tumour apoptosis in subcutaneous 
cervical cancer xenografts74. The usefulness 
of lipid-based delivery systems in many of 
these direct RNAi applications must be 
assessed in a target-cell-specific and 
disease-specific manner. For the eye, lung and 
nervous system there are some examples of 
siRNA being successfully delivered without 
formulating agents. However, there are other 
examples in which formulations were critical.

An area of increasing interest is direct 
application of lipoplexed siRNA to mucosal 
surfaces such as the vagina and the intestine. 
Intravaginal delivery of lipid-complexed 
siRNA directed against herpes simplex 2 
virus protected mice when administered 
before and/or after lethal herpes virus 
challenge75. Intravaginal administration 
of siRNA complexed with Lipofectamine 
2000, but not naked siRNA, also specifically 
silenced endogenous genes in the genital 
tract76. Intrarectal administration of TNF 
siRNA in Lipofectamine also reduced 
TNF levels and attenuated colonic 
inflammation in the descending colon76. 
Intravaginal and intracolonic administra-
tion of siRNA using these lipid-based 
delivery systems was well tolerated in mice, 
lasted for at least a week and did not cause 
inflammation or activate an interferon 
response75,76. Because of the relatively easy 
access to mucosal sites, the large number of 
viral infections that enter the body through 
mucosal portals, the general tolerability of 
siRNA-lipid formulations and robust in vivo 
delivery, mucosal administration of lipid-
formulated siRNA will be a fertile area for 
developing future RNAi therapeutics.

Peptides and polymers. siRNA can also 
be complexed with cationic peptides and 
polymers by ionic interactions with their 
negatively charged phosphate backbones to 
form stable nanoparticles77. Strategies are 
needed to prevent aggregation and control 
particle size in a reproducible manner. 
This is most often done by incorporating 
molecules such as polyethylene glycol (PEG) 

that help to stabilize the particle and prevent 
aggregation. PEG groups also improve the 
pharmaco kinetic profile of these particles by 
shielding positive charges on the surface that 
will stick to negatively charged cell mem-
branes and result in rapid clearance from the 
circulation.

Another area of particle engineering, 
applicable to both liposomes and poly-
meric nanoparticles, involves the use of 
targeted nanoparticles to achieve robust 
in vivo targeting to particular cell types. 
Molecules such as transferrin61, folate62 and 
RGD peptide63 can be introduced into 
particle-based delivery vehicles to aid 
siRNA targeting to cells bearing the natural 
receptor. Other targeting groups including 
antibodies or sugars, such as galactose and 
mannose, have also been proposed to target 
siRNA to specific tissues78. Beyond improving 
particle targeting in vivo, another important 
area of research involves increasing 
cytoplasmic delivery of siRNA. Several 
pH-triggered polymers that facilitate endo-
somal escape and that could be incorporated 
into nanoparticles have been identified68,79; 
data already exist to show that one of these 
may improve RNAi-mediated silencing 
in vitro80. Targeted delivery and improved 
cytoplasmic delivery of nanoparticles is a 
promising field of active research.

One of the most widely studied 
polymers for delivery of nucleic acids is 
poly ethyl enimine (PEI). PEI polymers are 
synthetic, linear or branched structures with 
high cationic charge densities. The cationic 
polyplexes formed by PEI with siRNA are 
thought to interact with the cell surface electro-
statically and are endocytosed into cells 
where they disrupt the low endosomal pH. 
Endosomal escape is proposed to occur by a 
‘proton sponge’ effect whereby PEI enhances 
the influx of protons and water leading to 
endosomal swelling and to the osmotic 
release of the polyplexes into the cytoplasm81. 
PEI– siRNA complexes have been reported to 
show therapeutic benefit in vivo in a number 
of disease models. PEI-complexed with influ-
enza siRNA demonstrated antiviral effects in 
infected mice82, whereas similar targeting of 
the Ebola L gene resulted in partial protection 
against lethal Ebola infection in guinea 
pigs71. PEI–siRNA complexes targeting 
pleiotrophin83, VEGF63 and human epider-
mal growth factor receptor 2 (HER2, also 
known as ERBB2) (REF. 84) have been shown 
to have antitumour activity. Local injection 
of PEI-siRNA polyplexes targeting the 
N-methyl-d-aspartate (NMDA) receptor 
subunit NR2B significantly attenuated 
formalin-induced nociception in rats56. 

