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Abstract

The ability of the host to distinguish between self and foreign nucleic acids is one of the critical
factors contributing to the recognition of pathogens by Toll-like receptors (TLRs). Under certain
circumstances, eukaryotic self-RNA may reach TLR-containing compartments allowing for self-
recognition. Specific modifications were previously demonstrated to suppress immune activation
when placed at several positions in an immune stimulatory RNA or silencing RNA (siRNA). However,
we show that even a simple natural modification such as a single 2’-O-methylation at different
nucleotide positions throughout a sequence derived from a self-RNA strongly interferes with TLR-
mediated effects. Such a single modification can even have an inhibitory effect in vitro and in vivo
when placed in a different than the immune stimulatory RNA strand acting as suppressive RNA.
Several safeguard mechanisms appear to have evolved to avoid cellular TLR-mediated activation by
self-RNAs that may under other circumstances result in inflammatory or autoimmune responses. This
knowledge can be used to include as few as a single 2'-O-methyl modification at a specific position in
a siRNA sense or anti-sense strand to avoid TLR immune effects.

Introduction

The recognition of molecules expressed by specific patho-
gens is mediated by several families of pattern recognition
receptors (PRRs). Toll-like receptors (TLRs) are one of the
best characterized class of PRRs and belong to the IL-1-
receptor (IL-1R) superfamily that recognizes pathogen-
associated molecular patterns (1). Ligation of TLRs triggers
innate immune responses to bacterial, viral or fungal threats.
Natural pathogen-derived ligands have been identified for most
of the 11 reported mammalian TLRs. Pathogen nucleic acids
such as single-stranded, non-methylated, CpG-containing
DNA of bacterial or viral origin have been found to activate
TLR9 (2). Other TLRs sensing nucleic acids include TLR7
and TLR8 recognizing single-stranded viral RNA (3, 4),
whereas double-stranded viral RNA was demonstrated to
target TLR3 (5). In addition to the TLRs, cytoplasmic recep-
tors such as retinoic acid-inducible gene-l (RIG-I) or the cel-
lular RNA helicase melanoma differentiation-associated

gene-5 (mda-5) participate in the recognition of pathogen
double-stranded RNA (6-8). All these receptors have a cell
type- and compartmental-specific distributions (9-11). Hu-
man TLR7 and TLR9 are expressed in the same sub-
populations of immune cells, B cells and plasmacytoid den-
dritic cells (pDCs), whereas strongest expression of human
TLR8 is found within monocytes. The cell type-specific ex-
pression usually results in specific cytokine profiles upon
TLR7 (strong IFN-o production from pDC) or TLR8 [strong
tumor necrosis factor (TNF)-a production from monocytes]
activation. The combined responses of endolysosomal
(TLRS3, 7, 8 and 9) and cytoplasmic (RIG-1, mda-5) PRRs re-
sult in an efficient cell type and pathogen molecule-dependent
defense mechanism of the host.

Eukaryotic RNAs are heavily modified, and ~100 different
post-transcriptionally modified nucleotides have been
reported (12, 13). These encompass complex nucleotide
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modifications such as N®-methyladenosine or N7-methyl-
guanosine as well as chemically more simple modifications
such as 2’-O-methyl modifications. The most ancient 2'-O-methyl
or pseudouridine modifications are widespread and can be
found in many types of RNAs, in all kingdoms and probably
in all species (13). Modifications are usually found in clusters
in RNA that are functionally important (12-14), suggesting
that the modifications are essential for the function of the
RNA type. RNA modifications appear to be involved mainly
in not only stabilizing RNA structures but also in processing
of RNA as well as providing alternative hydrogen bonding
capabilities (12-14). Although modifications can be found
throughout different RNA types and species, differences in
the number of modified nucleotides can be observed, either
dependent on the presence of proteins that help to maintain
specific structures as is the case for small nuclear RNA
(snRNA) containing relatively few modifications or depen-
dent on the organism with prokaryotic tRNAs bearing less
modifications than eukaryotic tRNAs (15-17).

