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siRNA and Innate Immunity

Marjorie Robbins, Adam Judge, and Ian MacLachlan

Canonical small interfering RNA (siRNA) duplexes are potent activators of the mammalian innate immune 
system. The induction of innate immunity by siRNA is dependent on siRNA structure and sequence, method of 
delivery, and cell type. Synthetic siRNA in delivery vehicles that facilitate cellular uptake can induce high levels 
of infl ammatory cytokines and interferons after systemic administration in mammals and in primary human 
blood cell cultures. This activation is predominantly mediated by immune cells, normally via a Toll-like receptor 
(TLR) pathway. The siRNA sequence dependency of these pathways varies with the type and location of the 
TLR involved. Alternatively nonimmune cell activation may also occur, typically resulting from siRNA interac-
tion with cytoplasmic RNA sensors such as RIG1. As immune activation by siRNA-based drugs represents an 
undesirable side effect due to the considerable toxicities associated with excessive cytokine release in humans, 
understanding and abrogating this activity will be a critical component in the development of safe and effective 
therapeutics. This review describes the intracellular mechanisms of innate immune activation by siRNA, the 
design of appropriate sequences and chemical modifi cation approaches, and suitable experimental methods for 
studying their effects, with a view toward reducing siRNA-mediated off-target effects.

Introduction

Innate immune activation via short interfering ribonu-
cleic acid (siRNA) represents a signifi cant undesirable side 

effect in vivo due to the toxicities associated with excessive 
cytokine release and associated infl ammatory syndromes, 
particularly evident in humans. Despite the allure of har-
nessing such immune activation for in vivo antiangiogenic 
(Kleinman et al., 2008), anticancer (Poeck et al., 2008), or anti-
infective therapies, the particularly exquisite sensitivity of 
humans to cytokine-mediated toxicities urges caution (Judge 
and Maclachlan, 2008). Furthermore, an understanding of 
how to recognize and minimize innate immune effects will 
be helpful to researchers as they attempt to identify the ex-
tent to which specifi c RNAi is occurring in their models.

Systemic administration of synthetically manufactured 
siRNA duplexes can activate the innate immune response, 
inducing high levels of infl ammatory cytokines such as 
tumor necrosis factor alpha (TNFα), interleukin-6 (IL-6), 
and interferons (IFNs), particularly IFN-alpha (IFNα) 
(Hornung et al., 2005; Judge et al., 2005). Effective intracel-
lular delivery of siRNA in human peripheral blood mono-
nuclear cells (PBMC) induces signifi cant cytokine release, 
including high-level IFNα production from plasmacytoid 
dendritic cells (pDC) in vitro (Hornung et al., 2005; Judge 

et al., 2005). When activated, the innate immune response 
protects the host from potentially pathogenic infectious 
agents or other foreign bodies. Innate immunity to siRNA 
is either Toll-like receptor (TLR)-mediated or non-TLR-
mediated. The RNA-sensing TLRs (TLR3, 7, and 8) (Fig. 1) 
are predominantly located inside the cell and engage 
nucleic acids released from invading pathogens as they are 
degraded within the endosomal/lysosomal compartment. 
TLR3 is also  located on the surface of certain cell types 
(Fig. 1). Non-TLR-mediated innate responses are triggered 
by siRNA binding to proteins such as retinoic acid induc-
ible gene 1 (RIG1) within the cytoplasm (Fig. 1). If siRNAs 
are delivered and presented appropriately, they have the 
 capacity to simultaneously activate both TLR-dependent 
and -independent immune responses.

Although TLRs are activated early in the response 
to infection they are also important throughout the in-
fection process, linking innate to adaptive immunity. 
Immunostimulatory siRNAs induce cytokines via innate 
immune responses but also potentiate the production of 
antibodies to components of the delivery vehicle (adap-
tive immunity) (Judge and Maclachlan, 2008). Antibodies 
to the delivery vehicle are considered a negative result of 
immune activation via siRNA, since they have the potential 
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siRNA. Signaling via these intracellular TLR requires endo-
somal acidifi cation and maturation. This process (and thus 
TLR-dependent immune activation) can therefore be inhib-
ited by chloroquine and related buffering agents that pre-
vent effective acidifi cation of the endosome (Diebold et al., 
2004; Judge et al., 2005).

TLR7 and TLR8

Although TLR8 is phylogenetically related to TLR7 and 
is activated by structurally similar ligands, the cellular ex-
pression patterns of these two receptors are distinct. TLR7 is 

to enhance the clearance and impede the effi ciency of subse-
quent treatments of the siRNA drug.

TLR-Dependent Response to siRNA

Thirteen TLR receptors, TLR1–13, have been identifi ed 
in mouse and humans. Three TLRs, TLR7 (Heil et al., 2004; 
Hornung et al., 2005; Gantier et al., 2008), TLR8 (Heil et al., 
2004; Forsbach et al., 2008), and TLR3 (Karikó et al., 2004; 
Kleinman et al., 2008), have been shown to be activated by 
siRNA. TLR7/8 ligands include siRNA and their constituent 
RNA oligonucleotides, while TLR3 recognizes only duplex 
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FIG. 1. Immune recognition of siRNA and dsRNA by TLR3/7/8, RIG1/MDA5, and PKR. Signaling through the endoso-
mally located TLR7 and TLR8 occurs via the adaptor protein MyD88, which in turn forms a complex with IRAK-1, IRAK-4, 
and TRAF6. This results in the activation and nuclear translocation of NF-κB (p50 and p65 subunits) and activation of 
ATF2-c-Jun transcription factor (leading to expression of infl ammatory cytokines) and the IRF7 transcription factor (lead-
ing to expression of IFNα subtypes). Endosomal TLR3 signaling occurs through the TRIF adaptor leading to activation of 
IRF3 and IFNβ expression. TLR3 signaling also activates NF-κB and ATF2-c-Jun causing infl ammatory cytokine produc-
tion. Upon binding to blunt-ended dsRNA or triphosphate-ssRNA, the cytoplasmic protein RIG1 signals through the IPS-1 
protein adaptor and TRAF6 activating IRF5 (leading to infl ammatory cytokine production) and TRAF3 activating IRF3 and 
IRF7 (leading to Type I IFN production). Binding of long dsRNA to PKR causes its dimerization and trans-phosphorylation 
leading to the phosphorylation of proteins such as eIF2α and IκB. These in turn cause a general inhibition of translation and 
nuclear translocation of NF-κB, respectively. Phosphorylated PKR also activates p38 MAPK and STAT1 culminating in the 
transcription of interferon-stimulated genes.
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relating to siRNA duplexes, prompt a redefi ning of what may 
be regarded as “basic stimulatory motifs” within RNA. The 
sequence-dependent nature of the TLR-mediated immune 
response has signifi cant consequences in the development 
of siRNA technologies, highlighting the critical requirement 
for selecting appropriate experimental controls. Genuine 
RNAi effects must be distinguished from nonspecifi c effects 
induced by active and control siRNA sequences with dis-
tinct immunostimulatory profi les (Robbins et al., 2008).