A significant concern about using PEI as a 
therapeutic delivery vehicle is the extreme 
toxicity seen at higher doses. To expand the 
safety margin several groups are optimizing 
the physical structure of PEI to improve 
in vivo siRNA delivery85–87. Other synthetic 
polycations, consisting of histidine and poly-
lysine residues, have also been evaluated for 
delivery of siRNA and seem to have improved 
in vitro efficacy compared with PEI88.

Three other polymer approaches with 
promising in vivo siRNA data are chitosan, 
cyclodextrin, and atelocollagen (protease-
treated collagen) nanoparticles. Chitosan 
is a well-tolerated natural biodegradable 
polymer that forms cationic complexes with 
nucleic acids. Effective in vivo RNAi delivery 
was achieved by chitosan–siRNA complexes 
both in lung epithelial cells of transgenic 
enhanced green fluorescent protein (EGFP) 
mice after intranasal administration89 and 
in subcutaneously implanted breast cancer 
cells after intravenous administration90. 
Transferrin-targeted cyclodextrin-containing 
polycation nanoparticles silenced the 
oncogene EWS-FLI1 in transferrin receptor-
expressing Ewing’s sarcoma tumour cells61 
and siRNA formulated in these nanopar-
ticles was well tolerated in non-human 
primates91. Systemic adminis tration of 
atelocollagen–siRNA complexes had marked 
effects on subcutaneous tumour xenografts 
as well as on bone metastases92,93. Other poly-
mer approaches, based on polyamidoamine 
(PAMAM) dendrimers and poly(lactic-co-
glycolic acid) (PLGA) nanoparticles, are 
also being investigated as vehicles for siRNA 
delivery94,95, although in vivo evidence 
for RNAi-mediated silen cing using these 
approaches remains to be demonstrated.

Cationic peptides can also deliver oligo-
nucleotides into cells67,96. Several peptide-
based gene delivery systems, formed with 
peptides such as MPG (27mer peptide)97, 
penetratin98 and cholesteryl oligo-d-arginine 
(Chol-R9)99, promote the uptake of non-
covalently bound siRNAs in vitro. Local 
in vivo administration of chol-R9-complexed 
VEGF siRNA led to tumour regression in a 
mouse model99. Peptide-based approaches 
can also be coupled with other delivery 
systems, such as liposomes, to enable a more 
targeted delivery of oligonucleotides63,67,68,100.

Antibodies. Antibodies can also be used 
for specific targeted delivery of siRNA. 
A protamine–antibody fusion protein 
delivered non-covalently bound siRNA to 
HIV-envelope-expressing B16 melanoma 
cells or HIV-infected primary CD4 T cells 
in vitro with high efficiency101. In this 
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approach, a protamine fragment that binds to 
the oligonucleotide and the Fab fragment of 
an HIV envelope antibody mediates receptor-
specific binding to cells expressing the HIV 
envelope protein. These siRNA–antibody–
protamine complexes, administered either 
intra -tumourally or intravenously, 
specifically delivered siRNA to a subcutane-
ous tumour in vivo and retarded tumour 
growth. A single-chain antibody to the breast 
cancer receptor HER2 fused to protamine 
also selectively delivered siRNAs to breast 
cancer cells bearing the receptor. Recently, 
fusion proteins that target all human white 
blood cells or just activated leukocytes using 
conformation sensitive, single chain antibod-
ies to the integrin LFA-1, have revealed the 
exquisite selectivity of this targeting strategy 
both in vitro and in vivo102. These studies 
demonstrate the potential for antibodies to 
direct siRNA selectively into cells in vivo.