Several nucleotide modifications found in natural RNAs
appear to interfere with their reported TLR-dependent im-
mune modulatory effects (15). Long natural-modified RNAs
are significantly less stimulatory than their unmodified coun-
terparts. In addition, double-stranded silencing RNAs
(siRNAs) that trigger immune responses via signaling through
TLR7 and TLR8 lose their activity if they contain several
2’ modifications (18-20). Specific modifications can also affect
TLR3 signaling responding to viral double-stranded RNA
molecules (21). However, nucleotide modifications are usu-
ally found in clusters, leaving a significant number of RNA
nucleotides in natural RNAs such as rRNAs unmodified (12).
If specific modifications would as predicted help eukaryotic cells
to differentiate between self and foreign RNA (15, 22), how may
this be achieved for the non-modified self-RNA regions?

In this study, the impact of natural occurring modifications in
eukaryotic U1 snRNA on its TLR-dependent immune effects
was investigated. By introducing a single 2'-O-methyl modifi-
cation in a given sequence contained in the U1 snRNA, we
surprisingly found that immune modulation is decreased in-
dependent of the position of the modified nucleotide. Using
a simplified oligoribonucleotide (ORN) sequence with a de-
fined stimulatory GU-rich region, we further demonstrate that
the 2'-O-methyl modification imposes its negative effect also
when placed upstream or downstream of the immune modu-
latory region itself. Moreover, a simple 2’-O-methyl modifica-
tion can transform a stimulatory into a suppressive RNA
sequence, suggesting that modified RNA can act itself as an
inhibitor of TLR7 and TLR8 immune responses. In summary,
our data extend the understanding of how a eukaryotic organ-
ism discriminates between self and pathogen RNA to avoid
inflamsmatory responses induced by endogenous self-RNA.

Methods

Reagents

ORN were obtained from BioSpring (Frankfurt, Germany)
and were controlled for identity and purity by Coley Pharma-
ceutical GmbH and had undetectable endotoxin levels
(<0.1 EU ml™") measured by the Limulus assay (BioWhit-
taker, Verviers, Belgium). ORN were suspended in sterile

endotoxin-free DNAse- and RNAse-free water (Life Technolo-
gies, Eggenstein, Germany) and were stored and handled
under aseptic conditions to prevent contamination. Sequen-
ces are listed in Table 1. Chloroquine was obtained from
Sigma (Deisenhofen, Germany) and 1,3-dioleoyloxy-3-
(trimethylammonium)propane (DOTAP) from Roche (Mannheim,

Germany).

PBMC isolation and purification of cell subsets

PBMC preparations from healthy male and female human
donors were obtained from the Institute for Hemostaseology
and Transfusion Medicine of the University of Dusseldorf

Table 1. ORN sequences used for the study

ORN Sequence 5'-3’

HIV R-1075 CCGUCUGUUGUGUGACUC
HIV 2'OMe R-1238 CCGUCUGUUGUGUGACUC
HIV PO R-1688 ccgucuguugugugacuc

snRNA Loop II R-1171
Loop Il 2’OMe A R-1336

GGCUUAUCCAUUGCACUCCGGA

GGCUUAUCCAUUGCACUCCGG

snRNA 5’ R-1300 GAUACUUACCUG
snRNA 5’ 2'OMe &’ GAUACUUACCUG

AU R-1301
snRNA 5 2'OMe 5’ U R-1334 GAUACUUACCUG
snRNA 5 2'OMe 5" A R-1335 GAUACUUACCUG
snRNA 5’ 2'OMe centre GAUACUUACCUG

U R-1634
snRNA 5 2'OMe 3’ A R-1635 GAUACUUACCUG
snRNA 5’ 2'OMe 3’ U R-1636  GAUACUUACCUG
snRNA PO 2'OMe 5’ gauacuuaccug