Synthetic siRNAs and shRNAs are immunostimulatory 
when delivered into immune cells, triggering IFNα produc-
tion from pDCs and infl ammatory cytokine production from 
mDCs (Hornung et al., 2005; Judge et al., 2005; Sioud, 2005). 
The magnitude of this innate immune response is governed 
by the siRNA sequence, and in mice is primarily mediated 
via TLR7 activation (Hornung et al., 2005; Judge et al., 2005). 
The striking similarities between the responses in mouse 
and human systems (eg, IFNα induction from pDC, chlo-
roquine sensitivity, and RNA sequence specifi city) imply 
that siRNA activates TLR7 in human immune cells, and is 
also likely to be a ligand for human TLR8 (Judge et al., 2005). 
Using TLR7 or TLR8 expressing HEK-293 cells and an NF-κB 
reporter, Forsbach et al. (2008) showed that a GU-rich RNA 
oligo with specifi city for both TLR7 and TLR8 indeed acti-
vated NF-κB in both cell lines. An AU-rich RNA oligo with 
specifi city only for TLR8 activated NF-κB in the TLR8 cell 
line alone. These data suggest that GU-rich motifs in siRNA 
will activate both TLR7/8, while AU-rich motifs in siRNA 
will preferentially activate TLR8.

TLR7/8-mediated recognition and concomitant immune 
stimulation by siRNA can be inhibited by chemical modifi ca-
tion, notably by introduction of 2′-O-methyl (2′OMe)-modifi ed 
nucleotides (Judge et al., 2006). Methylation of the ribose sugar 
backbone at this site appears to require no positional context 
to inhibit TLR7/8 activation. As an extension to these studies, 
we have found that 2′OMe-modifi ed RNA acts as an antago-
nist to TLR7-mediated immune activation by both ssRNA and 
small molecule TLR7 agonists (Robbins et al., 2007).

TLR7 and TLR8 signal exclusively through the adaptor 
protein MyD88 (Fig. 1) (Akira and Takeda, 2004; Takeda 
and Akira, 2005; Kawai and Akira, 2006). MyD88 contains 
a C-terminal domain with considerable homology to both 
TLRs and the IL-1 receptor, a so-called cytoplasmic Toll/
interleukin-1R (TIR) domain. MyD88 also contains a region 
of signifi cant homology to the N-terminal region of TNF-R1 
and Fas, a so-called “death domain.” MyD88 associates with 
the TIR domains of TLR7 and TLR8 (Takeda and Akira, 2005) 
and upon activation, forms a signaling complex with the in-
termediate molecules IRAK-1, IRAK-4, and TRAF6. The sub-
sequent signaling events and nuclear translocation of NF-κB 
lead to activation of transcription factors such as IRF5 and 
IRF7, responsible for up-regulating expression of IFNα and 
infl ammatory cytokines (Akira and Takeda, 2004; Kawai and 
Akira, 2006). This process occurs rapidly in immune cells 
that are directly responsive to TLR7 and TLR8 ligands such 
as pDC and B cells, due to their constitutive expression of 
the TLRs together with key signaling components including 
IRF7. The outcome of TLR7/8 engagement has been shown 
to depend on the spatiotemporal regulation of the MyD88-
IRF7 pathway (Asselin-Paturel and Trinchieri, 2005; Honda 
et al., 2005). Production of infl ammatory cytokines, such as 
TNFα, appears to be promoted when TLR7 engagement and 
signaling occur in the lysosomal compartment, whereas 

constitutively expressed by pDC and B cells and its expres-
sion can be up-regulated upon activation of certain other 
immune cell types. TLR8 is constitutively expressed by my-
eloid DC (mDC), monocytes, and macrophages in humans 
(Zarember and Godowski, 2002). It is the cellular expression 
patterns, rather than the nature of the TLRs themselves, 
that is likely responsible for the differing cytokine profi les 
evoked by TLR7 and TLR8 (predominantly pDC-derived 
IFNα for TLR7 and mDC-derived proinfl ammatory cytok-
ines for TLR8) (Gorden et al., 2005). Murine TLR8 does not 
respond to conventional TLR7/8 ligands and, until recently 
(Gorden et al., 2006), was considered to be nonfunctional in 
mice. These interspecies variations are an important consid-
eration when comparing RNA-mediated immune activation 
in murine and human model systems.

TLR7 has been shown to recognize ssRNA viruses (such 
as vesicular stomatitis virus or infl uenza), as well as polyu-
ridine and synthetic ssRNA rich in guanosine and uridine 
(such as RNA40, derived from a GU-rich segment of HIV 
RNA) (Diebold et al., 2004; Heil et al., 2004; Lund et al., 2004). 
In humans, TLR8 recognizes similar U-rich or GU-rich 
ssRNA and is also likely activated by RNA viruses (Heil 
et al., 2004). More recently, it has been suggested that RNA 
ligands for TLR7 are defi ned simply by the presence of a ri-
bose sugar backbone and multiple uridine groups in close 
proximity (Diebold et al., 2006). TLR7 (and likely TLR8) acti-
vation is highly dependent on the nucleotide sequence of the 
RNA, while TLR3 responses to dsRNA are less sequence-
dependent. Since the majority of overt innate immune ac-
tivation by siRNA in vivo (ie, systemic cytokine induction) 
is mediated through TLR7/8 in immune cells, RNA oligo-
nucleotide duplexes can range from being highly potent 
immune activators to having no apparent immunostimula-
tory capacity. Perhaps not surprisingly, the same is true for 
their constitutive oligonucleotide single strands (Hornung 
et al., 2005; Judge et al., 2005; Sioud, 2005).

The precise nature of the RNA motifs recognized by 
TLR7/8 remains obscure. We originally described siRNA 
duplexes with GU-rich sequences as being highly immuno-
stimulatory and identifi ed 5′-UGU-3′ motifs within partic-
ular siRNAs that apparently confer this activity (Judge et al., 
2005). Substitution of the uridine groups in this motif sig-
nifi cantly reduced immunostimulatory capacity of the du-
plex, whereas introduction of the 5′-UGU-3′ motif into an 
siRNA duplex had the opposite effect. By avoiding GU-rich 
sequences, we have shown that it is possible to select func-
tional siRNA duplexes with inherently low immunostimu-
latory capacity (Judge et al., 2005). However, it is clear that 
the 5′-UGU-3′ motif is not the only RNA sequence recog-
nized by TLR7/8 (Diebold et al., 2004; Hornung et al., 2005; 
Judge et al., 2005; Sioud, 2005; Diebold et al., 2006). This is 
illustrated by the fact that the large majority of unmodifi ed 
siRNA sequences demonstrate at least some level of immu-
nostimulatory activity, suggesting that TLR7/8 likely recog-
nize a simple pattern of ribonucleotides occurring at high 
frequency in conventionally designed synthetic siRNA. This 
hypothesis has recently been validated by Diebold et al. 
(2006) who demonstrated that the presence of uridine and 
a ribose sugar backbone (two hallmarks that distinguish 
RNA from DNA) are both necessary and suffi cient for TLR7 
recognition, and that short ssRNA only require several uri-
dines in close proximity to render them effective TLR7 ago-
nists. These fi ndings, consistent with our own observations 
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that recognize cytoplasmic RNA species and are hallmarks 
of viral infection and replication. These non-TLR-mediated 
responses to cytoplasmic RNA, including siRNA, are often 
induced via the dsRNA-binding protein kinase (PKR) or 
RIG1 proteins (Fig. 1). RIG1 is a cytoplasmic RNA helicase 
that has recently been shown to play an important role in an-
tiviral defense (Yoneyama et al., 2004; Kato et al., 2005; Kato 
et al., 2006). RIG1 acts as a sensor of viral RNA via binding 
and activation by either single-stranded or double-stranded 
RNA containing uncapped 5′-triphosphates, a character-
istic of some viral RNAs (Yoneyama et al., 2004; Hornung et 
al., 2006; Marques et al., 2006; Pichlmair et al., 2006). These 
structural features of RIG1 ligands are also found in cer-
tain siRNA constructs, including blunt-ended and in vitro 
transcribed siRNA. RIG1 is also IFN-inducible and there-
fore its expression is rapidly up-regulated in an autocrine 
or paracrine manner, following initiation of an interferon 
response.

