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ABSTRACT

Short interfering RNA (siRNA) inhibits the synthesis of specific proteins through RNA 

interference. However, in cells of the immune system, such as dendritic cells, siRNA can induce 

innate immune responses that are mediated by Toll-Like Receptors (TLRs). Here we sought to 

evaluate whether siRNA can induce such responses in astrocytes, as these cells are active 

players in cerebral innate immunity and express TLRs. We examined the effects of various 

siRNAs (6 silencing sequences targeting specific genes and 2 non-silencing control sequences). 

siRNA sequences induced variable degrees of silencing-independent non-specific effects, e.g. 

increased Stat1 expression and release of IL-6 and IP-10 in primary cultures of astroglia. These 

effects could be prevented through chemical modification of siRNA by nucleoside 2’-O-

methylation in the sense strand, without impairing the specific gene silencing effect. Primary 

astroglia cultures contain non-negligible proportions of microglia. However, siRNA also 

induced non-specific responses in purified astroglia, but not in microglia or 3T3 cells. Microglia 

showed higher TLR7 mRNA expression than primary or purified astroglia and 3T3 cells, 

whereas TLR3 mRNA expression was higher in cultures containing astroglia than in microglia 

or 3T3 cells. Accordingly, the TLR3 agonist poly(I:C) (PIC) induced higher release of IFN-β in 

primary astroglia and purified astroglia than in microglia. As siRNA, PIC induced IP-10, Stat1, 

VCAM-1 and COX-2 and increased the expression of TLR3 mRNA. These results show that 

astroglia is particularly sensitive to develop innate immune responses against siRNA sequences, 

and suggest that this might be mediated, at least in part, by activation of TLR3.
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INTRODUCTION

Cells of the immune system have the ability to develop qualitatively different innate immune 

responses depending on the cell type, the nature of the pattern recognition receptor, and the 

tissue microenvironment (Colonna et al., 2006). In the central nervous system (CNS), 

stimulation of innate immune responses depends on the cell type and the environmental signal 

(Jack et al., 2005). Microglial cells are regarded as the CNS resident immune cells (Block and 

Hong, 2005). Nevertheless, astrocytes are also important mediators of cerebral immune and 

inflammatory reactions (Dong and Benveniste, 2001), and the view is growing on the 

importance of astrocytes in cerebral innate immune responses (Farina et al., 2007, Falsig et al., 

2006; Scumpia et al., 2005). 

The innate immune response is a defence mechanism triggered by infectious agents and other 

molecules. Host defence against virus infection involves the recognition of viral nucleic acids 

mediated by innate immune pattern recognition receptors, including membrane-bound Toll-like 

receptors (TLRs), which recognize double-stranded (ds) RNA, single-stranded (ss) RNA and 

dsDNA. TLRs can then activate antiviral gene programs (Doyle et al., 2003) mediated by 

induction of type I interferon and inflammatory cytokines (Kawai and Akira, 2006). Besides 

TLRs, cytoplasmic RNA helicases, such as Protein-Kinase R (PKR) and RIG-I, are important 

cytoplasmic sensors of viral infection that become activated by dsRNA (Jefferies and 

Fitzgerald, 2005).

Short interfering RNAs (siRNAs) are used in living cells and organisms to silence RNA 

coding for specific proteins through RNA interference (RNAi). Yet, it is now recognised that 

siRNAs can induce non-specific effects by activating the innate immune response (Sledz et al., 

2003); particularly when they are combined with lipids, as for in vitro cell transfection 

(Hornung et al., 2005) and to avoid serum nuclease degradation in vivo (Judge et al., 2005, 

2006). Living organisms and cultured dendritic cells and macrophages exposed to siRNAs show 

up-regulation of type-I interferon (IFN) and a subsequent increase in the expression of signal 

transduction and activator of transcription-1 (Stat1), an interferon-stimulated gene that mediates 
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innate immunity (Durbin et al., 1996), and they release various cytokines (Sledz et al., 2003; 

Karikó et al., 2004a). Although these unwanted effects do not seem to prevent the expected 

RNAi, they cause a huge drawback for the therapeutical use of siRNA, and they may confound 

the biological effect of RNAi. 

Whether siRNA can induce immune responses in glial cells has not been investigated so far. 

Here we examined whether a variety of siRNAs can trigger immune responses in different types 

of mouse brain glia cultures and, for comparison purposes, we also used non-glial cells. We 

then tested whether the effects of siRNA could be prevented by 2’-O-methylation of uridine or 

guanosine nucleosides of the siRNA sense strand, and compared the effects of siRNA with 

those induced by the TLR3 agonist poly(I:C) (PIC).