Clinical trials

RNAi has rapidly advanced from research dis-
covery to clinical trials. Three different RNAi 
therapeutics are currently under clinical 
investigation, with several more poised to 
enter trials soon. Initial trials have focused 
on well-validated therapeutic targets, such as 
the VEGF pathway for the wet form of AMD 
and on the RSV genome, for the treatment 
of RSV infection. Ophthalmic indications 
have historically been attractive for oligo-
nucleotide-based therapeutics. The only 
approved oligonucleotide-based drugs are 
used in the eye — Vitravene® to treat CMV 
retinitis103 and Macugen® for AMD104. Direct 
injection into the vitreal cavity efficiently 
targets oligonucleotide drugs to the retina. 
Another advantage of the ocular compart-
ment is that it is relatively free of nucleases 
compared with serum, permitting unmodi-
fied siRNA to be used in the vitreal cavity. 
However, exonuclease stabilizing chemistries 
can dramatically improve the persistence of 
intact siRNA following intravitreal injection 
(Alnylam, unpublished results). The ease of 
intraocular drug delivery combined with the 
clinical validation of VEGF as a therapeutic 
target for proliferative vascular retinopathies 
has led to the rapid development of several 
RNAi therapeutics.

Intravitreous injection of Cand5, an 
unmodified siRNA that targets all VEGF-A 
spliced isoforms, has completed a phase II 
trial in patients with serious progressive wet 
AMD and has been reported to provide dose-
related benefits against several endpoints, 
including near vision and lesion size (Acuity 
Pharmaceuticals, press release). Cand5 is 
also being tested for efficacy against diabetic 

macular oedema in a phase II trial that began 
in early 2006 (Acuity Pharmaceuticals, press 
release). Sirna-027, a chemically modi-
fied siRNA that targets VEGF receptor 1, 
completed phase I trials in patients with wet 
AMD and was reported to be well tolerated. 
It was also reported to stabilize or improve 
visual acuity in a subset of patients 
(Sirna Pharmaceuticals, press release).

There are many advantages to delivering 
siRNA therapeutics directly to the lungs for 
targeting lung epithelial cells. Lung epithelial 
cells are capable of naked siRNA uptake and 
RNAi mediated silencing44,46,49. Moreover 
the local lung environment is also relatively 
nuclease-free compared with serum. 
Delivery to the lung by inhalation is non-
invasive and directly targets the tissue epi-
thelium; this improves drug concentrations 
at the target tissue without first-pass metabo-
lism, reduces drug dosing and decreases the 
likelihood of systemic side effects. In many 
instances naked siRNA in saline seems to be 
effective, but other approaches to optimize 
lung delivery may need to be developed for 
different indications.

The first pulmonary studies are directed 
at treating RSV, a serious neonatal respira-
tory infection. Two phase I intranasal trials 
with ALN-RSV01, an siRNA targeting the 
viral nucleocapsid gene, have been com-
pleted in over 100 healthy adult volunteers. 
ALN-RSV01 was found to be safe and well 
tolerated (Alnylam Pharmaceuticals, press 
release). Clinical development of ALN-
RSV01 is progressing; experimental infection 
studies are ongoing.

Summary

RNAi has advanced from research discovery 
to clinical trials with lightning speed 
— from the Nobel-prize winning discovery 
in 1998 showing that long dsRNA could 
silence gene expression in Caenorhabditis 
elegans1, to the publication in 2001 showing 
that short synthetic siRNA could induce 
RNAi in mammalian cells2, to the present 
day when three different RNAi therapeutics 
are in human clinical trials. The RNAi 
revolution has fundamentally changed our 
understanding about how gene expression 
is regulated and has provided powerful new 
tools for biological research and drug dis-
covery. It has opened the way for a new type 
of therapeutic with the potential to treat a 
wide array of diseases.

The principal challenge that remains 
in achieving the broadest application 
of RNAi therapeutics is the hurdle of 
delivery. The main barriers to successful 
RNAi delivery in vivo involve achieving 

proper pharmacokinetics to ensure drug 
exposure to the relevant target cell type 
and harnessing mechanisms to promote 
cellular uptake and the release of the drug 
into the cytoplasm. Progress has been made 
on this front through the use of covalent 
conjugation, non-covalent complexes and 
nanoparticles, but targeted delivery has 
yet to be optimized for most cell types and 
tissues. Solutions will probably need to be 
tailored for each target cell type and disease 
indication. In identifying and optimizing 
delivery solutions, the use of reporter sys-
tems (either endogenous cell-type specific 
genes or transgenes) could greatly expedite 
the process. Likewise, in optimizing formu-
lations, it is vital that the key parameters of 
efficacy and safety are assessed in parallel 
to rapidly arrive at the formulations which 
have the greatest therapeutic window.