RIG1 is a DexD/H-box-containing RNA helicase that 
contains two caspase recruitment domains (CARD) near its 
N-terminus. Upon dsRNA binding at the C-terminal helicase 
domain, RIG1 signals for the activation of IRF3 and NF-κB, 
leading to the production of IFNβ and infl ammatory media-
tors, respectively (Fig. 1) (Yoneyama et al., 2005; Hiscott et 
al., 2006). RIG1 signaling is transmitted through an adaptor 
protein variously named IFNβ promoter stimulator 1 (IPS-1; 
[Kawai et al., 2005]), mitochondrial antiviral signaling 
(MAVS; [Seth et al., 2005]), virus-induced signaling adaptor 
(VISA; [Xu et al., 2005]), or Cardif [Meylan et al., 2005]. The 
adaptor fas-associated protein with death domain (FADD) 
is also required for dsRNA signaling via RIG1, functioning 
downstream of the IPS-1 adaptor and upstream of IRF7 for 
the production of Type I IFN (Balachandran et al., 2007).

Until the identifi cation of TLRs and RIG1, another pro-
tein, PKR, was considered to be the primary sensor of viral 
dsRNA. PKR is an IFN-inducible serine–threonine kinase 
expressed in most mammalian cells (Meurs et al., 1990; 
Clemens and Elia, 1997). PKR is activated by N-terminal 
binding to long dsRNA, causing homodimer formation 
and autophosphorylation on serine and threonine residues. 
dsRNA-activated PKR catalyzes the phosphorylation of pro-
teins such as eIF2α and IκB, leading to the general inhibi-
tion of translation in addition to activation of NF-κB (Fig. 
1) (Meurs et al., 1990; Williams, 2001). Several earlier stud-
ies ascribed the siRNA-related up-regulation of interferon-
inducible genes to a PKR-mediated effect (eg, [Sledz et al., 
2003]); however given our current understanding, it is now 
believed that RIG1 activation may be responsible for many 
of these early observations (Kim et al., 2004; Hornung et al., 
2006). It is therefore unclear whether canonical siRNA can 
induce functional activation of the PKR response. PKR can 
interact with dsRNA as short as 11 bp, independent of nucle-
otide sequence, although PKR activation is thought to require 
>30 bp of contiguous dsRNA (Manche et al., 1992). Recently, 
higher sensitivity kinase assays have facilitated the obser-
vation that synthetic siRNAs, either blunt or 21-mer duplex 
containing canonical 3′overhangs, are able to mediate some 
level of PKR activation (Marques et al., 2006; Puthenveetil et 
al., 2006; Zhang et al., 2006); however, it is unclear from these 
in vitro studies whether this level of PKR activation leads to 
NF-κB activation or translational inhibition.

Unlike TLR-mediated immune recognition, the recog-
nition of RNA by the cytoplasmic receptors RIG1 and PKR 

production of IFNα occurs when the signals are propagated 
within early endosomes The balance between these two 
responses is dictated by the rate of traffi cking through the 
endo/lysosomal compartment, and is infl uenced by both the 
structure of the nucleic acid and its mechanism of uptake.

TLR3

Toll-like receptor-3 has a unique gene structure among 
the TLRs and belongs to its own subfamily distinct from 
TLR7 and TLR8 (Takeda et al., 2003). At the cellular level, 
TLR3 expression in human leukocytes is largely restricted 
to mature mDCs (Muzio et al., 2000) while in mice TLR3 is 
found in a wider variety of immune cell types (Applequist 
et al., 2002). Recently, TLR3 expression on the cell surface has 
been noted in primary human endothelial cells such as lung, 
aorta, dermis, choroidal, and umbilical vein (Kleinman et al., 
2008). TLR3 can also be expressed in a number of other cell 
types including endothelial, epithelial, and fi broblast lines.

Alexopoulou et al. identifi ed dsRNA as a TLR3 agonist 
by examining the response of macrophages, splenocytes, 
or bone-marrow-derived DCs in TLR3 knockout mice to 
polyinosinic–polycytidylic acid (polyIC), a long synthetic 
dsRNA homolog (Alexopoulou et al., 2001). Endothelial cell 
surface TLR3 is also activated by exogenous siRNA of at least 
21 nt in length in vivo, leading to the production of cytokines 
such as IFNγ and IL-12 (Kleinman et al., 2008). It is assumed 
that formulated siRNA, once delivered to cells and thus lo-
cated intracellularly, for example in the endosome or cyto-
plasm, is less likely to activate cell surface TLR3. However, 
formal testing of this hypothesis is complicated by the need 
to demonstrate the intracellular location of TLR3 in the cells 
under study. While Kleinman et al. reported that both unfor-
mulated (naked) siRNA and siRNA–cholesterol conjugates 
caused reduction of choroidal neovascularization in TLR3 
mice (but not in TLR3–/– mice), it is unclear whether this 
effect is mediated by activation of cell surface TLR3, intracel-
lular TLR3, or some combination of both. Clearly, further ex-
ploration of the mechanism by which siRNA-mediated TLR3 
activation may contribute to off-target effects is required.

As well as being evolutionarily distinct from TLR7/8, 
engagement of TLR3 by dsRNA activates distinct intracel-
lular signaling pathways (Fig. 1). Unlike the other nucleic 
acid sensing TLRs that signal through MyD88, TLR3 signals 
through the TRIF adaptor protein (Yamamoto et al., 2003). 
TRIF signals for the downstream production of IFNβ and 
IFNα4 via TANK-binding kinase-1 (TBK1), mediating ac-
tivation of the transcription factor IRF3 (Peters et al., 2002; 
Yamamoto et al., 2002). A positive feedback mechanism 
occurs in TLR3 signaling in which the production of IFNβ 
and IFNα4 signals back to the cell causing the up-regulation 
of IRF7 and other IFN-inducible genes. This leads to the pro-
duction of additional IFNα subtypes and amplifi cation of the 
response (Kawai and Akira, 2006). TLR3 activation through 
TRIF also activates RIP1 and TRAF6, leading to the down-
stream activation of NF-κB, ATF, and c-Jun transcription fac-
tors and the induction of infl ammatory cytokines such as 
IL-6 and TNFα (Kawai and Akira, 2006).

