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The immune stimulation induced by short interfering RNAs (siRNAs) has been reported to be quieted or
abrogated by methoxy or fluoro modifications of the 2¢ position of the ribose sugar. However, variables such as
the type of modification, nucleotide preference, and strand bias have not been systematically evaluated. Here,
we report the results of a screen of several modified siRNAs via a human peripheral blood monocyte cytokine
induction assay. Unlike corresponding modifications of guanosine, cytidine, or uridine, 2¢-fluoro modification of
adenosine significantly reduced cytokine induction while retaining siRNA knockdown activity. The results of
this study suggest adenosine as an optimal target for modification.

Introduction

Unmodified RNAs, including short interfering RNAs
(siRNAs), induce an innate immunostimulatory re-

sponse that is primarily mediated by Toll-like receptors [re-
viewed in ( Judge and MacLachlan, 2008)]. The subsequent
immune response and release of inflammatory cytokines
represents a major challenge for the development of safe RNA
therapeutics. Chemical modifications can be used to improve
drug-like characteristics of siRNAs, including increasing sta-
bility while reducing toxicity [reviewed in (Behlke, 2008;
Watts et al., 2008; Bramsen and Kjems, 2011)]. Previously
published reports have investigated the immunostimulatory
potentials of methoxy (2¢OMe), fluoro (2¢F), and deoxy (2¢H)
modified siRNAs ( Judge et al., 2005, 2006; Robbins et al., 2007;
Sioud et al., 2007; Eberle et al., 2008). Judge et al. (2006)
evaluated 2¢OMe modifications of the passenger strand of an
siRNA targeting apolipoprotein B (ApoB) and found that
adenosine (A), guanosine (G), and uridine (U) modifications
effectively reduced the levels of tumor necrosis factor alpha
(TNFa). However, 2¢OMe cytidine (C) was ineffective—a
surprising result that was then confirmed in vivo ( Judge et al.,
2006). Other researchers compared modified uridines in single-
strand RNAs and reported that 2¢OMe, 2¢F, and 2¢H modifica-
tions reduced TNFa levels (Sioud et al., 2007). Interestingly,
only the 2¢OMe modification significantly antagonized the
TNFa induction by a separate unmodified RNA, indicating a
sequence-independent abrogation. A similar study evaluated
the effectiveness of 2¢OMe modified A, G, and C in single-strand
RNAs and reported that all 3 modifications effectively silenced
the interferon alpha (IFNa) induction of the RNAs themselves;
however, only 2¢OMe-A completely antagonized IFNa induc-
tion by a separate unmodified RNA (Robbins et al., 2007).

Additional in vivo studies compared siRNAs containing
combinations of 2¢F and 2¢OMe modifications and showed
that overall methoxy modifications alone or combined
with fluoro pyrimidines were effective in quieting inter-
feron induction, while fluoro-only pyrimidine modifications
were less effective (Shin et al., 2007). Cekaite et al. (2007)
employed an mRNA biomarker approach that evaluates the
effects of 2¢F-U and 2¢OMe-U modifications on the im-
munostimulatory potential of single-strand RNAs and
found that fluoro and methoxy uridine were equally effec-
tive in reducing the induction of immune-related biomark-
ers). Overall, 2¢OMe and 2¢F modifications have been
described in certain contexts, but none of these studies have
systematically compared 2¢OMe and 2¢F modifications on all
4 nucleotides.

Here, we report the in vitro evaluation of the impact on
siRNA-mediated immune stimulation of 2¢OMe and 2¢F
modifications applied in a nucleotide-specific manner to ei-
ther guide, passenger, or both strands of several siRNAs. This
includes the first reported evaluation of the immune stimu-
lation of siRNAs containing 2¢F modified purines. Sig-
nificantly, we discover that adenosine was the only one of the
4 nucleotides that confers immune stealth with both 2¢OMe
and 2¢F ribose modifications. We also confirm previous re-
ports by recapitulating known liabilities of modified cytidine
in conferring immune stealth ( Judge et al., 2006; Shin et al.,
2007; Eberle et al., 2008). These data corroborate that 2¢F in-
corporations within siRNAs are generally more tolerated for
siRNA activity than corresponding 2¢OMe modifications [re-
viewed in (Behlke, 2008; Watts et al., 2008; Bramsen and
Kjems, 2011)]. Overall, 2¢F modification of adenosines are
recommended for reducing immune stimulation while re-
taining optimal siRNA knockdown.
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Materials and Methods