As the challenge of siRNA delivery is 
met, it will be possible to advance RNAi 
therapeutics rapidly into clinical studies for 
many diseases, including some which remain 
untreatable or poorly treated by conventional 
drugs. Ongoing clinical trials of siRNA drugs 
for AMD and RSV infection will be the first 
testing ground for whether RNAi thera-
peutics can live up to their potential 
as a revolutionary new class of drugs.

Antonin de Fougerolles and John Maraganore are 
at Alnylam Pharmaceuticals Inc., 300 Third Street, 

Cambridge, Massachusetts 02142, USA. 

Hans-Peter Vornlocher is at Alnylam Europe AG, 
Fritz-Hornschuch-Str. 9 , Kulmbach 95326, Germany. 

Judy Lieberman is at the CBR Institute for 
Biomedical Research, 200 Longwood Avenue, 

Boston, Massachusetts 02115, USA. 

Correspondence to A.D.F and J.L.
e-mail: 

tdefougerolles@alnylam.com; Lieberman@cbr.med.
harvard.edu

doi:10.1038/nrd2310

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

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

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

4.  Meister, G. & Tuschl, T. Mechanisms of gene silencing 
by double-stranded RNA. Nature 431, 343–349 
(2004).

5.  Kim, D. H. & Rossi, J. J. Strategies for silencing human 
disease using RNA interference. Nature Rev. Genet. 8, 
173–184 (2007).

6.  He, L. & Hannon, G. J. MicroRNAs: small RNAs with a 
big role in gene regulation. Nature Rev. Genet. 5, 
522–531 (2004).

7.  Matranga, C. et al. Passenger-strand cleavage 
facilitates assembly of siRNA into Ago2-containing 
RNAi enzyme complexes. Cell 123, 607–620 
(2005).

8.  Liu, J. et al. MicroRNA-dependent localization of 
targeted mRNAs to mammalian P-bodies. Nature Cell 
Biol. 7, 719–723 (2005).

P R O G R E S S

NATURE REVIEWS | DRUG DISCOVERY  VOLUME 6 | JUNE 2007 | 451

© 2007 Nature Publishing Group 



9.  Hutvagner, G. & Zamore, P. D. A microRNA in a 
multiple-turnover RNAi enzyme complex. Science 
297, 2056–2060 (2002).

10.  Grimm, D. et al. Fatality in mice due to oversaturation 
of cellular microRNA/short hairpin RNA pathways. 
Nature 441, 537–541 (2006).

11.  Pei, Y. & Tuschl, T. On the art of identifying effective 
and specific siRNAs. Nature Methods 3, 670–676 
(2006).

12.  Reynolds, A. et al. Rational siRNA design for RNA 
interference. Nature Biotechnol. 22, 326–330 
(2004).

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

14.  Reynolds, A. et al. Induction of the interferon response 
by siRNA is cell type- and duplex length-dependent. 
RNA 6, 988–993 (2006).

15.  Schwarz, D. S. et al. Asymmetry in the assembly of the 
RNAi enzyme complex. Cell 115, 199–208 (2003).

16.  Khvorova, A., Reynolds, A. & Jayasena, S. D. 
Functional siRNAs and miRNAs exhibit strand bias. 
Cell 115, 209–216 (2003).

17.  Aza-Blanc, P. et al. Identification of modulators of 
TRAIL-induced apoptosis via RNAi-based phenotypic 
screening. Mol. Cell 12, 627–637 (2003).

18.  Schwarz, D. S. et al. Designing siRNA that distinguish 
between genes that differ by a single nucleotide. PLoS 
Genetics 2, 1307–1318 (2006).

19.  Jackson, A. L. et al. Expression profiling reveals off-
target gene regulation by RNAi. Nature Biotech. 21, 
635–637 (2003).

20.  Lin, X. et al. siRNA-mediated off-target gene silencing 
triggered by a 7 nt complementation. Nucleic Acids 
Res. 33, 4527–4535 (2005).

21.  Qiu, S., Adema, C. M. & Lane, T. A computational 
study of off-target effects of RNA interference. Nucleic 
Acids Res. 33, 1834–1847 (2005).

