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Innate Immunity confounds the clinical
efficacy of small interfering RNAs
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Small interfering RNAs (siRNAs) are
double stranded, sequence-specific
inhibitors of gene expression. They
act by incorporation into the catalytic
domain of an Argonaute family
protein serving as guides for a
complex that functionally destroys
the target. The discovery that they
can trigger site-specific cleavage in
the absence of type I interferon
induction.1 has led to a plethora of
inhibitory applications for these
small duplexes in mammalian
systems. However, several recent
findings demonstrate that, under
appropriate conditions, siRNAs can
trigger interferon responses. This
has confounded interpretations of
the role sequence-specific inhibition
plays in observed siRNA effects.2–5

RNA interference is one of the
most important recent discoveries in
cell biology.6 The rapid progression
from discovery to applications
is unprecedented, and there are
currently numerous human clinical
trials using siRNAs to treat diseases
from macular degeneration to HIV.7

Additionally, there are a number of
biotech start-up companies that have
siRNA therapeutics as a primary
focus. An important selling point is
the sequence specificity in gene
inhibition, but this feature was chal-
lenged in 2006 when Jackson et al.8

revealed siRNAs binding to non-
targeted areas can trigger off-target
inhibition of gene expression. Fortu-
nately, a minor modification of a
single 20 O-methyl group at the
second ribose from the 50 end of
each RNA strand was shown to
abrogate this problem.

A second setback for therapeutic
application, however, occurred when
it was demonstrated that certain
siRNA sequence motifs activate
toll-like receptors (TLRs- Figure 1),
which induced interferon and, there-
fore, a non-sequence-specific down-
regulation of gene expression. These

published observations once again
raised concerns that siRNAs might
not be safe for clinical applications.2,3

A solution for the problem again
involved simple 20 O-methyl modifi-
cations judiciously placed on guano-
sine and uridine backbones along the
siRNAs, which prevented cytoplas-
mic TLR activation and type I
interferon induction.9 Unfortunately,
several siRNA clinical trials were
initiated either before, or without
consideration of, these findings,
which caused concerns about the
efficacy of these molecules.

One of these trials was for adult
late stage wet macular degeneration
(AMD), a disease characterized by
neo-vascularization of the macula in
the eye, ultimately resulting in blind-
ness. This disease was the first target
for siRNA therapy. Several compa-
nies have developed a treatment
involving intraocular injection of
siRNAs targeting either Vegf or the
Vegf receptor to block neo-vascular-
ization in the eye.10 A recent study
using rodent models, however, re-
vealed an unexpected observation
that neo-vascularization of the ma-
cula could be prevented by a variety
of siRNAs, and was not specific for
anti-vegf or vegf receptor siRNAs.4

In these studies it was also observed
that siRNAs need not be directly
injected into the eye, but could be
injected into the peritoneum of ani-
mals and yield the same results.
Further investigations revealed the
siRNAs were interacting with the
double-stranded RNA receptor TLR3
(Figure 1), which in turn triggered
upregulation of gamma interferon
and interleukin 12, setting off a
cascade of events that downregu-
lated the neovascular processes,
including downregulation of expres-
sion of the vegf message. Impor-
tantly, in this study, the use of naked
RNAs with a 20 O-methyl modifica-
tion still activated TLR3, thus setting

this pathway apart from the other
TLRs. This stunning set of results
from well controlled experiments
has left investigators wondering
how many of the pre-clinical effica-
cious results of siRNA applications
are not due to the specific message
targeting, but can be explained by
innate immune responses to double-
stranded siRNAs.

This line of investigation was
taken further by a recent study which
questions the use of siRNAs for
treating influenza infection in a
murine model.5 Using published
siRNAs targeting murine influenza
transcripts, Robbins et al., tested the
inhibitory effects of unmodified ver-
sus 20O-methyl-modified siRNAs in
cell culture, and showed that both
types of siRNAs were inhibitory to
viral infection. When these same
siRNAs were encapsulated in a PEI-
lipid complex and infused into the
lungs, only the non-modified siRNA
had an antiviral effect.5 They went on
to demonstrate that an unmodified
anti-ApoB siRNA also had antiviral
activity in vivo. From these results,
the investigators reasoned that the
unmodified siRNAs were triggering
a TLR response and type I interferon
induction which was responsible for
the antiviral effect while siRNAs
with a modified backbone did not
trigger this pathway. Measurements
of type I interferon induction con-
firmed this. Finally, the researchers
showed a commonly employed anti-
EGFP siRNA used as a negative
control in previously published in-
fluenza studies lacked this immuno-
stimulatory effect. The reason why
this sequence is not immunostimula-
tory, when most other siRNAs are, is
unclear at this time but importantly
this EGFP siRNA has been used as
a negative control in 15 previously
published studies, bringing into
question the validity of the results
from these studies.

What are the implications of the
Robbins et al.,5 and also the Kleinman
et al.,4 studies for siRNA therapeu-
tics? At this time it is not entirely
clear whether or not the efficacies
observed in early clinical trials using
unmodified siRNAs are due to TLR
activation, are solely due to siRNA
mediated target down regulation, or
are a combination of both. These
studies point to the importance of
understanding the mechanisms of
TLR activation; TLR3 is a cell surface
receptor while TLR 7 and 8 are
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cytoplasmic and all of these can
potentially be activated by siRNAs.
What is clear is that activation of the
intracellular TLRs can be avoided
by the simple 20 O-methyl back-
bone modification reported by Judge
et al.11 This modification along with
the use of a delivery vehicle to avoid
the cell surface receptor TLR3 are
safety measures that should be em-
ployed in any future siRNA clinical
trials. Importantly, the EGFP siRNA
control which lacks immunostimula-
tory activity5 should also be avoided
as a control for in vivo experiments or
clinical trials.

In considering the take-home
message from these findings, it may
be advantageous to look at combin-
ing siRNA mediated, target-specific
downregulation with siRNA-indu-
ced stimulation of the interferon
pathway. A recently published study
has shown that tri-phosphate-con-
taining siRNAs, which are potent
triggers of type I interferon induc-
tion, resulted in potent inhibition of
metastatic melanoma tumor progres-
sion in a murine model.12 For treat-
ment of other conditions though, the
dual effect may not be beneficial, and
only the sequence specificity of the
siRNA would be useful. It will
require judicious testing of backbone

modifications and delivery mechan-
isms in vivo to ensure siRNA
applications are only targeting the
desired transcripts so specific gene
downregulation is the sole cause of
observed phenotypes. ’
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Figure 1 SiRNA interactions with toll-like receptors and the RNA interference gene silencing pathway. The various toll-like receptors are
depicted. TLR7 and TLR8 recognize ssRNAmotifs, but may also recognize certain motifs in dsRNAs. TLR3 binds dsRNA and signals through
a different pathway from TLR7 and 8. RIG-1 recognizes triphosphate containing RNAs. The siRNAs that escape from the endosome can enter
the RNAi pathway where one of the two strands is selected as a guide strand and directs sequence-specific message degradation of a
complementary RNA.
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