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Suppression of immunostimulatory siRNA-driven innate
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Abstract

Single-stranded (ss) and double-stranded (ds) small interfering RNAs (siRNAs) containing immunostimulatory RNA motifs can acti-
vate innate immunity through Toll-like receptor 7/8 (TLR7/8), leading to the production of proinflammatory cytokines and type I inter-
feron. More recently, we have noted that 2 0-uridine modified ss or ds siRNAs not only evade immune activation, but can suppress TLR
signaling triggered by their unmodified counterparts. Here we compared the inhibitory effects of several 2 0-modifications. In contrast to
2 0-deoxy uridine modified ss siRNAs, 2 0-O-methyl uridine modified ss siRNAs inhibited at nanomolar concentrations the production of
TNF-a induced by a variety of immunostimulatory RNA sequences. Using oligonucleotide microarrays, we highlight the strong suppres-
sive effect of RNA-containing 2 0-O-methyl uridines. Indeed, nearly all of the 270 genes induced by an immunostimulatory ss siRNA were
completely inhibited or downregulated by cotreatment with its 2 0-O-methyl modified version. Also, 2 0-O-methyl modified RNAs inhib-
ited E. coli total RNA or mitochondrial RNA to induce TNF-a production in human monocytes. Collectively, these data indicate that 2 0-
modified RNAs, in particular those containing 2 0-O-methyl modification, are recognized with high affinity by TLR7/8, but do not induce
downstream signaling. Therefore, this new generation of TLR antagonists can be used as immunosuppressive agents to interfere with
TLR signaling.
� 2007 Elsevier Inc. All rights reserved.
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Although the discovery of RNA interference has pro-
vided a new strategy to investigate gene function and drug
target validation [1–3], several studies have shown that siR-
NA duplexes can exhibit off-target silencing and/or induc-
tion of the interferon pathways [4–6]. These and other
emerging unwanted effects could pose a major problem in
therapeutic settings. Recently, we have shown that immune
activation by either single-stranded (ss) or double-stranded
(ds) siRNAs is sequence-dependent and require the acidifi-
cation of the endosomes [7]. Within the endosomes,
siRNAs activate the immune system through TLRs, in par-
ticular TLR8 in human monocytes. In accordance with our
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data, two studies demonstrated sequence-dependent stimu-
lation of the immune system by siRNAs and the TLR7
seems to be the mediator of immune stimulation in human
dendritic cells [8,9].

Considering the high frequency of uridines in messenger
RNAs, it is more likely that a high proportion of siRNAs
will activate innate immunity. Therefore, it would be desir-
able to develop strategies that evade immune activation. In
this respect, the incorporation of various 2 0-modified nucle-
otides in siRNA sequences abrogated their immunostimu-
latory potency [10]. However, the chemical modifications
that block immune activation must be chosen carefully so
as not to inhibit siRNA silencing activity. Thus, finding
the appropriate chemical modifications for inhibiting siR-
NA immune activation will be important for exploring
their therapeutic applications. In a recent report, we have
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shown that replacement of only uridines with their 2 0-flu-
oro, 2 0-deoxy, or 2 0-O-methyl modified counterparts can
abrogate immune recognition of siRNAs by TLRs without
blocking siRNA silencing activity [11]. Using microarray
technology, we further confirmed the inhibitory effect of
2 0-fluoro and 2 0-O-methyl group on immune activation
[12]. More recently, we have found that 2 0-modified RNAs
can bind to TLRs and block downstream signaling path-
ways triggered by immunostimulatory RNAs [13,14]. To
address the molecular mechanisms by which 2 0-modifica-
tions block immune activation, here we investigated the
suppressive effects of several 2 0-uridine modified siRNAs
on TLR activation in human monocytes.