Oligo sequence and synthesis

b-galactosidase siRNAs are slightly modified versions of
those published ( Judge et al., 2005) with the addition of 2
nucleotide uridine overhangs on both strands. The b-gal 728
siRNA is as follows: guide strand 5¢-3¢ (AAAUCGCUGAUU
UGUGUAGUU) and passenger strand 5¢-3¢ (CUACACAAAU
CAGCGAUUUUU). The b-gal control siRNA is a nontarget-
ing control sequence: guide strand 5¢-3¢ (UAGCGACUAAAC
ACAUCAAUU) and passenger strand 5¢-3¢ (UUGAUGUGU
UUAGUCGCUAUU). A previously published siRNA targeting
ApoB (Judge et al., 2006) was also used: phosphorylated guide
strand 5¢-3¢ (pAUUGGUAUUCAGUGUGAUGA CAC) and
passenger strand 5¢-3¢ (GUCAUCACACUGAAU ACCA AU).
Knockdown studies used a nontargeting control siRNA se-
quence, which contains fluoro 2¢F (f ), methoxy 2¢OMe (m), de-
oxy 2¢H (d), and ribo 2¢OH (r) residues at the indicated positions
as well as inverted abasic caps (iB) on the passenger strand:
guide (fC;fC;fU;mG;mA;mA;mG;mA;mG;mA;mG;fU;fU;mA;
mA;mA;rA;rG;rA;mU;mU) and passenger (iB;fU;fC;fU;fU;fU;
fU;dA;dA;fC;fU;fC;fU;fC;fU;fU;fC;dA;dG;dG;dT;dT;iB). siRNAs
were synthesized at Merck & Co. using previously described
methods (Wincott et al., 1995; Morrissey et al., 2005). See Sup-
plementary Table S1 (Supplementary Data are available online at
www.liebertonline.com/nat) for the listing of specific sequence
modifications for all siRNAs used in this study.

siRNA formulation and administration to peripheral
blood monocytes

Isolation of human peripheral blood monocytes (PBMCs),
formulation of siRNA lipid nanoparticles (LNP), and admin-
istration to PBMCs was performed as previously described
(Peacock et al., 2011). L201 lipid mixture is a combination of
6% Peg-DMG (Sunbright), 44% Cholesterol (MP Biomedical),
and 50% ClinDMA (Merck and Co., Inc.) (Abrams et al., 2010;
Kenski et al., 2010). LNP-formulated siRNA at 50uM was
diluted 20-fold into freshly plated PBMCs, incubated for 16–
20 hours, and conditioned media was then frozen at - 80 or
directly processed with cytokine ELISAs.

Cytokine ELISA assays

Human TNFa was quantified by a sandwich enzyme-
linked immunosorbent assay as previously described (Pea-
cock et al., 2011). Briefly, human TNFa antibody (Thermo
Scientific) diluted 1:250 in phosphate buffered saline (PBS)
was coated in 96-well plates and incubated overnight. The
plate was then blocked with 4% BSA-PBS (blocking buffer)
before the PBMC supernatant was transferred to the coated
plate. After a 1–2 hour incubation, the plate was washed 3 ·
with PBST; the detection antibody (diluted 1:250) was added
and incubated for 2 hours. Strepavidin-HRP conjugate was
added and incubated for 30 minutes before reading the plate
using Luminol-based horseradish peroxidase detection re-
agent and SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce). The plate was read on an EnVision plate reader
(Perkin Elmer).