MATERIALS AND METHODS

Cell cultures  

Animal work was authorised by the Ethical Committee of the University of Barcelona and it 

was performed in agreement with the local regulations. Primary cultures of glial cells were 

prepared as reported (Saura et al., 2003). Cerebral cortices from 1- to 2-day-old Swiss CD1 

mice (Charles-River, France) were used. Culture medium was Dulbecco’s modified Eagle 

medium:F-12 nutrient (DFF) (1:1) (Gibco-BRL), supplemented with 10% foetal bovine serum 

(FBS) (Gibco-BRL), and 4 mL/L of 10,000U/mL penicillin/10,000µg/mL streptomycin (Gibco-

BRL). All products and reagents, unless otherwise stated, were from Sigma-Aldrich. Cells were 

plated in 24-well plates (NUNC, Roskilde, Denmark) and maintained in DFF and 10% FBS 

with antibiotics, as above. Medium was replaced every 4-5 days and confluency was achieved 

after 10-12 days in vitro. These cell cultures contain astrocytes and around 25% of microglia 

(Gorina et al, 2007).

Enriched astroglia cultures were prepared following a reported procedure (Gorina et al., 

2007). Mouse primary mixed glial cultures on 10-12 DIV were treated with 10µM of the 

antimitotic cytosine arabinoside (Ara-C, Sigma-Aldrich) for 4 days to eliminate dividing cells, 
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i.e. mostly microglia and progenitors, but not quiescent cells, i.e. mostly confluent astrocytes. 

The adherent cells were detached with trypsin 0.05%/EDTA 0.2mM and seeded at 6 x 104 

cells/mL with culture medium (see above). Astrocytes were used two days after subculturing 

and they contained more than 96% astrocytes (Gorina et al., 2007).

Microglial cells were obtained by mild trypsinization with a method yielding high purity 

(>98%) (Saura et al, 2003; Gorina et al., 2007), and they were used one day after isolation. 

Primary glial cultures were also obtained from homozygous Stat1 -/- mice (129S6/SvEv 

background) and from the corresponding controls (129S6/SvEv wild type, WT) (Taconic Farms, 

Germantown, NY, USA ).

NIH3T3 cells (American Type Culture Collection, Manassas, VA, USA) were maintained in 

Dulbecco’s modified Eagle’s medium supplemented with 10% bovine serum and antibiotics, as 

above. For transfection, 5 × 104 NIH3T3 cells were plated in 24-well plates. 

siRNA treatment

Cell cultures were exposed to siRNAs for several time periods ranging from 30 min to 6 days. 

The typical concentration of siRNA used was 100 nM, but a range of concentrations (from 0.01 

to 100 nM) was tested. In addition, high siRNA concentration (3.3 µM) was used in one set of 

experiments designed to examine whether siRNA could induce TLR mRNA expression (see 

below). siRNA was mixed with oligofectamineTM (Invitrogen) 15 min at RT prior to cell 

transfection. The final concentration of oligofectamine in the culture medium was 4 µg/mL. 

Control cultures were treated with oligofectamine in the absence of siRNA. Two kinds of 

silencing siRNAs were used, either consisting of a population of multiple duplex sequences 

against Stat1 (#RM-1171), GAPDH (#RM-0057), and Jak2 (#RM-1164) (Superarray Bioscience 

Corporation), or consisting of one unique duplex sequence (Qiagen) against MAPK1 (ERK) 

(#1022564) or p21Cip1/Waf1 (p21-Q) (#1024837). In addition, we obtained the latter duplex 

sequence against p21 (antisense: C.G.A.A.G.U.C.A.A.A.G.U.U.C.C.A.C.C.G.dT.dT,  sense:

C.G.G.U.G.G.A.A.C.U.U.U.G.A.C.U.U.C.G.dT.dT) from a different source, as it was custom 

made by another supplier (p21-D1; Dharmacon). Also, a different commercially available 
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duplex sequence (p21-D2) against p21 was tested (ON-TARGET plusTM duplex J-0586636-05, 

Mouse CDKN1a, NM_007669, Dharmacon). According to the supplier, ON-TARGETplus™ 

modification enhances siRNA specificity and reduces off-target effects. Also, two different non-

silencing siRNAs were used as controls for the RNAi effect. One of these (ns-m) was composed 

of a population of duplex sequences (#RM-1171 negative control, Superarray Bioscience 

Corporation), and the other (ns) consisted of one duplex sequence (#1022076, Qiagen). 

According to the manufacturers, the sequences of the non-silencing siRNAs had no homologies 

with the known rodent genes and they were used as negative controls. 

siRNA modifications

The siRNA sequence against p21 (p21-Q and p21-D1) was modified by introducing 2’-O-

methylation (m) in nucleosides of the sense sequence; either in all uridine nucleosides 

(C.G.G.mU.G.G.A.A.C.mU.mU.mU.G.A.C.mU.mU.C.G.dT.dT), or in all guanosine 

nucleosides (C.mG.mG.U.mG.mG.A.A.C.U.U.U.mG.A.C.U.U.C.mG.dT.dT), while keeping the 

antisense sequence unmodified (C.G.A.A.G.U.C.A.A.A.G.U.U.C.C.A.C.C.G.dT.dT). These 

siRNAs were custom made upon request (Dharmacon).