Materials and methods

siRNAs. The siRNAs used in this study were chemically synthesized by
Ambion and Eurogentec. The sequences of the used test molecules are the
following:

ss siRNA 27S, 5 0-GUCCGGGCAGGUCUACUUUtt-3 0;
ss siRNA 27A, 5 0-AAAGUAGACCUGCCCGGACtt-3 0;
ss siRNA 19S, 5 0-GAGGCAAUCACCAAUAGCAtt-30;
ss siRNA 19A, 5 0-UGCUAUUGGUGAUUGCCUCtt-3 0;
ss siRNA 16S, 5 0-GCUGUGGCCAGCUUGUUAUtt-3 0;
ss siRNA 16A, 5 0-AUAACAAGCUGGCCACAGCtt-3 0.
To generate ds siRNA duplexes, the sense (S) and the antisense (A)

strand of each siRNA sequence were mixed at equal concentrations,
heated for 1 min at 80 �C, and then annealed at 37 �C for 2 h. The
annealing buffer consists of 20 mM Hepes (pH 7.4) and 150 mM NaCl.

Isolation of peripheral blood mononuclear cells. Peripheral blood
mononuclear cells (PBMCs) were isolated by density gradient centrifu-
gation (Lymphoprep, Nycomed Pharm, Oslo) from buffy coats obtained
from healthy adult donors. Monocytes were prepared by plastic adherence
as described previously [7]. Cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal calf serum and antibiotics.

Transfection and ELISA. Freshly isolated monocytes were cultured in
96-well plate at 2 · 105/200 ll and stimulated with the test molecules for
18 h. Subsequently, culture supernatants were collected and cytokine
contents were determined by ELISA. PBMCs were cultured at 3 · 106/ml
in 25 cm (5 ml) and then transfected with ss siRNA-27 alone or in com-
bination with its 2 0-O-methyl modified version. Each experiment was
performed in duplicate.

Gene profiling. Cell pellets from each experiment were collected and
total RNA was prepared with Trizol. Fluorescence-labeled cDNAs were
synthesized from 15 lg of the total RNA using SuperScript� Plus Direct
cDNA Labeling System (Invitrogen) according to the manufacturer’s
recommendations. A mixture of Arabidopsis thaliana spike mRNAs
(SpotReport, Stratagene) was added to the samples prior to cDNA syn-
thesis. Five micrograms of anchored oligo (dT) 20 primer was used to
prime the cDNA synthesis. Labeled Alexa Fluor 555 and Alexa Fluor 647-
cDNAs were purified with PCR purification kit (Quagen). The oligo
microarrays used in this study were obtained from The Norwegian
Microarray Consortium. The targets were 34,721 oligonucleotides (70 mer
each, OPERON hum oligo v3.0) representing 34,721 genes from the
Ensemble Genome Database. For details on the arrays, we refer to http://
www.microarray.no/. Hybridization and data processing was performed
as described previously [12]. A linear model fitting and empirical Bayes
method were used for assessing differential expression. The used decide
tests classify a series of related t-statistics as up, down or not significant,
multiple testing across genes and contrasts (1) 27H; (2) 27H + 27M was
used. The restriction of minimum 2-fold change and p < 0.001 was
applied. The Venn diagrams were prepared with Limma to visualize the
intersections of the significant gene sets within groups. Hierarchical clus-
tering of genes for visualization of expression patterns was performed in
MultiExperiment Viewer (MEV) http://www.tigr.org.
Results and discussion

2 0-Modified RNA inhibits the activation of TLR by

immunostimulatory RNAs

Although RNAi-mediated gene silencing has become a
valuable strategy for functional studies and drug target dis-
covery [2,3], we and others recently have shown that certain
siRNA sequences can activate innate immunity in
sequence-dependent manner through endosomal TLRs
[7–9]. Such immune stimulation can be abrogated by 2 0