Cytoplasmic RNA Sensors (non-TLR)

In addition to the TLR-based systems, mammalian cells 
have evolved a number of TLR-independent mechanisms 
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in a wider variety of mammalian cell types, providing the 
cells with an autonomous antiviral defense mechanism. 
As structural features of certain transcribed and synthetic 
siRNA have been shown to activate the RIG1 pathway, it is 
not surprising that cell lines that naturally express high lev-
els of RIG1, such as the lung fi broblast MRC5, or glioblastoma 
T98G, mount strong interferon responses when transfected 
with blunt-ended siRNA (Marques et al., 2006). In our ex-
perience, blunt-ended siRNA can also induce interferon 
responses (albeit more weakly), in a variety of commonly 
used human cell lines of diverse lineage. The magnitude of 
the response is presumably dictated by the differential ex-
pression levels of RIG1 or equivalent RNA receptors.

A given siRNA duplex may contain multiple structural, 
physical, and sequence-related features that are recognized 
by the various immune receptors. As such, a particular 
siRNA may be able to simultaneously activate both TLR 
and non-TLR pathways, depending on its structure and 
sequence and which cell types are transfected. For example, 
an unmodifi ed, blunt-ended siRNA such as the 21/23-mer 
ApoB1 duplex can be a potent activator of both TLR7/8 as it 
traffi cs through the endosomal compartment (Judge et al., 
2006) and RIG1 when it is released into the cell cytoplasm 
([Marques et al., 2006] and Adam Judge, Marjorie Robbins, 
2007 unpublished data). Each pathway results in the induc-
tion of type I interferons and may contribute to the toxic and 
off-target effects observed with these unmodifi ed siRNA. It 
is important therefore that the ability of a chosen siRNA to 
activate any one of multiple pathways is assessed.

Cell culture conditions can also directly affect the sen-
sitivity of cells to siRNA-mediated activation. For example, 
PKR, RIG1, and a number of TLRs including TLR3 and TLR7 
are themselves induced by interferons, while critical com-
ponents of these signaling pathways can also be up-regu-
lated by other physiological factors such as cellular stress. 
Therefore, the potential exists for many cell types to be 
primed, either intentionally or inadvertently, to respond to 
siRNA, depending on the experimental conditions. In addi-
tion, the ability of siRNA to activate an immune response is 
infl uenced by a number of other factors including the chem-
ical structure and the mode of intracellular delivery, which 
must be taken into account. Each of these is discussed in 
more detail below.

Cellular Uptake

Due to the poor cellular uptake of naked siRNA, effective 
intracellular delivery requires some means of enablement 
(Kleinman et al., 2008). For this reason, the use of delivery 
vehicles to present siRNA to the cytoplasmic RNAi machin-
ery is essential for most researchers. The most widely used 
vehicles for this purpose are based on positively charged 
(cationic) agents that complex with, or encapsulate, the neg-
atively charged nucleic acid. These include cationic lipid 
formulations (eg, Lipofectamine) and cationic polymers 
(eg, polyethylenimine [PEI]). Both form positively charged 
complexes with siRNA and facilitate intracellular delivery 
through electrostatic interactions with the membrane of the 
target cell. Importantly, these delivery vehicles are typically 
taken up into cells by endocytosis, and are concentrated in 
an endosomal compartment prior to releasing siRNA into 
the cytoplasm. These are the very cellular compartments 
where the RNA-sensing pattern recognition receptors 

is considered to be sequence-independent. However, RIG1 
and PKR have evolved to recognize certain other physical 
and structural characteristics of RNA. Following the initial 
discovery that 21-mer siRNA can initiate RNAi in mamma-
lian cells without activation of the PKR-mediated interferon 
response (Elbashir et al., 2001; Gitlin et al., 2002), several 
studies subsequently reported that interferon induction 
from cell lines may still occur under certain experimental 
conditions (Bridge et al., 2003; Sledz et al., 2003; Kim et al., 
2004). Kim et al. demonstrated that phage polymerase-tran-
scribed siRNA activated interferon responses when trans-
fecting nonhematopoietic cell lines, due to the presence of 
uncapped 5′-triphosphate groups that characterize such 
RNA (Kim et al., 2004). This observation likely explains ear-
lier reports of IFN induction in RNAi experiments that also 
utilized nonsynthetic siRNA (Sledz et al., 2003). The causal 
molecular mechanisms for these effects have now been elu-
cidated. It appears that RNA containing uncapped 5′-tri-
phosphate groups binds to and activates RIG1, resulting in 
potent IFN responses from RIG1-expressing cells (Hornung 
et al., 2006; Pichlmair et al., 2006). Uncapped 5′-triphosphate 
groups on RNA therefore represent a pathogen-associated 
molecular pattern that helps distinguish virally derived 
from host RNA. For siRNA constructs synthesized using 
phage polymerase, the induction of an interferon response 
through RIG1 activation needs to be considered, even when 
working in cell lines that do not express TLR7/8. In this 
regard, Kim et al. provide a methodology for engineering 
T7 siRNA synthesis that removes the initiating 5′-triphos-
phate, thereby alleviating interferon induction by this class 
of siRNA (Kim et al., 2004).

Further studies have highlighted additional structural 
features of chemically synthesized siRNA that can acti-
vate the RIG1-mediated interferon pathway (Marques et 
al., 2006). Asymmetrical siRNA possessing a standard 3′ 
overhang at one end and a blunt 5′-antisense end have be-
come more widely used in an attempt to improve RNAi po-
tency (Soutschek et al., 2004; Kim et al., 2005). Marques et 
al. (2006) have subsequently demonstrated that blunt-ended 
RNA, including siRNA, can also bind to and activate RIG1. 
Again, this effect appears to be independent of the RNA se-
quence but is enhanced as the length of the oligonuceotide 
increases from 21 to 27 base pairs, and is reduced if the blunt 
end is converted to an overhang. This study also reported 
the interesting observation that certain batches of conven-
tional 21-mer siRNA with 3′ overhangs could activate IFN 
responses equivalent to those induced by blunt-ended or 
5′-triphosphate siRNA. This appears to be associated with 
siRNA batches of poor quality or purity, presumably con-
taining uncharacterized RNA products capable of activating 
RIG1 or one of the other cytoplasmic RNA receptors. Such 
variability between siRNA batches and suppliers means in-
dividual researchers should determine whether or not their 
particular siRNA preparations are capable of activating 
an interferon response, even when working with cell lines 
in vitro. Unfortunately, it would appear insuffi cient to rely 
solely on the generalized principles described in the litera-
ture to make this assessment.