Measurement of b-galactosidase activity

A mouse hepatocyte-derived cell line (Hepa1-6) was co-
transfected with siRNAs and a b-galactosidase plasmid (pCMV

SPORT b-gal, Invitrogen) using Lipofectamine 2000 (Invitro-
gen). The cells were seeded at 20,000 per well in 96-well Poly-
Sorp opaque white plates (Nunc), incubated for 24 hours at
37C, and then transfected with 10 nM siRNA and 0.6 ng/mL of
pCMV SPORT b-gal plasmid. The transfected cells were incu-
bated overnight at 37C; then, b-gal enzyme activity was mea-
sured using the Gal-Screen luminescence detection system
(Applied Biosystems) and SpectraMax plate reader (Molecular
Devices). Luminescence values were normalized to a non-
targeting control siRNA to calculate percent activity.

Results

We quantified siRNA-mediated immune stimulation using
a recently described in vitro method that measures the induc-
tion of TNFa, resulting from the administration of LNP-
formulated siRNAs to human PBMC (Peacock et al., 2011). The
siRNAs were formulated in LNP that approximate those used
for in vivo studies and the development of therapeutic siRNAs
(Abrams et al., 2010). Two published siRNAs with known
immunostimulatory potentials ( Judge et al., 2005) were se-
lected for the systematic evaluation of methoxy (2¢OMe) and
fluoro (2¢F) ribose modifications of the 4 nucleotides of the
passenger and guide strands. One of these siRNAs targets b-
galactosidase (b-gal 728), while the other is a related but non-
targeting control (b-gal control). Additionally, we conducted a
limited 2¢OMe analysis of an ApoB siRNA, which also has a
previously described immune response ( Judge et al., 2006).

Cytidine modifications do not abrogate
immune stimulation

Methoxy modification (2¢OMe) of cytidines within the 2 b-
gal siRNAs was largely ineffective in reducing siRNA-
mediated immune stimulation (Fig. 1A, B), and similar results
were seen with the ApoB siRNA (Supplementary Fig. S1A).
This recapitulates published reports finding that 2¢OMe mod-
ification of cytidine was not effective in reducing immune
stimulation ( Judge et al., 2006; Shin et al., 2007; Eberle et al.,
2008). We extend these observations to fluoro modifications
(2¢F), which also did not quiet siRNA-mediated TNFa induc-
tion (Fig. 1A, B). Lastly, since our study employs an LNP de-
livery vehicle that is distinct from the vehicles used in previous
studies, the concordance of immune stimulation results high-
lights the fact that differing lipid delivery platforms do not
impact siRNA-mediated immune stimulation in vitro.

Methoxy modified uridines can reduce
immune stimulation

Uridine modification with 2¢OMe is markedly more effec-
tive in reducing siRNA-mediated immune stimulation of both
b-gal (Fig. 1C, D) siRNAs. Compared with the 7- to 77-fold
reduction observed with 2¢OMe uridine, 2¢F modifications
resulted in a less pronounced 4- to 6-fold reduction of TNFa
levels (Supplementary Fig. S2, Tables S2– S3). Significant re-
ductions in TNFa levels were also observed for the ApoB
siRNA modified with 2¢OMe uridine (Supplementary Fig.
S1B). Interestingly, when the guide strand of the b-gal control
siRNA was modified at only 3 positions, 2¢F and 2¢OMe
conferred immune stealth was significantly compromised
(Fig. 1C and Supplementary Fig. S2). This suggests that a
threshold number of uridines should be modified to signifi-
cantly abrogate immune stimulation. However, a more
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comprehensive titration of 2¢OMe and 2¢F modifications will
be required for more definitive proof.

Small numbers of methoxy modified guanosines
can reduce immune stimulation

Methoxy guanosine modifications are effective in reducing
TNFa induction in b-gal (Fig. 2A, B) and ApoB siRNAs
(Supplementary Fig. S1C). Unlike uridine modifications,
small numbers of guanosine 2¢OMe modifications largely
abrogated siRNA-mediated immune stimulation. As few as 2
methoxy modified guanosines in either the passenger strand
or the guide strand conferred a 15- to 17-fold reduction in
TNFa levels (Supplementary Tables S2, S3, and S4). Similar to
uridine, 2¢F modifications were not effective in significantly
reducing TNFa levels on a consistent basis.