chemical modifications. However, it remains unclear
whether 2 0-modified RNAs bind or not to TLRs. One
way to address this question is to assess whether they com-
pete with immunostimulatory RNAs to trigger TLR7/8
signaling. To answer this key question, we incubated for
18 h human monocytes with immunostimulatory ss siR-
NA27 (27H, harboring 2 0-hydroxyl (OH) uridines) alone
or in combination with its 2 0-modified counterparts. We
have tested 2 0-O-methyl uridine (27M), 2 0-fluoro uridine
(27F), and 2 0-deoxy uridine (27D) modifications. Subse-
quent to transfection, TNF-a levels in culture supernatants
were determined by ELISA. In accordance with the previ-
ous data, all of the 2 0-modified ss siRNA 27 did not induce
TNF-a secretion, whereas the unmodified molecule (27H)
did (Fig. 1A). Interestingly, co-transfection of 27H with
its 27M or 27F modified versions suppressed the produc-
tion of TNF-a induced by 27H. Notably, secretion of
TNF-a was completely blocked by 27M, indicating a
strong binding of 27M to TLR7/8 (Fig. 1A). Also, 27M
abolished the immunostimulatory potency of a second ss
siRNA, known as 19A (Fig. 1A). Comparable suppressive
effects were obtained with 2 0-O-methyl modified ds siRNA
27 (data not shown).

Having demonstrated that 2 0-modified RNAs can com-
pete with immunostimulatory RNAs to trigger TLR signal-
ing, next we have evaluated whether the effects are
concentration-dependent. In these experiments, monocytes
were transfected with 27H alone or in combination with
various concentrations of its 2 0-modified versions, 27M,
27F or 27D (Fig. 1B). The 27M and 27F molecules blocked
27H-induced TNF-a production in a concentration-depen-
dent manner. Of considerable interest, the 27M suppressed
immune activation at very low concentrations when com-
pared to 27F. Indeed, TNF-a production was reduced by
half at 25 ng/ml, whereas 20 times higher concentration
(500 ng/ml) was required to achieve comparable inhibition
effect with 27F (p < 0.001). These data indicate that 27M
has a high affinity to TLR7/8. In contrast, cotransfection
with 27D resulted in no significant inhibition of TNF-a
production. In many experiments, 27D at high concentra-
tions slightly enhanced TLR signaling when compared to
low concentrations (Fig. 1B).

To further characterize the suppressive effects of 27M,
we assessed its inhibitory effect on different ss siRNA and
ds siRNA immunostimulatory sequences. As seen in
Fig. 1C, the 27M molecule effectively inhibited the secretion
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Fig. 1. Suppression of RNA-induced immune activation by 2 0-modified RNAs. (A) Human monocytes were treated for 18 h with unmodified ss siRNA 27
(27H) or with its 2 0-uridine modified versions, namely 2 0-O-methyl (27M), 2 0-fluoro (27F), and 2 0-deoxy (27D). To test the suppressive effects of the 2 0-
modified versions, monocytes were cotransfected with 27H in combination with 27M, 27F, 27D, or 19AH (a second immunostimulatory ss siRNA).
Subsequent to transfection, TNF-a levels in culture supernatants were measured by ELISA. All molecules were used at 500 ng/ml as indicated in the figure.
(B) Concentration-dependent effects. Monocytes were transfected with 27H, 27M, 27F, or 27D at 500 ng/ml. Also, they were transfected with 27H (500 ng/
ml) in combination with various concentrations (5–1500 ng/ml) of its 2 0-uridine modified versions. The numbers indicate the final concentrations (ng/ml)
of the tested molecules. (C) The 27M suppresses immune activation by different RNA sequences. Human monocytes were transfected for 18 h with
different immunostimulatory ss siRNAs or ds siRNAs alone or in combination with 27M. Subsequently, TNF-a levels were measured by ELISA in culture
supernatants. All molecules were tested at 500 ng/ml. For sequences, see Materials and methods. ds si, double-stranded siRNA.
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of TNF-a elicited by a variety of immunostimulatory
sequences. Similarly, 27M inhibited the activation of
TLR7/8 by total RNAs obtained from E. coli or mitochon-
dria (data not shown). These findings indicate that the 27M
molecule has an inhibitory effect on several TLR7/8 ago-
nists regardless of their sequences, structures, and sources.