Nonhematological cell lines do not typically express 
TLR7/8 and therefore do not manifest the robust innate 
immune response to siRNA that is readily observed both 
in vivo and in primary blood cell cultures. However, unlike 
RNA-sensing TLR, cytoplasmic RNA receptors are expressed 
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certain ill-defi ned positional or sequence-related contexts 
as, in many cases, their introduction can have a negative 
impact on RNAi activity (Chiu and Rana, 2003; Czauderna 
et al., 2003; Elmen et al., 2005; Hornung et al., 2005; Prakash 
et al., 2005).

The use of appropriate delivery vehicles that confer nu-
clease protection to the encapsulated or complexed siRNA 
can obviate the need to use siRNA stabilization chemis-
tries as a means of protection from nuclease degradation. 
However these same chemistries, in particular the use of 
2′-OMe nucleotides, have also been revealed to prevent rec-
ognition of the siRNA by the innate immune system (Judge 
et al., 2006; Cekaite et al., 2007). This additional benefi t can 
have the striking result of rendering siRNA immunolog-
ically inert, without needing to modify the basic RNA se-
quence, and so avoiding this particular potential for loss of 
RNAi activity.

One chemical modifi cation strategy to generate siRNA 
suitable for use as naked molecules involves the system-
atic substitution of all ribonucleotides with 2′-F, 2′-OMe, or 
2′-deoxy nucleotides based on the pattern of purines and 
pyrimidines in the given sequence (Chiu and Rana, 2003; 
Morrissey, Blanchard, et al., 2005; Morrissey, Lockridge, 
et al., 2005). We have found that these siNA molecules 
 (so-called as they contain no native ribose sugar) exhibit 
only minimal immunostimulatory activity compared to the 
native siRNA sequence when administered to mice in lipidic 
formulations (Morrissey, Lockridge, et al., 2005). This is per-
haps unsurprising given the fact that the ribose sugar is a 
defi nitive characteristic of RNA and therefore likely plays an 
integral role in the recognition of RNA by nucleic acid sens-
ing receptors. This has recently been directly demonstrated 
in the case of TLR7-mediated recognition of RNA (Diebold 
et al., 2006). From the initial studies in which multiple stabi-
lization chemistries were utilized in the siNA duplex, it was 
not possible to determine which chemical modifi cations in 
particular were responsible for abrogating immune stimu-
lation. Furthermore, the application of this chemical mod-
ifi cation strategy frequently causes signifi cant inhibition of 
RNAi activity, and calls for a stochastic screening approach 
to select modifi ed duplexes that retain gene silencing activ-
ity (Chiu and Rana, 2003).

We have found that the selective incorporation of as few 
as two 2′OMe guanosine or uridine residues in the sense 
strand of highly immunostimulatory siRNA molecules is 
suffi cient to abrogate siRNA-mediated interferon and in-
fl ammatory cytokine induction in human PBMC and in 
mice in vivo (Judge et al., 2006). This most likely refl ects 
profound inhibition of the TLR7/8-mediated pathway 
that dominates the response to siRNA in immunological 
settings. Strikingly, the degree of 2′OMe modifi cation re-
quired to exert this profound anti-infl ammatory effect on 
the RNA represents ~5% of the native 2′-OH positions in 
the siRNA duplex and no other modifi cations are required. 
This can be achieved using either 2′OMe-uridine, -guano-
sine, or -adenosine residues in any combination (surpris-
ingly, the incorporation of 2′OMe-cytidines by themselves 
has signifi cantly less effect in dampening immune stimula-
tion [Karikó et al., 2005; Judge et al., 2006]). Coupled with a 
suitable delivery vehicle, these minimally modifi ed siRNAs 
are able to mediate potent RNAi effects in vitro and in vivo 
without induction of a detectable cytokine response (Judge 
et al., 2006).

are localized. It is worth noting that immunologists have 
exploited this feature of cationic lipids and polycations to 
potentiate the immunostimulatory effects of RNA and DNA 
for many years. It should therefore come as no surprise that 
similar effects are also observed with siRNA.

Naked siRNA molecules do not typically activate an 
immune response in blood cells either in vitro or in vivo 
(Heidel et al., 2004; Judge et al., 2005). The relationship be-
tween siRNA delivery and immune stimulation refl ects a 
number of factors: (1) The relative effi ciency of intracellular 
uptake; (2) enhanced bioavailability and exposure to innate 
immune cells in vivo; (3) protection of the siRNA from rapid 
nuclease degradation; and (4) altered physical character-
istics of the siRNA complex resulting in more effi cient en-
gagement of immune receptors. The nature of the delivery 
vehicle utilized in a given experiment can have a dramatic 
effect on both the quality and magnitude of the immune 
response to siRNA. For example, human blood cells stim-
ulated with siRNA encapsulated in stable nucleic acid lipid 
particles (SNALP) or complexed with PEI exhibit a response 
dominated by IFNα secretion. In contrast Lipofectamine 
and polylysine, which form larger, more heterogeneous 
complexes with siRNA, tend to elicit a predominantly in-
fl ammatory cytokine biased response from the same human 
blood cell population (Judge et al., 2005).

We have found that a number of parameters affect how 
delivery vehicles potentiate immune stimulation by a par-
ticular siRNA duplex. These include the chemical compo-
sition of the delivery vehicle as well as physical properties 
such as the size and charge ratio of the formulated mate-
rial. In vivo, additional variables also need to be considered 
including the pharmacokinetics and biodistribution of the 
formulated siRNA, as well as the route of administration. 
We have noted that differences in these parameters can re-
sult in the magnitude of the immune response changing by 
greater than 100-fold. In our experience to date however, we 
have found that siRNA duplexes with inherent immunos-
timulatory activity will invariably activate some measure of 
immune stimulation when tested appropriately in respon-
sive immune cell types, irrespective of the delivery system 
employed. These include the typical commercial transfec-
tion reagents as well as our own proprietary lipid delivery 
technologies (SNALP).

Chemical Modifi cations

Stabilization of synthetic siRNA against rapid nuclease 
degradation is often regarded as a prerequisite for in vivo 
and therapeutic applications. This is achieved using chem-
istries previously developed to achieve the stabilization of 
ribozymes or antisense oligonucleotide drugs (Manoharan, 
2004). These include chemical modifi cations to the 2′-OH 
group in the ribose sugar backbone such as 2′-O-methyl 
(2′OMe) and 2′-fl uoro (2′F) substitutions, and are incorpo-
rated as 2′-modifi ed nucleotides during oligonucleotide 
synthesis. A number of reports have shown that siRNA con-
taining 2′OMe, 2′F, 2′-deoxy (2′-H), or “locked nucleic acid” 
(LNA) modifi cations may retain functional RNAi activity, 
indicating that these chemistries can be compatible with the 
RNAi machinery (Chiu and Rana, 2003; Czauderna et al., 
2003; Layzer et al., 2004; Allerson et al., 2005; Elmen et al., 
2005; Hornung et al., 2005; Prakash et al., 2005). However, 
these modifi cations to siRNA appear to be tolerated only in 
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reports describing RIG1 activation by 5′-triphosphate RNA 
indicated that global substitution of uridines with 2′OMe-
uridine in these transcribed RNA profoundly inhibited 
interferon induction in monocyte cultures (Hornung et al., 
2006). This implies that 2′OMe nucleotides are also able to 
inhibit the recognition of stimulatory RNA by RIG1. We and 
others have found that 2′OMe modifi cation to blunt-ended 
siRNA not only inhibits TLR7/8-mediated immune acti-
vation, but also abrogates the interferon response in RIG1-
sensitive cell lines such as T98G and MRC5 (Adam Judge, 
Marjorie Robbins, 2007 unpublished data; [Collingwood et 
al., 2008; Zamanian-Daryoush et al., 2008]).