Adenosine modification with either 2 ¢OMe or 2 ¢F
confers immune stealth

Strikingly, either methoxy or fluoro modifications of
adenosine significantly reduced immune stimulation by the b-

gal siRNAs in PBMCs (Fig. 2C, D). Overall, 2¢OMe modified
adenosines reduced TNFa levels *50-fold, while 2¢F modifi-
cations reduced levels 4- to 13-fold (Supplementary Fig. S2,
Tables S2–S3). While the 2¢F-mediated reduction of TNFa
levels was less pronounced than corresponding 2¢OMe
modifications, 2¢F adenosine modifications were still far more
effective than 2¢F modified guanosine, uridine, or cytidine. As
few as 3 modified adenosines in the passenger strand of b-gal
control siRNA can reduce TNFa levels 39-fold (for 2¢F modi-
fications) or 110-fold (for 2¢OMe) (Supplementary Fig. S2,
Tables S2–S3). Methoxy modified adenosines were also ef-
fective in reducing TNFa induction for the ApoB siRNA
(Supplementary Fig. S1D).

2 ¢F modifications are more tolerated
for siRNA knockdown

The knockdown activity of methoxy and fluoro modified
versions of the 728 siRNA were compared by measuring b-
galactosidase enzymatic activity in vitro (Fig. 3). Knockdown
was also measured for the nontargeting b-gal control siRNA,

FIG. 1. Comparison of the effect of pyrimidine modifications on TNFa levels induced in human PBMC cultures after over-
night incubation with lipid nanoparticle- formulated siRNAs. 2¢OMe and 2¢F ribose modifications in both guide and passenger
(GS & PS), guide strand only (GS), or passenger strand only (PS) are compared with an unmodified siRNA (unmod). Dis-
tribution of modifications with the siRNA strands are represented in the schematic duplexes as black dots with unmodified
positions depicted as gray. Modified cytidines present in control siRNA (A) or 728 siRNA (B) are compared with modified
uridines in control siRNA (C) or 728 siRNA (D). TNFa levels are shown for unmodified siRNA (gray bars), 2¢OMe modified
(black bars), and 2¢F modified (white bars). TNFa levels for each siRNA are listed in Supplementary Tables S2 and S3. PBMC,
peripheral blood monocyte; siRNA, short interfering RNA; TNFa, tumor necrosis factor alpha; 2¢OMe, methoxy; 2¢F, fluoro.
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and no significant inhibition of b-gal activity was observed
(Supplementary Table S2). The unmodified b-gal 728 siRNA
reduced enzyme activity levels to 18%. This baseline of b-gal
knockdown was then compared with the series of 24 2¢F or
2¢OMe modified siRNAs. Relative to the unmodified siRNA,
2¢OMe modifications of the guide strand—in particular
adenosine and guanosine—had adverse affects on knock-
down. In contrast, 2¢F modifications were broadly tolerated
and did not negatively impact the potential of knockdown for
this siRNA.

Discussion

Using 63 different siRNAs, we conducted a systematic
comparison of the impact of 2¢OMe and 2¢F modifications of
guide and passenger strands on siRNA-mediated immune
stimulation in human PBMC. We recapitulate earlier reports
that cytidine modifications were ineffective in reducing RNA-
mediated immune stimulation (Fig. 1A, B, Supplementary
Figs. S1–S2). In contrast, when present in both strands, uridine
and guanosine 2¢OMe modifications were effective in abro-
gating immune stimulation—reducing TNFa levels by 42- to
77-fold for b-gal siRNAs (Supplementary Fig. S2) and by 70-
to 72-fold for ApoB (Supplementary Fig. S1E). However,

2¢OMe guanosine modifications were distinct from uridine in
that the modification of only 2 guanosine residues was suffi-
cient to reduce immune stimulation by 15- to 17-fold for b-gal
siRNAs (Supplementary Fig. S2) and by 17-fold for ApoB
(Supplementary Fig. S1E). In marked contrast, three 2¢OMe
uridine incorporations only reduced TNFa levels by 2-fold for
b-gal siRNAs. Fluoro modification of guanosine or uridine in
both strands reduced TNFa levels by 2- to 6-fold but did not
completely silence the stimulatory response (Supplementary
Fig. S2). 2¢F uridine modifications have been reported as ab-
rogating cytokine induction, but this was in the context of a
single-stranded RNA of a different sequence, which may ex-
plain the differing results (Sioud et al., 2007).