Other treatments 

Cells were treated with the synthetic double-stranded RNA, polyinosinic-cytidylic acid 

(poly(I:C), PIC)) (Sigma) (50 or 100 µg/mL), and cells and media samples were obtained at 

several time points ranging from 4 to 24 h for Western blot and ELISA measurements. 

Exposure to chloroquine (50 µg/mL, Sigma) was initiated two hours prior to PIC or siRNA 

treatment.

Western blotting

Western blotting was performed as described (Gorina et al., 2005) with monoclonal antibodies 

against Stat1 and Stat3 (BD Transduction Laboratories) diluted 1:4,000; p21 (BD Pharmingen) 

diluted 1:2000; panERK (Cell Signaling) diluted 1:8,000; iNOS (BD Transduction 
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Laboratories) diluted 1:1,000; and phosphorylated eIF2α (peIF2α) (Epitopics) diluted 1:1000.

The following polyclonal antibodies were used: a goat antibody against VCAM-1 (Santa Cruz 

Biotechnology Inc.) diluted 1:1000; and a rabbit antibody against COX-2 (Cayman Chemical 

Co) diluted 1: 1000. β-Tubulin diluted 1:50,000, or actin diluted 1:10,000 (Sigma-Aldrich) were 

used as loading controls. The optical density of the bands was measured by densitometric 

analysis (Kodak Digital Science 1D, Kodak). The ratio between band intensity of specific 

proteins and the corresponding loading control was calculated to correct for differences in 

protein gel loading. For each gel, these ratio values were expressed as percentage of the control 

samples run in the same gel. Then, the average of the values (percent of corresponding control) 

of various samples of the same treatment group (n=3 or more) that were run in different gels 

was calculated and statistical analysis was performed to test whether differences were 

statistically significant.

Immunocytochemistry

To verify that siRNA was entering the cells we incubated either pure cultures of astrocytes or 

pure microglia with a fluorescent rhodamine-labelled control non-targeting siRNA sequence 

(100 nM, #D-001600-01) for 24h and then examined the cells under the microscope. Double 

labelling was carried out with fluorescent-siRNA and a rabbit polyclonal antibody against the 

astroglial marker glial fibrillary acidic protein (GFAP) (#Z0334, Dako) diluted 1:1,000, or with 

a mouse monoclonal antibody against the microglial marker ED1 (#MCA341R, Serotec), 

diluted 1:100). The secondary antibodies were green-fluorescent Alexa Fluor 488 dye-labelled 

goat anti-rabbit IgG (#A-11070; Molecular probes) or goat anti-mouse IgG (#A-11017, 

Molecular Probes). After the immunoreaction, cells were stained with Hoecht to visualise the 

nuclei.

ELISA Assays

The concentrations of IP-10 (Quantikine murine IP-10/CRG-2/CXCL10, #MCX100, R&D 

Systems Europe, Ltd. Abingdon, UK), IP-9 (Quantikine murine CXCL9/MIG, #MCX900, R&D 
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Systems), IL-6 (#860.020.192, Diaclone SAS, Besançon, France) and  IFN-β (#42400-1, R&D 

Systems) in the culture media were determined by ELISA.

Real-time detection of the expression of TLR3 and TLR7 mRNA 

RNA was extracted using guanidinium thiocyanate (Chomczynski & Sacchi, 1987). Two µg 

of RNA were used for cDNA synthesis using the AMV First-Strand cDNA Synthesis Kit (# 

12328-040, Invitrogen, Carlsbad, Ca, USA). Two µl of cDNA synthesis reaction were used in a 

25 µl real-time PCR reaction with FAM-labelled Taqman® Gene Expression Assays for TLR3 

(Mn00446577_g1), TLR7 (Mn00446590_m1), and β-actin (Mn00607939_s1) (Applied 

Biosystems, Foster City, CA, USA). The amplification conditions were: 10 min at 95ºC 

followed by 40 cycles of 15 sec at 95ºC, 1 min at 60ºC. CT values were analyzed using the 2-

∆∆C
T method (Livak & Schmittgen, 2001).