22.  Jackson, A. L. et al. Widespread siRNA off-target 
transcript silencing mediated by seed region sequence 
complementarity. RNA 12, 1179–1187 (2006).

23.  Birmingham, A. et al. 3′ UTR seed matches, but not 
overall identity, are associated with RNAi off-targets. 
Nature Methods 3, 199–204 (2006).

24.  Jackson, A. L. et al. Position-specific chemical 
modification of siRNAs reduces off-target transcript 
silencing. RNA 12, 1197–1205 (2006).

25.  Fedorov, Y. et al. Off-target effects by siRNA can 
induce toxic phenotype. RNA 12, 1188–1196 (2006).

26.  Schlee, M. et al. SiRNA and isRNA: two edges of one 
sword. Mol. Ther. 14, 463–470 (2006).

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

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

29.  Judge, A. D. et al. Design of non-inflammatory 
synthetic siRNA mediating potent gene silencing 
in vivo. Mol. Ther. 13, 494–505 (2006).

30.  Layzer, J. M. et al. In vivo activity of nuclease-resistant 
siRNAs. RNA 10, 766–771 (2004).

31.  Choung, S. et al. Chemical modification of siRNAs to 
improve serum stability without loss of efficacy. 
Biochem. Biophys. Res. Commun 342, 919–927 
(2006).

32.  Allerson, C. R. et al. Fully 2′-modified oligonucleotide 
duplexes with improved in vitro potency and stability 
compared to unmodified small interfering RNA. 
J. Med. Chem. 48, 901–904 (2005).

33.  de Fougerolles, A. R. et al. RNA interference in vivo: 
toward synthetic small inhibitory RNA-based 
therapeutics. Methods Enzymol. 392, 278–296 
(2005).

34.  Morrissey, D. V. et al. Activity of stabilized short 
interfering RNA in a mouse model of hepatitis B virus 
replication. Hepatology 41, 1349–1356 (2005).

35.  Bartlett, D. W. & Davis, M. E. Insights into the kinetics 
of siRNA-mediated gene silencing from live-cell and 
live-animal bioluminescent imaging. Nucleic Acids Res. 
34, 322–333 (2006).

36.  Raemdonck, K. et al. In situ analysis of single-stranded 
and duplex siRNA integrity in living cells. Biochemistry 
45, 10614–10623 (2006).

37.  Fedorov, Y. et al. Different delivery methods-different 
expression profiles. Nature Methods 2, 241 (2005).

38.  Aigner, A. Gene silencing through RNA interference 
(RNAi) in vivo: strategies based on the direct 
application of siRNAs. J. Biotechnology 124, 12–25 
(2006).

39.  Bumcrot, D. et al. RNAi therapeutics: a potential new 
class of pharmaceutical drugs. Nature Chem. Biol. 2, 
711–719 (2006).

40.  Reich, S. J. et al. Small interfering RNA (siRNA) 
targeting VEGF effectively inhibits ocular 
neovascularization in a mouse model. Mol. Vision 9, 
210–216 (2003).

41.  Tolentino, M. J. et al. Intravitreal injection of vascular 
endothelial growth factor small interfering RNA 
inhibits growth and leakage in a nonhuman primate, 
laser-induced model of choroidal neovascularization. 
Retina 24, 132–138 & 660–661 (2004).

42.  Shen, J. et al. Suppression of ocular 
neovascularization with siRNA targeting VEGF 
receptor 1. Gene Ther. 13, 225–234 (2006).

43.  Nakamura, H. et al. RNA interference targeting 
transforming growth factor-β type II receptor 
suppresses ocular inflammation and fibrosis. Mol. 
Vision 10, 703–711 (2004).

44.  Bitko, V. et al. Inhibition of respiratory viruses by 
nasally administered siRNA. Nature Med. 11, 50–55 
(2005).

45.  Li, B. J. et al. Using siRNA in prophylactic and 
therapeutic regimens against SARS coronavirus in 
Rhesus macaque. Nature Med. 11, 944–951 (2005).

46.  Zhang, X. et al. Small interfering RNA targeting heme 
oxygenase-1 enhances ischemia-reperfusion-induced 
lung apoptosis. J. Biol. Chem. 279, 10677–10684 
(2004).