Unlike the 3 other nucleotides, both 2¢OMe and 2¢F modi-
fication of adenosine resulted in a striking reduction of TNFa
levels (Fig. 2C, D and Supplementary Tables S2–S3). This
pronounced effect was present even with the modification of
individual strands. For the 2 b-gal siRNAs, 2¢OMe adenosines
reduced TNFa induction by 47- to 133-fold whether present in
both strands or limited to individual strands. The incorpora-
tion of 2¢OMe adenosines in the ApoB siRNA reduced TNFa
levels by 70- to 74-fold (Supplementary Fig. S1D and Table
S4). Uridine or guanosine 2¢OMe modifications significantly
reduced TNFa levels, but their immunosuppression was less

FIG. 2. Evaluation of the impact of purine modifications on siRNA-mediated immune stimulation in human PBMC cul-
tures. Design of the experiment and schematic depiction of siRNAs is discussed in the Fig. 1 legend. Modified guanosines
present in control siRNA (A) or 728 siRNA (B) are compared with modified adenosines present in control siRNA (C) or 728
siRNA (D). TNFa levels for each siRNA are listed in Supplementary Tables S2 and S3.
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consistent across individual strands than the effect observed
for 2¢OMe adenosine (Supplementary Figs. S1E and S2). 2¢F
adenosine was not as effective in reducing TNFa levels as was
2¢OMe. This was most evident for b-gal 728; however, even
then, the 2¢F adenosine suppression of the RNA-mediated
immune response was 4- to 13-fold. Furthermore, the limited
2¢F or 2¢OMe modification of just 3 adenosines effectively
reduced immune stimulation (Fig. 2C).

Particular sequence motifs within siRNAs have been re-
ported as being a specific source of immune stimulation—
most pronounced, being the ‘‘UGUGU’’ motif present in the b-
gal siRNAs used in our study ( Judge et al., 2005). A putative
‘‘GUGUG’’ motif has been highlighted in the ApoB siRNA as
well ( Judge et al., 2006). A more extensive ‘‘GUCCUUCA’’
immunostimulatory motif potently induced IFNa levels in
mouse plasmacytoid dendritic cells (Hornung et al., 2005);
however, this longer motif is not present within the siRNAs
used in our study. Despite the current literature supporting
these stimulatory motifs, the UGUGU motif is frequently
unmodified within the b-gal siRNAs and yet TNFa are sig-
nificantly reduced (Figs. 1–2). Most dramatically, the 2¢OMe
modification of only 2 guanosines on the passenger strand
greatly reduces immune stimulation, while the UGUGU motif
on the guide strand remains unmodified (Fig. 2B). Similar
results are seen with 3 adenosine modifications of b-gal con-
trol siRNA (Fig. 2C) and two 2¢OMe guanosines within ApoB
siRNA (Supplementary Fig. S1C). These findings are also
consistent with our previously published analysis of the im-
pact on the modifications of a micro RNA miR-122, which
contains putative ‘‘UGU’’ motifs (Peacock et al., 2011).

Fluoro modifications (in particular, purines) are more
broadly tolerated in the siRNA guide strand and have a less

deleterious effect on siRNA knockdown activity than com-
parable 2¢OMe modifications (Fig. 3). Modified siRNAs con-
taining 2¢-fluoro have previously been reported and maintain
excellent in vitro knockdown activity and potency (Chiu and
Rana, 2003; Allerson et al., 2005; Prakash et al., 2005; Muho-
nen et al., 2007). Overall, this suggests that 2¢F modifications
(especially adenosines) are ideally suited for the abrogation of
immune stimulation while retaining the activity of siRNA
knockdown. Thus, the immune stealth conferred by 2¢F
adenosines coupled with their broad tolerance in maintaining
RNAi knockdown activity highlights the potential value of
incorporating 2¢F adenosine modifications into future siRNA
designs, including possible RNA therapeutics.
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