Data analyses

Results are the mean of 3 to 9 independent experiments. The effects of siRNA treatment were 

analysed with one-way ANOVA. Comparison for treatments and cell types was made by two-

way ANOVA. Thereafter the effect of individual treatments was evaluated by post-hoc analysis 

with the Bonferroni’s multiple comparisons test. Data not passing the normality test 

(D'Agostino & Pearson omnibus test) were analysed with the non-parametric Kruskal-Wallis 

test followed by Dunn's multiple comparison test. Statistical analyses were performed using 

GraphPad Prism software.
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RESULTS

siRNA reduced the expression of  specific proteins, but not of Stat1

Primary astroglial cell cultures were exposed to several siRNA sequences to induce RNAi. 

siRNA was mixed with oligofectamine for transfection and cells not receiving siRNA were 

exposed to oligofectamine alone. We used non-silencing siRNA sequences as negative controls, 

Treatments with certain siRNAs successfully silenced targeted genes in these cultures by 

reducing the expression of the corresponding proteins, as illustrated with siRNA against p21 

(Fig. 1A) and ERK (Fig. 1B). However, when we tried to silence the interferon (IFN)-

responsive protein Stat1 with siRNA, we found an increase in Stat1 protein expression, instead 

of a reduction (Fig. 1C). Control non-silencing siRNA (ns), which did not target specific 

proteins, also increased Stat1 expression (Fig. 1C) suggesting that siRNA induced Stat1 

expression in a non-specific manner in primary astroglia cultures. In addition, a tendency to 

increase p21 protein expression was also found after treatment with ns siRNA (Fig. 1A). Bhunia 

et al. (2002) reported that the JAK-STAT pathway was involved in p21 induction. For this 

reason we tested whether non-silencing siRNA was still capable of inducing the small increase 

in p21 protein in Stat1 deficient cultures. The results showed a similar increase in p21 in Stat1 

deficient cells (not shown), and therefore we could not evidence a link between increases in 

Stat1 and p21 proteins induced by the non-silencing siRNA sequence.

siRNA induced Stat1 expression in primary glial cell cultures 

Non-silencing (ns) siRNA that was used as negative control was capable of inducing the 

expression of Stat1 in primary astroglia cultures at different time points (Fig. 2A), but it did not 

affect Stat3 expression (Fig. 2B). The effect was observed from 12h to 6 days, with a maximum 

around 4 days (Fig. 2A). We then tested various siRNA sequences directed against specific 

targets (such as GAPDH, Jak2, Stat1, p21 and ERK) as well as other negative control non-

silencing sequences (nsm, ns) for their capacity to induce the expression of Stat1 in our cultures. 

We found that the sequences tested induced variable degrees of Stat1 protein expression (Fig. 2 
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C). This suggests that induction of Stat1 was a non-specific effect of siRNA, which was 

independent of its silencing effect, and that the intensity of the effect depended on the siRNA 

sequence. The observed Stat1 induction did not alter the capacity of siRNA to silence targeted 

genes that were not related with the immune response, as shown for p21 and ERK (Fig. 1A, B). 

The concentration of 100 nM was chosen in this study as it induced a significant reduction of 

protein expression, as shown for p21 siRNA in Fig. 3A. siRNA-induced Stat1 expression was 

concentration-dependent; it was already statistically significant at 10 nM and increased at 100 

nM, as shown for exposure to p21 siRNA in Fig 3B. 

In an effort to elucidate whether Stat1 induction was caused by a given siRNA sequence or it 

might be due to any other possible feature of the siRNA product, we obtained the same siRNA 

sequence from different suppliers. This experiment was carried out for the p21 sequence used 

above (p21-Q) (presented in Fig. 1 and 2) that was custom made by a different supplier (p21-

D1) (see Methods). Both siRNA products were capable of silencing p21 to a similar extent (Fig. 

3C), and produced a similar degree of Stat1 induction (Fig. 3D). The result showed that this 

particular siRNA sequence against p21 triggered Stat1 induction. Finally, we also tested a 

different commercially available sequence against p21 (p21-D2). The latter also silenced p21 

(Fig. 3C) while it did not induce Stat1 expression (Fig. 3D), again supporting the view that 

siRNA-induced Stat1 was dependent on the siRNA sequence and independent of the silencing 

effect.

Besides increased Stat1 expression, other non-specific effects of siRNA were detected at 1 

and 4 days, including release of IFN-inducible protein 10 (IP-10), IL-6, and IP-9 (see below in 

Fig. 4). However, we did not find increases in eIF2α phosphorylation from 30 min to 4d after 

siRNA exposure (not shown), suggesting that the non-specific effects of siRNA were not 

mediated by activation of PKR.

Stat1 induction was prevented by selective 2’-O-methylation of certain nucleosides

It was reported (Judge et al., 2005) that the siRNA-induced immune response could be 

inhibited by 2’-O-methylation of certain nucleosides in the sense strand of the siRNA duplex. 
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Here we tested whether this strategy was effective in our primary astroglia culture system. We 

designed two modified siRNAs from the sequence of the siRNA against p21 by introducing 2’-

O-methylation in the uridine or guanosine nucleosides of the sense strand. The modifications 

did not impair the capacity to silence p21 (Fig. 4A, B). In addition, 2’-O’methylation of the 

guanosine nucleosides effectively reduced Stat1 induction (Fig. 4C, D) and release of IL-6 (Fig. 