Immunosuppressive effect of 2 0-O-methyl modified ss siRNA

27 on gene expression

An ‘‘ideal’’ TLR7/8 inhibitor would have inhibitory
effects on all genes that are under the TLR signaling.
Therefore, in the next experiments we evaluated the sup-
pressive effects of 27M on global gene expression. The
transcriptome changes after transfection with 27H alone
or in combination with 27M were measured relative to
DOTAP-treated cells using oligo microarrays (Fig. 2A).
It is intriguing that although 27H was able to alter the
expression of 270 genes, its combination with 27M essen-
tially inhibited all responses, suggesting that TLR signal-
ing was effectively blocked. Indeed, only 9 genes were
altered in both groups, while the expression of 261 genes
induced by 27H alone was downregulated or completely
blocked in response to co-incubation with both molecules.
Notably, 10 genes exhibited altered expression specifically
to 27M.
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Fig. 2. Suppressive 27M inhibited 27H-mediated gene expression. The transcriptome changes after transfection with 27H alone or in combination with
27M were measured relative to DOTAP-treated cells using oligo microarrays. In these experiments, cell pellets from two independent experiments were
pooled before total RNA and probe preparations. Two arrays (dye-swapped) were performed for each group. All molecules were used at 500 ng/ml. (A) A
Venn diagram showing significantly (p < 0.001) upregulated and downregulated genes after monocyte treatment with 27H alone or 27H and 27M together.
Each circle represents one treatment protocol as indicated. The intersections give a number of genes that are steadily differentially altered. (B) A cluster of
270 genes identified as differentially altered in response to 27H.
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The 270 genes identified as altered in response to 27H
were clustered by hierarchical clustering, sorting the genes
based on similar transcriptional changes (Fig. 2B). Nota-
bly, the two treatment protocols (vertical cluster) were dis-
tinguished based on the gene expression profiles.
Collectively, these data highlight the high affinity of 27M
to TLR7/8 because both molecules were used at the same
concentrations.
Concluding remarks

The competition data reported in the present study
clearly indicate that 2 0-uridine modified RNAs can bind
to TLR7/8, but they do not trigger TLR signaling. Also,
the data demonstrated a unexpected diversity of the possi-
ble effects of 2 0-O-methyl, 2 0-fluoro, and 2 0-deoxy modified
RNAs on immune suppression. The 27F molecule exhib-
ited significantly lower suppressive effects than 27M (p
< 0.001). Even at high concentrations, 27D did not sup-
press immune activation, but instead led to a slight increase
in TLR signaling. In contrast to 27D and 27F molecules,
27M exhibited a strong antagonist effect on TLR7/8 signal-
ing triggered by several immunostimulatory RNAs from
different sources. The binding of 2 0-O-methyl RNAs to
TLR7/8 may inhibit either proper binding of immunostim-
ulatory RNAs to their binding site or correct downstream
signaling. The significance of our findings in physiological
conditions is yet unclear. However, it is more likely that
2 0-modified RNAs may block the activation of TLR7/8
by immunostimulatory RNA motifs present in endogenous
RNAs synthesized in host cells.

We found earlier that 2 0-modified ss and ds siRNAs are
not sensed by the immune cells, including monocytes and
dendritic cells [6]. Also, it has been shown that RNAs iso-
lated from E. coli can activate innate immunity because
prokaryotic RNAs have significantly fewer modifications
than their mammalian counterparts [15]. Of interest, we
found that 27 M can suppress immune activation by bacte-
rial or mitochondrial RNAs. This observation implies that
natural 2 0-modifications in RNAs not only evade immune
activation as suggested by Kariko and colleagues [14],
but also can suppress the activation of immunity elicited
by other immunostimulatory RNAs derived from microbes
and/or host cells. Collectively, these findings have an
important impact on the understanding of the mechanisms
of self tolerance to nucleic acids and the interactions
between the immune system and pathogens.
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