47.  Lomas-Neira, J. L. et al. In vivo gene silencing (with 
siRNA) of pulmonary expression of MIP-2 versus KC 
results in divergent effects on hemorrhage-induced, 
neutrophil-mediated septic acute lung injury. 
J. Leukoc. Biol. 77, 846–853 (2005).

48.  Perl, M. et al. Silencing of Fas, but not caspase-8, in 
lung epithelial cells ameliorates pulmonary apoptosis, 
inflammation and neutrophil influx after hemorrhagic 
shock and sepsis. Am. J. Pathol. 167, 1545–1559 
(2005).

49.  Bhandari, V. et al. Hypoxia causes angiopoietin-2-
mediated acute lung injury and necrotic cell death. 
Nature Med. 12, 1286–1292 (2006).

50.  Matsuyama, W. et al. Suppression of discoidin domain 
receptor 1 by RNA interference attenuates lung 
inflammation. J. Immunol. 176, 1928–1936 (2006).

51.  Makimura, H. et al. Reducing hypothalamic AGRP by 
RNA interference increases metabolic rate and 
decreases body weight without influencing food intake. 
BMC Neurosci. 3, 18 (2002).

52.  Thakker, D. R. et al. Neurochemical and behavioral 
consequences of widespread gene knockdown in the 
adult mouse brain by using nonviral RNA interference. 
Proc. Natl Acad. Sci. USA 101, 17270–17275 
(2004).

53.  Thakker, D. R. et al. siRNA-mediated knockdown of 
the serotonin transporter in the adult mouse brain. 
Mol. Psychiatry 10, 782–789 (2005).

54.  Dorn, G. et al. SiRNA relieves chronic neuropathic 
pain. Nucleic Acids Res. 32, e49 (2004).

55.  Luo, M. C. et al. An efficient intrathecal delivery of 
small interfering RNA to the spinal cord and 
peripheral neurons. Mol. Pain 1, 29 (2005).

56.  Tan, P. H. et al. Gene knockdown with intrathecal 
siRNA of NMDA receptor NR2B subunit reduces 
formalin-induced nociception in the rat. Gene Ther. 12, 
59–66 (2005).

57.  Kumar, P. et al. A single siRNA suppresses fatal 
encephalitis induced by two different flaviviruses. PLoS 
Med. 3, 505–514 (2006).

58.  Biessen, E. A. et al. Targeted delivery of 
oligodeoxynucleotides to parenchymal liver cells 
in vivo. Biochem. J. 340, 783–792 (1999).

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

60.  Muratovska, A. & Eccles, M. R. Conjugate for efficient 
delivery of short interfering RNA (siRNA) into 
mammalian cells. FEBS Letters 558, 63–68 (2004).

61.  Hu-Lieskovan, S. et al. Sequence-specific knockdown 
of EWS-FLI1 by targeted, nonviral delivery of small 
interfering RNA inhibits tumor growth in a murine 
model of metastatic Ewing’s sarcoma. Cancer Res. 65, 
8984–8992 (2005).

62.  Kim, S. H. et al. Target-specific gene silencing by 
siRNA plasmid DNA complexed with folate-modified 
poly(ethylenimine). J. Controlled Release 104, 
223–232 (2005).

63.  Schiffelers, R. M. et al. Cancer siRNA therapy by 
tumor selective delivery with ligand-targeted sterically 
stabilized nanoparticle. Nucleic Acids Res. 32, e149 
(2004).

64.  McNamara, J. O. et al. Cell type-specific delivery of 
siRNAs with aptamer-siRNA chimeras. Nature 
Biotechnol. 24, 1005–1015 (2006).

65.  Chu, T. C. et al. Aptamer mediated siRNA delivery. 
Nucleic Acids Res. 34, e73 (2006).

66.  Nimjee, S. M., Rusconi, C. P., & Sullenger B.A. 
Aptamers: an emerging class of therapeutics. Annu. 
Rev. Med. 56, 555–583 (2005).

67.  Torchilin, V. P. Recent approaches to intracellular 
delivery of drugs and DNA and organelle targeting. 
Annu. Rev. Biomed. Eng. 8, 343–375 (2006).

68.  Li, W. & Szoka F. C. Lipid-based nanoparticles for 
nucleic acid delivery. Pharm. Res. Adv. Drug Deliv. Rev. 
24, 438–449 (2007).