4E), IP-9 (Fig. 4F) and IP-10 (Fig. 4G), whereas no effect was apparent upon modification of 

the uridine nucleosides (Fig. 4). The former modification prevented the release of IP-10 even in 

cultures of Stat1-deficient cells (Fig. 4H), indicating that it abrogated Stat1-dependent and 

Stat1-independent responses induced by siRNA. These findings show that the siRNA-induced 

immune response can be prevented by selective nucleoside modification. 

Effect of siRNA in different cell types 

The primary astroglial cultures used here contain mainly astrocytes but, to a lesser extent, they 

also contain non-negligible amounts of microglia. We then questioned whether residual 

microglia growing in the primary astroglial cultures, rather than the astrocytes, might be 

responsible for the non-specific effects of siRNA. We subcultured astroglia in order to obtain a 

higher purity in astrocytes, while the microglia were kept as a separate culture (see Methods). 

We tried several siRNAs in the different cultures (the negative control non-silencing is shown in 

Fig. 5A as a representative example). siRNA increased the expression of Stat1 in astroglia but 

not in microglia, which already showed comparatively higher basal levels of Stat1 than mixed 

glia and astroglia (Fig. 5 A, B). This shows that astroglial cells are particularly sensitive to 

activate a Stat1-mediated immune response after exposure to siRNA. 

In addition to Stat1, the concentration of the chemokine IP-10 increased to different extents at 

24 and 96 h after siRNA treatment in the medium of primary astroglia cultures and in purified 

astroglia, but it was not detected in microglia (Fig. 5C). Likewise, IL-6 was induced by certain 

siRNAs in primary astroglia cultures and in pure astroglia, but not in microglia (Fig. 5D). 

Another chemokine, IP-9, showed small increases after exposure to certain siRNAs in mixed 

astroglia cultures only (Fig. 5E). We also examined iNOS expression, which at the basal state 
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was already very high in microglial cultures and moderate in mixed glia, while it was not 

detected in purified astrocytes (Fig. 5F). siRNAs induced small increases of iNOS expression in 

primary astroglia cultures (p<0.05), but significant changes were not detected in pure microglia

and no signal was found in pure astroglia (Fig. 5F). These results suggest that the behaviour of 

astrocytes was different depending on whether they were cultured in the presence or absence of 

microglia, and that primary astroglia cultures were more responsive to siRNA than secondary 

purified astroglia cultures. 

In order to verify that the lack of response of microglia was not attributable to deficient 

siRNA transfection, we incubated either purified astroglia or purified microglia with a red 

fluorescent control siRNA sequence. Fig. 6 shows that siRNA entered astroglia and microglia, 

which were immunostained with GFAP and ED1, respectively. 

We also tested whether siRNA was able to induce the above non-specific responses in an 

epithelial cell line (NHI3T3). However, in these cells we did not detect effects on Stat1 

expression (Fig. 7A,B) nor in IP-9, IP-10 and IL-6 release (not shown), in spite of the fact that 

the expected silencing effect of siRNA was observed (Fig. 7C, D).

Expression of TLR3 and TLR7 and effect of the TLR3 agonist poly(I:C) (PIC) in different 

cell cultures

The highest expression of TLR7 mRNA was found in purified microglia whereas a 

comparatively lower expression was found in mixed astroglia and in purified astroglia (Fig. 

8A).  The inverse situation was found for TLR3 mRNA, as the highest expression was found in 

primary astroglia cultures, followed by cultures of pure astroglia, and to a much lower extent in 

pure microglia (Fig. 8B). Altogether, these results suggest that in astroglia TLR3 might mediate, 

al least in part, the immune effects of siRNA. In 3T3 cells, expression of TLR7 (Fig. 8A) and 

TLR3 (Fig 8B) mRNA was low, in agreement with the lack of immune response of these cells 

to siRNA treatment. We also tested whether treatment with siRNA or with the TLR3 agonist 

PIC modified the level of TLR3 and TLR7 mRNA expression. Incubation for 24h with either 

PIC (50 µg/mL) or with a high dose of siRNA (3.3 µM, i.e. approximately 50 µg/mL) increased 
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the expression of TLR3 mRNA, but this effect was not observed with the siRNA dose used for 

silencing gene expression (100 nM) (Fig. 8C). However, neither siRNA nor PIC increased the 

expression of TLR7 mRNA at these doses (not shown).

We then tested the effect of PIC on release of IFN-β in the different glia cultures. PIC induced 

a much higher IFN-β release in primary astroglia cultures and in pure astroglia, than in 

microglia (Fig. 8D). This effect was in accordance with the expression of TLR3 mRNA 

observed above in the different cell types.