It is unclear how the introduction of 2′OMe nucleotides 
prevents recognition of the duplex RNA by the immune 
system, as the exact nature of the physical interaction be-
tween TLR7/8 and RNA is unknown. This is also true for 
other defi ned TLR7 and TLR8 ligands such as the commonly 
used guanosine analogs (Lee et al., 2003). Further work is 
therefore required to confi rm the precise mechanism be-
fore the molecular basis underlying the inhibitory effects 
of 2′OMe modifi cation can be fully elucidated. However, it 
is interesting to note the ability of 2′OMe RNA to inhibit 
immune stimulation by small molecule TLR7 agonists, 
suggesting some form of TLR7 antagonism (Robbins et al., 
2007).

A number of other stabilization chemistries are routinely 
used in synthetic siRNA design that may also infl uence 
immune recognition and RNAi potency. Locked nucleic 
acids (LNA) that contain a 2′-O, 4′-C methylene bridge in the 
sugar ring have been shown to partially reduce the immu-
nostimulatory activity of an siRNA (Hornung et al., 2005), 
while siRNAs containing inverted deoxy abasic end caps 
retain immunostimulatory activity (Morrissey, Lockridge, et 
al., 2005). No evidence of a trans-inhibitory effect similar to 
that observed with 2′OMe modifi cations (whereby 2′OMe-
modifi ed RNA annealed to unmodifi ed immunostimulatory 
RNA generates a nonimmunostimulatory duplex [Judge 
et al., 2006; Robbins et al., 2007]) has been observed with 
LNA-modifi ed duplexes. As we have described, a complex 
combination of 2′-F, 2′-H, and 2′-OMe chemistries can gen-
erate a fully modifi ed siNA duplex with minimal immuno-
stimulatory activity (Morrissey, D.V., Lockridge et al., 2005). 
The introduction of 2′-F-modifi ed nucleotides into RNA has 
been reported to reduce immune stimulation (Cekaite et al., 
2007), although we have found that the inhibitory effects of 
this chemistry appear to depend on the siRNA sequence 
and/or the position and extent of the modifi ed nucleotides. 
As such, the use of 2′-F and 2′-H chemistries alone tends to 
have unpredictable effects on the immunostimulatory activ-
ity of the modifi ed siRNA (Adam Judge, Ian MacLachlan, 
2005 unpublished observations). Taken as a whole, these 
observations suggest that immune stimulation by siRNA is 
particularly sensitive to inhibition by 2′OMe modifi cations 
versus other established stabilization chemistries.

The use of appropriate controls should facilitate the 
straightforward interpretation of siRNA studies. However, 
there is currently little consensus as to what constitutes 
the “best” control for a given siRNA when considering 
immune-mediated effects. Noncoding siRNA or siRNA-
targeting genes that are not present in the mammalian 
genome, such as green fl uorescent protein (GFP) or fi refl y 
luciferase (Luc), were once considered adequate controls. 
Since the  inherent immunostimulatory activity of siRNA is 

Recently, we have revised our modifi cation strategy to 
suggest that researchers consider selective modifi cation 
of both strands of the siRNA to eliminate subtle residual 
immune stimulation that can still manifest as antibody 
production in vivo (Judge et al., 2009). The incorporation 
of 2′OMe nucleotides in the antisense strand of an siRNA 
duplex, however, can impact the gene silencing activity of 
a given siRNA sequence (Czauderna et al., 2003; Prakash et 
al., 2005; Judge et al., 2006). Therefore, testing of the modifi ed 
duplex should be conducted alongside the native duplex to 
confi rm RNAi potency has been retained. We have found 
that 2′OMe modifi cation of <20% of the total nucleotides is 
generally well tolerated ([Judge et al., 2006] and Judge et al. 
(2009). Since our original description of this chemical mod-
ifi cation strategy (Judge et al., 2006), two studies examining 
the mechanism of RNAi have shown that the sense strand 
of an siRNA duplex is typically cleaved as a precursor to 
effi cient assembly of the RISC complex (Matranga et al., 
2005; Leuschner et al., 2006). This process follows the same 
rules established for the siRNA-guided cleavage of a target 
mRNA, resulting in RISC-directed cleavage between posi-
tions 9 and 10 of the sense strand. Leuschner et al. showed 
that chemical modifi cation of the nucleotide at position 9 
of the sense strand (or introduction of a phosphorothioate 
linker between nucleotides 9 and 10) could inhibit sense 
strand cleavage and subsequently reduce the effi ciency of 
RISC assembly and RNAi activity (Leuschner et al., 2006). 
Similarly, we have found that the introduction of 2′OMe 
nucleotides at position 9 in the sense strand can reduce 
RNAi activity, even in the absence of any chemical modifi -
cations to the antisense strand of the siRNA duplex (Adam 
Judge, 2006; unpublished observations). Although this neg-
ative effect is not absolute and does not appear to affect all 
duplexes, the chemical modifi cation of this particular sense 
strand nucleotide is best avoided when designing siRNA to 
have minimal immunostimulatory activity.

It has been suggested that human TLR may be preferen-
tially activated by pathogen-derived RNA based on their 
lack of modifi ed nucleosides that typically occur at much 
higher frequency in most mammalian RNA (Karikó et al., 
2005). The introduction of a variety of naturally occurring 
modifi ed nucleosides, including 2′OMe nucleosides, into 
RNA was shown to inhibit TLR activation and immune stim-
ulation (Karikó et al., 2005). Findings with 2′OMe-modifi ed 
siRNA are consistent with this report, particularly with 
respect to the low degree of modifi cation required to ab-
rogate RNA-mediated immune stimulation and the differ-
ential effects of modifying uridine versus cytidine residues 
on the activation of primary immune cells. This suggests 
that 2′OMe-modifi ed siRNA may avoid recognition by the 
innate immune system due to an evolutionary mechanism 
by which immune receptors distinguish pathogen-derived 
RNA from host cell RNA.