69.  Zimmermann, T. S. et al. RNAi-mediated gene 
silencing in non-human primates. Nature 441, 
111–114 (2006).

70.  Morrissey, D. V. et al. Potent and persistent in vivo 
anti-HBV activity of chemically modified siRNAs. 
Nature Biotechnol. 23, 1002–1007 (2005).

71.  Geisbert, T. W. et al. Postexposure protection of 
guinea pigs against lethal ebola virus challenge is 
conferred by RNA interference. J. Infect. Dis. 193, 
1650–1657 (2006).

72.  Khoury, M. et al. Efficient new cationic liposome 
formulation for systemic delivery of small interfering 
RNA silencing tumor necrosis factor-α in experimental 
arthritis. Arthritis & Rheumatism 54, 1867–1877 
(2006).

73.  Miyawaki-Shimizu, K. et al. SiRNA-induced caveolin-1 
knockdown in mice increases lung vascular 
permeability via the junctional pathway Am. J. 
Physiol. Lung Cell. Mol. Physiol. 290, L405–L413 
(2006).

74.  Niu, X. Y. et al. Inhibition of HPV 16 E6 oncogene 
expression by RNA interference in vitro and in vivo. 
Int. J. Gynecol. Cancer 16, 743–751 (2006).

75.  Palliser, D. et al. An siRNA-based microbicide protects 
mice from lethal herpes simplex virus 2 infection. 
Nature 439, 89–94 (2006).

76.  Zhang, Y. et al. Engineering mucosal RNA interference 
in vivo. Mol. Ther. 4, 336–342 (2006).

77.  Juliano, R. L. Peptide-oligonucleotide conjugates for 
the delivery of antisense and siRNA. Curr. Opin. Mol. 
Ther. 7, 132–136 (2005).

78.  Merdan, T. et al. Prospects for cationic polymers in 
gene and oligonucleotide therapy against cancer. Adv. 
Drug. Deliv. Rev. 54, 715–758 (2002).

79.  Li, W, Nicol, F., & Szoka F. C. GALA: a designed 
synthetic pH-responsive amphipathic peptide with 
applications in drug and gene delivery. Adv. Drug 
Deliv. Rev. 56, 967–985 (2004).

80.  Oliveira, S. et al. Fusogenic peptides enhance 
endosomal escape improving siRNA-induced silencing 
of oncogenes. Int. J. Pharm. 2007 331, 211–214 
(2007).

81.  Boussif, O. et al. A versatile vector for gene and 
oligonucleotide transfer into cells in culture and 
in vivo: polyethylenimine. Proc. Natl Acad. Sci. USA 
92, 7297–7301 (1995).

82.  Ge, Q. et al. Inhibition of influenza virus production in 
virus-infected mice by RNA interference. Proc. Natl 
Acad. Sci. USA 101, 8676–8681 (2004).

83.  Grzelinski, M. et al. RNA interference-mediated gene 
silencing of pleiotrophin through polyethylenimine-
complexed small interfering RNAs in vivo exerts 
antitumoral effects in glioblastoma xenografts. Hum. 
Gene Ther. 17, 751–766 (2006).

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

85.  Thomas, M. et al. Full deacylation of polyethylenimine 
dramatically boosts its gene delivery efficiency and 
specificity to mouse lung. Proc. Natl Acad. Sci. USA 
102, 5679–5684 (2005).

86.  Grayson, A. C. et al. Biophysical and structural 
characterization of polyethylenimine-mediated siRNA 
delivery in vitro. Pharm. Res. 23, 1868–1876 
(2006).

87.  Werth, S. et al. A low molecular weight fraction of 
polyethylenimine (PEI) displays increased transfection 
efficiency of DNA and siRNA in fresh or lyophilized 
complexes. J. Controlled Release 112, 257–270 
(2006).

88.  Read, M. L. et al. A versatile reducible polycation-
based system for efficient delivery of a broad range 
of nucleic acids. Nucleic Acids Res. 33, e86 (2005).

89.  Howard, K. A. et al. RNA interference in vitro and 
in vivo using a novel chitosan/siRNA nanoparticle 
system. Mol. Ther. 14, 476–484 (2006).