Besides the above effect of PIC, this TLR3 agonist increased the expression of Stat1, VCAM-

1, and Cox-2 (Fig 8E), in agreement with previous reports (Scumpia et al., 2005; Krasowska-

Zoladek et al., 2007; Park et al., 2006). siRNA treatment also induced VCAM-1 and Cox-2 

expression, as PIC did. These effects of PIC and siRNA were abolished by pre-treatment with 

the endosomal acidification inhibitor chloroquine, suggesting that internalization to mature 

endosomes might be involved in the observed responses (Fig. 8F).

DISCUSSION

Here we report that 1) siRNA can induce a non-specific innate immune response associated 

with induction of Stat1 expression and release of cytokines and chemokines in astroglia; 2) this 

effect does not prevent silencing of specific targets; 3) the intensity of the response varies 

depending on the siRNA sequence; 4) siRNA modification by 2’-O-methylation of certain 

nucleosides of the sense sequence can abrogate this response while keeping the RNAi effect; 

and 5) these non-specific effects of siRNA in astroglia might be mediated, at least in part, by 

TLR3. 

A variety of siRNA sequences induced Stat1 expression and release of cytokines and 

chemokines, and we also evidenced a tendency to increase in p21 protein expression by certain 

siRNAs. The JAK-STAT pathway can be involved in p21 induction (Bhunia et al., 2002), 

however here we could not find an association between siRNA-induced Stat1 and p21 by 

examining p21 expression in Stat1 deficient cells. Also, siRNA-induced release of IP10 was 
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observed in Stat1 deficient cells. Unless there were unknown compensatory mechanisms in 

Stat1-deficient cells, these findings suggest that, besides Stat1, other pathways might be affected 

by siRNA treatment in a non-specific manner.

We characterised non-specific effects of siRNAs in cultures of different cell types by studying 

the induction of Stat1, and release of proinflammatory cytokines and chemokines. Primary 

cultures of astroglia were particularly prone to show Stat1 induction, release of IP-10, IL-6, and 

IP-9, and increase in iNOS expression after exposure to siRNA. In purified astrocytes, we also 

observed induction of Stat1, IP-10 and IL-6, but not of IP-9 or iNOS, but, we did not detect 

increases in the expression of these molecules in microglia or epithelial 3T3 cells. Therefore, 

astrocytes emerged as cells responsive to siRNA that can generate an innate immune response 

against it. The different response of glia depending on whether astroglia and microglia were 

cultured separated or combined shows that the capacity of the cells to respond to 

immunostimulatory agents may depend on particular culture conditions. This suggests that the 

cellular phenotype of astroglia is altered by the presence of microglia, and vice versa.

RNA helicases, such as PKR, are important cytoplasmic sensors of viral infection that become 

activated by dsRNA (Jefferies and Fitzgerald, 2005). After viral infection, PKR is involved in 

IFN induction (Diebold et al., 2003), and phosphorylates certain factors involved in translation, 

such as eukaryotic initiation factor 2α (eIF2α) (Srivastava et al., 1998). In several cell lines, 

siRNA has been reported to activate PKR (Sledz et al., 2003). However, in astroglia, we did not

detect phosphorylation of eIF2α after exposure to siRNA, suggesting that this process is not 

responsible for the immune response induced by siRNA in these cells. In plasmacytoid dendritic 

cells, siRNA induces IFN-α through TLR7 (Hornung et al., 2005), which is known to mediate 

the recognition of single-stranded RNA (Lund et al., 2004). Signaling through TLR3 might also 

be involved in the immune responses to siRNA (Karikó et al., 2004a, b). TLR3 mediates 

cellular responses to dsRNA (Alexopoulou et al., 2001) and induces downstream selective 

activation of IFN regulatory factor 3 (IRF3) (Doyle et al., 2002). Astrocytes express TLRs 

(Farina et al., 2005; Jack et al., 2005; Konat et al., 2006) and respond to certain viruses and to 
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the TLR3 ligand PIC (Scumpia et al., 2005; Carpentier et al., 2007; Krasowska-Zoladek et al., 

2007; Park et al., 2006; Rivieccio et al., 2006; Vincent et al., 2007). We found that our astroglia 

cultures were comparatively richer in TLR3 mRNA than in TLR7 mRNA, while we found the 

reverse situation for microglia. In agreement with higher TLR3 expression in astroglia than in 

microglia, the TLR3 agonist PIC induced much higher IFN-β release in cultures containing 

astroglia than in pure microglia. Also, PIC induced a variety of other effects in astroglia that 

were similar to those induced by siRNA. The effects of both agents were attenuated by the 

endosomal acidification inhibitor chloroquine, suggesting that intracellular TLR3 might 

contribute to mediate non-specific effects of siRNA in astroglia. However, previous findings 

(Bsibsi et al., 2002) have shown preferential expression of TLR3 in the astroglia membrane. 