Chemical modifi cation of siRNA can also block their 
interaction with RIG1 in the cell cytoplasm, thereby inhibit-
ing interferon responses that are induced via this pathway. 
Marques et al. reduced but did not eliminate this immune 
recognition by the incorporation of two DNA nucleotides 
into the blunt end of the siRNA (Marques et al., 2006). We 
have confi rmed these observations in our own unpublished 
studies; however, DNA-modifi ed blunt-ended siRNAs are 
still fully capable of eliciting potent infl ammatory responses 
through TLR7/8-mediated immune stimulation. Initial 
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Although the measurement of secreted cytokines is both 
an effi cient and meaningful readout of innate immune 
stimulation, it is not necessarily the most sensitive method 
to assess the response. Great care should therefore be taken 
when interpreting negative cytokine data; the absence of 
proof is not proof of absence. Within our laboratory we 
have utilized IFN-inducible IFIT1 (p56) mRNA, the most 
strongly induced mRNA in response to type I IFN (Der et 
al., 1998) or dsRNA (Geiss et al., 2001), as a more sensitive 
measure of immune stimulation than plasma cytokines 
(Robbins et al., 2008) (Judge et al., 2009). We have measured 
strong IFIT1 mRNA induction in both liver and spleen of 
siRNA-treated mice in the absence of any detectable plasma 
IFNα protein or related immunotoxicity. This likely refl ects 
low-level, local IFN induction that does not manifest as a 
systemic cytokine response. Alternatively, direct induction 
of IFIT1 via activation of IRF3 in the absence of type I IFN 
protein has also been reported (Geiss et al., 2001). Although 
the immunostimulatory activity that can be detected by 
IFIT1 mRNA analysis is not suffi cient to cause overt symp-
toms of toxicity in mice, it is clearly associated with off-
target effects in gene expression patterns. It will be up to 
individual researchers to demonstrate whether or not such 
low-grade responses to siRNA are of suffi cient magnitude 
to mediate nonspecifi c antiviral or antitumoral effects in 
preclinical models.

Off-Target Effects

Although it is now well known that synthetically manu-
factured siRNA duplexes can induce high levels of infl am-
matory cytokines and Type I interferons following systemic 
administration in mammals (Hornung et al., 2005; Judge et 
al., 2005), very little of the literature is devoted to determin-
ing the extent to which these effects may contribute to the 
“effi cacy” associated with the use of siRNA. siRNAs have 
been reported as effi cacious in several in vivo virus infection 
models, including infl uenza A (Ge et al., 2004; Tompkins et 
al., 2004), herpes simplex virus (HSV) (Palliser et al., 2006), 
respiratory syncitial virus (RSV) (Bitko et al., 2005), parain-
fl uenza (PIV) (Bitko et al., 2005), and hepatitis B virus (HBV) 
(Morrissey, Lockridge, et al., 2005) infections in mice, ebola 
virus infection in guinea pigs (Geisbert et al., 2006), and 
severe acute respiratory syndrome (SARS) in both monkeys 
and mice (Li et al., 2005). Activation of innate immunity and 
production of cytokines such as type I interferon are known 
to inhibit viral infection. For example, polyI:C in complex 
with poly-l-lysine and methylcellulose (polyICLC), either 
alone or encapsulated in liposomes, protects mice from oth-
erwise lethal Infl uenza A infection (Saravolac et al., 2001). In 
spite of the obvious interplay between immune stimulation 
and antiviral activity, at the time of writing, only one pub-
lished study has compared chemically modifi ed to unmod-
ifi ed (immunostimulatory) siRNA (Morrissey, Lockridge, et 
al., 2005). Here researchers found that nonspecifi c reduction 
of Hepatitis B viral titer (HBV) does occur in vivo when using 
unmodifi ed, immunostimulatory control siRNA. Chemical 
modifi cation of both control and active siRNAs, in a man-
ner that abrogates the siRNAs’ immunostimulatory activity, 
prevents the nonspecifi c effi cacy associated with the control 
while maintaining specifi c antiviral effi cacy of the active 
siRNA (Morrissey, Lockridge, et al., 2005 and see Robbins 
et al., 2008). This serves to highlight not only the potential 

 sequence-dependent, a certain amount of screening may be 
required to ensure that negative control siRNAs are as immu-
nostimulatory as their active counterparts (eg, Geisbert et al., 
2006). A preferred approach would be to utilize chemically 
modifi ed siRNA with minimal residual immunostimulatory 
activity for both active and control duplexes and to confi rm 
this within the context of the disease model in question. This 
may help avoid the misinterpretation of preclinical results 
(see Robbins et al., 2008).

Measuring Immunostimulation

As the nature of the cytokine response to siRNA can dif-
fer according to timing, cell type, delivery vehicle, route of 
administration, and so on, the absence of immune stimu-
lation at a single time point for a single cytokine does not 
necessarily indicate the absence of immune stimulation in 
general. Antibodies and ELISA kits are widely available for 
the determination of IFNα, IFNβ, and a great variety of in-
fl ammatory cytokines. For in vivo studies, testing for both 
IFNα and suitable infl ammatory cytokines (including IL-6 
and TNFα) in the plasma of treated animals is recommended 
to monitor for systemic activation of the innate immune re-
sponse. A similar panel of cytokines can also be used to test 
for stimulation of primary immune cell cultures in vitro. For 
cell lines, the detection of IFNβ, IL-6, or the chemokine IL-8 
in the supernatant of treated cells can be used as a measure 
of siRNA-mediated activation through the RIG1/MDA5/
PKR pathways. However, the secretion of these cytokines is 
cell-line-dependent and cannot be used in isolation to de-
termine whether these cytoplasmic RNA receptor pathways 
have been engaged.

Measurement of the immune response at an appropriate 
time after siRNA treatment is critical in order to make a valid 
assessment. Systemic administration of immunostimulatory 
siRNA formulations to mice can lead to detectable elevations 
in serum cytokines within 1–2 hours, with the timing depen-
dent on the type of delivery vehicle and the cytokine being 
assessed. It is important to note however that elevations in 
serum cytokines are transient and typically resolve within 
12–24 hours after initial treatment. This is true even for 
highly stimulatory siRNA that can induce ng/mL quantities 
of cytokines in the blood. By way of example, intravenous 
administration of lipidic (SNALP) formulations containing 
immune stimulatory siRNA leads to elevations in serum IL-6 
by 2 hours, with a peak between 4 and 6 hours and resolu-
tion by 16 hours after a single treatment. IFNα follows a sim-
ilar pattern but with a 2-hour delay in peak serum levels. It 
should again be emphasized however that these time frames 
are entirely dependent on the nature of the delivery vehicle. 
It is therefore important that researchers defi ne this param-
eter within their own models and select an appropriate time 
point to capture this aspect of the innate immune response. 
The assessment of cytokine responses from in vitro cell cul-
tures is less time-sensitive, since the secreted cytokines tend 
to accumulate in the tissue culture supernatant. Therefore, 
the measurement of cytokines at a single time point 16–24 
hours after siRNA treatment is often adequate for detection 
of a response. However, this does not refl ect the dynamics of 
the cytokine response per se; researchers who choose to mon-
itor cytokine induction through mRNA analysis also need to 
defi ne the most appropriate time point for sample collection 
(eg, Marques et al., 2006).
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cells to respond directly to siRNA. pDC respond by pro-
ducing large amounts of IFNα that activates a generalized 
antiviral state in the body that includes the maturation of 
antigen-presenting cells (APCs) that can initiate potent T-cell 
responses (Ito et al., 2001). Soluble factors that are released 
by pDC in this initial phase of the reaction, including IFNα, 
also recruit and activate other immune cells to amplify the 
infl ammatory response. This is brought about in part by the 
up-regulation of TLR7 on monocytes, macrophages, NK cells, 
and neutrophils, enabling these cells to respond to siRNA 
(Kadowaki et al., 2001; Hornung et al., 2002). IFNα signaling 
can also induce up-regulation of the enzymes cyclooxyge-
nase-2 (COX-2) (Yeo et al., 2003) and nitric oxide synthase 
(iNOS) (Sharara et al., 1997), resulting in the biosynthesis 
of eicosanoids and nitric oxide, respectively. In this man-
ner, immunostimulatory siRNA can trigger an infl amma-
tory cascade culminating in the high-level production of an 
array of cytokines, plus other vasoactive and infl ammatory 
mediators. In our experience, these infl ammatory reactions 
can also exacerbate any underlying chemical toxicities asso-
ciated with the siRNA or delivery vehicle.