P R O G R E S S

452 | JUNE 2007 | VOLUME 6  www.nature.com/reviews/drugdisc

© 2007 Nature Publishing Group 



90.  Pille, J. Y. et al. Intravenous delivery of anti-rhoA small 
interfering RNA loaded in nanoparticles of chitosan in 
mice: safety and efficacy in xenografted aggressive 
breast cancer. Human Gene Ther. 17, 1019–1026 
(2006).

91.  Heidel, J. D. et al. Administration in non-human 
primates of escalating intravenous doses of targeted 
nanoparticles containing ribonucleotide reductase 
subunit M2 siRNA. Proc. Natl Acad. Sci. USA 104, 
5715–5721 (2007).

92.  Takei, Y. et al. A small interfering RNA targeting 
vascular endothelial growth factor as cancer 
therapeutics. Cancer Res. 64, 3365–3370 (2004).

93.  Takeshita, F. & Ochiya, T. Therapeutic potential of RNA 
interference against cancer. Cancer Sci. 97, 689–696 
(2006).

94.  Khan, A. et al. Sustained polymeric delivery of gene 
silencing antisense ODNs, siRNA, DNAzymes and 
ribozymes: in vitro and in vivo studies. J. Drug Target 
12, 393–404 (2004).

95.  Kang, H. et al. Tat-conjugated PAMAM dendrimers as 
delivery agents for antisense and siRNA 
oligonucleotides. Pharm. Res. 22, 2099–2106 
(2005).

96.  Zatsepin, T. S. et al. Conjugates of oligonucleotides 
and analogues with cell penetrating peptides as gene 
silencing agents. Curr. Pharm. Des. 11, 3639–3654 
(2005).

97.  Simeoni, F. et al. Insight into the mechanism of 
the peptide-based gene delivery system MPG: 
implications for delivery of siRNA into 
mammalian cells. Nucleic Acids Res. 31, 
2717–2724 (2003).

98.  Davidson, T. J. et al. Highly efficient small interfering 
RNA delivery to primary mammalian neurons 
induces micro-RNA-like effects before mRNA 
degragation. J. Neurosci. 24, 10040–10046 
(2004).

99.  Kim, W. J. et al. Cholesteryl oligoarginine delivering 
vascular endothelial growth factor siRNA effectively 
inhibits tumor growth in colon adenocarcinoma. Mol. 
Ther. 14, 343–350 (2006).

100.  Longmuir, K. J. et al. Effective targeting of liposomes 
to liver and hepatocytes in vivo by incorporation of a 
Plasmodium amino acid sequence. Pharm. Res. 23, 
759–769 (2006).

101.  Song, E. et al. Antibody mediated in vivo delivery 
of small interfering RNAs via cell-surface receptors. 
Nature Biotechnol. 23, 709–717 (2005).

102.  Peer, D. et al. Selective gene silencing in activated 
leukocytes by targeting siRNAs to the integrin 
lymphocyte function-associated antigen 1. Proc. Natl 
Acad. Sci. USA 104, 4095–4100 (2007).

103.  Jabs, D. A. et al. Fomivirsen for the treatment of 
cytomegalovirus retinitis. Amer. J. Ophthalmol. 133, 
552–556 (2002).

104.  Gragoudas, E. S. et al. Pegaptanib for neovascular 
age-related macular degeneration. N. Engl. J. Med. 
351, 2805–2816 (2004).

Acknowledgements
The authors would like to thank their collaborators and 
colleagues for useful discussions. J.L. was supported by 
NIH grants AI056900 and AI070302.

Competing interests statement
The authors declare competing financial interests: see web 
version for details.

DATABASES
The following terms in this article are linked online to:
Entrez Gene: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene

ApoB | CXCL2 | EIF2C2 | HMOX1 | TNF | VEGF 

OMIM: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM

AMD

FURTHER INFORMATION
Author’s homepage: 
http://alnylam.com; http://www.cbrinstitute.org/labs/

lieberman 

Access to this links box is available online. 

P R O G R E S S

NATURE REVIEWS | DRUG DISCOVERY  VOLUME 6 | JUNE 2007 | 453

© 2007 Nature Publishing Group 


	Interfering with disease: a progress report on siRNA-based therapeutics
	Main
	Acknowledgements
	References