Therefore, we cannot exclude the participation of membrane TLR3 in siRNA-induced immune 

responses. Pro-inflammatory cytokines, TLR3 or TLR4 agonists, and oxidative stress induce 

TLR expression in human astrocytes (Bsibsi et al., 2006). In agreement with these observations, 

we found that treatment with a very high dose of siRNA (3.3 µM, which is approximately 

equivalent to 50 µg/mL) or with the TLR3 agonist PIC (50 µg/mL) increased TLR3 mRNA 

expression in our primary astroglia cultures, but this effect was not observed for TLR7 mRNA; 

again pointing to TLR3 as a possible mediator of siRNA-induced non-specific effects in 

astroglia.

The effects of siRNAs in our cells occurred regardless of whether the sequences were 

silencing or not, and were independent on the RNAi effect. Certain motifs have been attributed 

immunostimulatory properties (Judge et al., 2005; Hornung et al., 2005). In agreement with this, 

the induction of the immune response studied here in glia was sequence-specific, as its 

magnitude was variable depending on the siRNA sequences, as previously reported in other 

cells (Hornung et al., 2005; Judge et al., 2005; Sioud 2005). We carried out two different 

modifications on the siRNA sequence against p21 aiming to attenuate this non-specific 

response. We designed 2’-O-methylation of either uridine or guanosine nucleosides of the sense 

chain, since this strategy was reported to abrogate siRNA-induced immune responses (Judge et 
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al., 2006; Sioud 2007). Our results showed that introduction of 2’-O-methyl in all guanosine 

nucleosides of the sense sequence of the double stranded siRNA duplex prevented Stat1 and 

iNOS induction, and IP-10, IP-9 and IL-6 release, while the silencing effect was not impaired. 

This suggests that nucleoside 2’-O-methylation can be used to abrogate immune responses of 

siRNA in astrocytes. Therefore, the use of precise siRNA sequences and siRNA modifications 

intended to avoid non-specific immune responses is important to carry studies of gene silencing 

in astrocytes.

In conclusion, this study shows that astrocytes are sensitive to develop non-specific innate 

immune responses to siRNA sequences, and that these responses can be prevented by certain 

siRNA modifications. In addition, the results suggest that intracellular TLR3 might contribute to 

mediate non-specific effects of siRNA in astroglia.
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FIGURE LEGENDS

Figure 1. Specific siRNA sequences reduce the level of expression of the targeted proteins. 

Primary glia cell cultures were exposed to oligofectamine alone (-) as a control, or in 

combination with various siRNAs (100 nM). The expected RNA interference effect of 

specific silencing siRNA sequences is obtained in primary glial cultures, as evidenced by 

Western blot for p21 (A, B) and ERK (C, D) proteins after treatment with p21 siRNA (using 

the p21-Q siRNA sequence, see Methods) and ERK siRNA, respectively. However, siRNA 

against interferon-responsive Stat1 increases the expression of this protein (E, F). Control 

non-silencing siRNA sequences (ns) does not reduce protein expression (A-D), but rather 

causes a massive increase in Stat1 (E,F) and a non-significant trend to increase in p21 (A,B). 

(E). Data were obtained in at least 4 independent experiments per siRNA sequence. * p<0.05, 

** p<0.01, *** p<0.001 versus control (-).

Figure 2. siRNA sequences induce the expression of Stat1 in primary cultures of glia. Cells 

were exposed to oligofectamine alone (-) as a control, or in combination with various siRNAs 

(100 nM). A-B) Control non-silencing siRNA (ns) induces significant expression of Stat1 (A), 

but not Stat3 (B), at the stated time points, as assessed by Western blot. C) Five different 

silencing siRNAs (against Stat1, GAPDH (GAP), Jak2, p21-Q, and ERK) and two non-

silencing siRNAs (ns and nsm) were tested for Stat1 expression at day 4. The extent of Stat1 

induction varies depending on each siRNA. n indicates the number of samples obtained in 3-6 

independent experiments per siRNA treatment. *** p<0.001, ** p<0.01, * p<0.05 versus 

control (-).

Figure 3. Stat1 protein-induction increases as a function of the siRNA concentration and it 

is dependent on the siRNA sequence, but independent of the silencing effect. A-B)

Primary glia cultures were incubated with 1 to 100 nM siRNA against p21 (p21-Q) for 4 days. 

siRNA significantly silences p21 expression at the dose of 100 nM (A), and it increases Stat1 
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expression, in a concentration-dependent manner (B). Samples were obtained in 3-6 

independent experiments. * p<0.05, *** p<0.001 vs control (0 nM siRNA in the presence of 

vehicle). C-D) Primary glia cultures were incubated with different siRNAs against p21 (see 

Methods) (100 nM), or with vehicle (-). Sequences p21-Q and p21-D1 were identical but 

obtained from different suppliers. Sequence p21-D2 was different from the former. All 

sequences have a silencing effect against p21 (C), but only the first sequence (p21-Q and p21-

D1 siRNAs) induces Stat1 expression whereas the second sequence (p21-D2) does not (D).