Although benefi cial in host defense, overstimulation 
of TLR-mediated pathways is pathological. Treatment of 
humans with the TLR ligands LPS (TLR4) (Michie et al., 
1988; Lynn et al., 2003) or poly I:C (TLR3) (Stevenson et al., 
1985) results in an infl ammatory response syndrome char-
acterized by fl u-like symptoms: fever, chills, rigors, and 
hypotension. Onset of symptoms typically occurs within 
hours of administration, distinguishing them from imme-
diate hypersensitivity or infusion reactions. This response 
can be replicated in a number of animal models including 
rodents, although the doses required to induce symptoms 
can vary over orders of magnitude according to the species. 
Reasons for this remain unclear, but it may refl ect interspe-
cies differences in either TLR signaling or differential sensi-
tivity to the ensuing infl ammatory response. Although the 
clinical syndrome induced by these agents is multifactorial, 
refl ecting the complexity of the infl ammatory cascade, many 
of the symptoms can be directly attributable to the action 
of cytokines. Evidence to support this comes from the clin-
ical experience with recombinant cytokines as therapeutics, 
such as IFNα, interleukin-1β (IL-1β), and TNFα, where dose-
limiting toxicities typically include fever, chills, rigors, and 
hypotension.

In our experience, preclinical toxicology in mice has 
proven to be nonpredictive for the severe immunotoxicities 
observed in human subjects after the intravenous adminis-
tration of immunostimulatory plasmid DNA (Adam Judge, 
Ian MacLachlan, 2004; unpublished data). However, the dis-
covery that these symptoms of toxicity in humans correlated 
with signifi cant increases in blood cytokines, and that the 
response to the DNA-based drug could be replicated in vitro 
using TLR9-expressing human blood cells, provides us a 
better understanding with which to extrapolate the effects 
of immune stimulation by siRNA-based drugs in preclinical 
models.

Although rat and mouse models successfully reproduce 
several aspects of the cytokine response and associated tox-
icities identifi ed in human subjects receiving lipid-encapsu-
lated plasmid DNA, neither model replicates the full extent 
of the toxicities observed in humans (most notably the de-
velopment of hypotension). Neither do they predict the 
low doses at which immunotoxicities manifest in humans 

contribution of immune stimulation to antiviral effi cacy but 
also one of the strategies by which one may abrogate the 
effect.

The potential for immune stimulation to manifest as non-
specifi c “effi cacy” is not confi ned to antiviral applications. In 
oncology, an area of intense interest to investigators working 
in RNAi, the immunostimulatory effects of nucleic acids have 
been intentionally harnessed for therapeutic benefi t (Foss, 
2002; Krieg, 2006; Brannon-Peppas et al., 2007). Furthermore, 
several interferons are approved for use as drugs in humans 
and IFNα in particular is used to treat many types of cancer. 
In spite of the well-known antitumor effects associated with 
stimulation of the innate immune system, attempts to char-
acterize the extent to which siRNA-mediated immune stim-
ulation contributes to antitumor effi cacy are in the minority 
(Santel et al., 2006). Interestingly, siRNA-mediated immuno-
stimulation has recently been harnessed for therapy of mel-
anoma (Poeck et al., 2008). Unfortunately, Poeck et al. do not 
determine the extent to which RNAi is responsible for the 
antitumor effect in their model in vivo by using modifi ed 
siRNA as a negative control for immunostimulation. Again, 
investigators should be encouraged to determine the extent 
to which RNAi-mediated effects occur in their models in the 
absence of immunostimulation.

One mechanism by which IFN may contribute to anti-
tumor effects involves the antiangiogenic activity of IFNα 
and IFNβ (Folkman and Ingber, 1992). IFN inhibits the 
ability of endothelial cells to form new blood capillaries, 
with IFN acting specifi cally to suppress VEGF expression 
at the mRNA level (von Marschall et al., 2003; Wu et al., 
2005). This highlights another area where the interpretation 
of preclinical results may be confounded by the immuno-
stimulatory activity of active siRNA. The VEGF pathway 
is an attractive target for other applications, in addition to 
oncology. Macular degeneration, an eye disease character-
ized by dysregulated macular capillary growth, has been 
targeted using siRNA directed against VEGF. Given that un-
intended immune stimulation and concomitant IFN produc-
tion have the potential to down-regulate both VEGF protein 
and mRNA, confi rmation that VEGF knockdown is medi-
ated by RNAi and not via an interferon response induced 
by the active siRNA is fundamental to the interpretation 
of experiments targeting VEGF (see [Kleinman et al., 2008; 
Robbins et al., 2008]). Recent work by Kleinman et al. sug-
gests that siRNA-mediated immune stimulation via TLR3 
has the potential to manifest as antiangiogensis in the ab-
sence of bona fi de RNAi.

Toxicology

In mammals, the recognition of canonical siRNA duplexes 
as a foreign entity by the TLR system acts as a trigger for the 
rapid release of infl ammatory mediators as part of the host’s 
natural defense against pathogens. The use of delivery sys-
tems to confer the required drug-like properties to siRNA 
promotes the immune response (Hornung et al., 2005; Judge 
et al., 2005), while “naked” siRNA, in the absence of a deliv-
ery system, are thought not to stimulate TLR7/8 (Heidel et 
al., 2004) (naked [nonformulated] siRNA duplexes of 21 bp 
or longer have been reported to activate cell surface TLR3 on 
endothelial cells, causing nonspecifi c antiangiogenic effects 
in models of choroidal neovascularization [Kleinman et al., 
2008]). TLR7 and TLR8 expression allow innate immune 

01_OLI-2009_0180.indd   97 5/18/2009   12:16:52 PM



ROBBINS ET AL.98

in RNA synthesis and are readily available to researchers 
through conventional suppliers. The progress made in this 
aspect of siRNA design illustrates how chemical modifi ca-
tion strategies can overcome many, if not all, of the chal-
lenges associated with the immunostimulatory potential of 
siRNA. We are confi dent that through the judicious applica-
tion of well-informed siRNA design and the use of increas-
ingly effective delivery systems, demonstrations of systemic 
RNAi in human subjects will soon be realized.
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