Figure 4. O’-methylation of certain nucleosides of the siRNA sense strand abrogates Stat1, 

chemokine and cytokine induction, without altering the silencing effect. A, B) Expression 

of p21 is specifically attenuated after treatment with either non-modified p21 siRNA, or with 

p21 siRNA methylated at uridine- (p21-U) or guanosine- (p21-G) nucleosides, but it is not 

reduced after treatment with non-silencing control siRNA (ns) or with unrelated siRNA 

sequences, such as siRNA against ERK (n=4). O’-methylation of G nucleosides, but not of U 

nucleosides, abrogates siRNA-induced Stat1 (n=4) (C, D) and iNOS (n=3) expression (D), 

and IP-9 (E), IL-6 (F) and IP-10 (n=6) release (G). siRNA-induced IP-10 release is also 

reduced by G-modification in Stat1-KO mice (n=3) (H). siRNA concentration was 100 nM.

Data correspond to the 4-day time point, but Stat1 and IP-10 were also examined at 24h and 

the same effect was found.  *** p<0.001, ** p<0.01, * p<0.05 versus oligofectamine vehicle 

as control (-); &&& p<0.001, & p<0.05 versus p21 siRNA.

Figure 5. siRNA induces Stat1 expression and cytokine and chemokine release depending 

on the type of glia culture. A) Stat1 expression above basal is induced by siRNA in primary 

cultures of astroglia (primary), and in secondary cultures enriched in astrocytes (astroglia), but 

not in purified microglia cultures. B) Quantification of the signal (n=3-6) shows statistically 

significant increases. C, D) siRNA induces release of IP-10 (n=3) (C) and IL-6 (n=4) (D) in 

primary astroglia cultures and in astrocytes, but not in microglia. E) siRNA also induces a 

small increase in IP-9 release in primary astroglia only (n=2). F) Basal iNOS expression is 
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detected in microglia and, to a lesser extent, in primary astroglia cultures, but not in purified 

astroglia. A small induction of iNOS expression is apparent after siRNA in primary astroglia 

(n=3). Illustrated data correspond to the 4-day time point. siRNA concentration was 100 nM.

*** p<0.001, ** p<0.01, * p<0.05 versus the oligofectamine vehicle (-).

Figure 6. siRNA is internalized into astrocytes and microglia. Purified astroglia (A, B, C) 

and microglia (D, E, F) cells were treated with 100 nM fluorescent siRNA (red) for 24h. Cells 

are immunostained (green) with GFAP (A) or ED1 (D) to evidence astroglia and microglia, 

respectively. Fluorescent siRNA in astroglia (B) and microglia (E) cultures. Merged images 

(C, F) illustrate siRNA cell transfection. The nucleus of the cells is shown in blue after Hoecht 

staining (E, F). Bar scale: 25 µm.

Figure 7. siRNA does not increase Stat1 expression in NIH-3T3 cells. A,B) No induction of 

Stat1 is observed after siRNA (100 nM) treatment in epithelial 3T3 cells (n=4). C, D) 

However, these cells showed silencing responses after the siRNA treatment, as shown by 

reduced p21 protein expression after treatment with anti-p21 siRNA (n=5). * p<0.05 versus 

vehicle (oligofectamine) (-).

Figure 8. TLR7 and TLR3 mRNA expression in the different cell cultures, and effect of 

the TLR3 agonist PIC. A) TLR7 mRNA expression (n=4-5) and B) TLR3 mRNA 

expression (n=2-3) in primary astroglia cultures (primary), purified astroglia cultures 

(astroglia), purified microglia (microglia) and 3T3 cells show higher expression of TLR7 

mRNA in microglia than in cultures containing astroglia and 3T3 cells. The reverse situation 

is found for TLR3 mRNA, and the highest expression is found in primary astroglia cultures. 

Comparatively, low TLR3 and TLR7 mRNA expression is found in 3T3 cells. Results are 

expressed as relative mRNA levels in relation to the value obtained in pure astrocytes (* 

p<0.05, ** p<0.01). C) siRNA (100 nM, or 3.3 µM, which is approximately equivalent to 50 

µg/mL) or PIC (50 µg/mL) treatment increases the level of TLR3 mRNA expression at 24h 
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(n=3-4) in primary astroglia cultures. D) PIC (100 µg/mL) induces high IFN-β release at 24h 

in primary astroglia (n=3) and purified astroglia, but the induction is comparatively very low 

in microglia. E) PIC (100 µg/mL) and certain siRNAs (100 nM) induce the expression of 

Stat1, Cox-2 and VCAM-1 at 24h (n=3). The effects of unmodified siRNA against p21 is 

prevented by O-methylation of Guanosine (G), but not Uridine (U) nucleosides (n=3). F) 

Chloroquine (50 µg/mL) attenuates the effects of PIC (100 µg/mL) and siRNA (100 nM) 

(n=3). * p<0.05; ** p<0.01; *** p<0.001
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