U R-1683
R-1505 (parent) CCGAGCCGAUUGUACC
2'OMe first C R-1628 CCGAGCCGAUUGUACC
2'OMe first G R-1768 CCGAGCCGAUUGUACC
2'0OMe second G R-1629 CCGAGCCGAUUGUACC
2'0OMe second C R-1766 CCGAGCCGAUUGUACC
2'OMe third G R-1765 CCGAGCCGAUUGUACC
2'OMe first A R-1630 CCGAGCCGAUUGUACC
2'OMe first U R-1863 CCGAGCCGAUUGUACC
2'OMe second U R-1685 CCGAGCCGAUUGUACC
2'OMe fourth G R-1686 CCGAGCCGAUUGUACC
2'OMe third U R-1687 CCGAGCCGAUUGUACC
2'OMe second A R-1631 CCGAGCCGAUUGUACC
2'OMe third C R-1769 CCGAGCCGAUUGUACC
2'OMe fourth C R-1632 CCGAGCCGAUUGUACC
R-1505 2’OMe UUGU R-1993 CCGAGCCGAUUGUACC
R-1505 PO R-1874 ccgagccgauuguace
PO 2’OMe first U R-1864 ccgagccgauuguacc
PO 2’OMe second U R-1865 ccgagccgauuguace
PO 2'OMe fourth G R-1866 ccgagccgauuguacc
PO 2’OMe third U R-1867 ccgagccgauuguace
R-1507 (control) CCGAGCCGAAGGCACC
R-1862 (R-1507 2'OMe 1st A) CCGAGCCGAAGGCACC
R-1507 2'OMe first G R-1991  CCGAGCCGAAGGCACC
R-1507 2’OMe first C R-1992  CCGAGCCGAAGGCACC
R-1507 PO R-1873 ccgagccgaaggceacce
Sendai R-1159 UGUUUUUUCUCUUGUUUGGU
Sendai 2'OMe U R-2538 UGUUUUUUCUCUUGUUUGGU
Sendai 2'OMe G R-2539 UGuUUUUUuUCUCUUGuUUUGGU
Influenza R-1160 AUAAUUGACCUGCUUUCGCU
Influenza 2'OMe A R-2540 AUAAUUGACCUGCUUUCGCU
Influenza 2’OMe U R-2541 AUAAUUGACCUGCUUUCGCU
R-0006 UGUUGUUGUUGUUGUUGUU

ORN in upper case are completely phosphorothioate (PS), ORN in
lower case have phosphodiester (PO) linkages. Underlined nucleotides
are 2'-O-methylated.



(Germany). PBMCs were purified by centrifugation over
Ficoll-Hypague (Sigma). Purified PBMCs were washed twice
with 1X PBS and re-suspended in RPMI 1640 culture me-
dium supplemented with 5% (v/v) heat inactivated human
AB serum (BioWhittaker) or 10% (v/v) heat inactivated FCS,
1.5 mM L-glutamine, 100 U mlI~" penicillin and 100 mg mi~"
streptomycin (all from Sigma).

Measurement of cytokine and chemokine production

Freshly isolated PBMCs were re-suspended at a concentra-
tion of 3 X1 0° mlI~" to 5 x 10° mI~" and added to 96-well
round-bottomed plates (200 pl per well), which had previ-
ously received nothing or ORN complexed to DOTAP or
DOTAP alone. Cells were cultured in a humidified incubator
at 37°C for the indicated time points. Culture supernatants
(SNs) were collected and, if not used immediately, were fro-
zen at —20°C until required. Amounts of cytokines in the
SNs were assessed using commercially available ELISA kits
(IFN-y or TNF-a, Diaclone; or IL-12p40, BD Pharmingen), an
in-house ELISA (IFN-a) developed using commercially avail-
able antibodies (from BD Pharmingen or PBL, New Bruns-
wick, NJ, USA, respectively), or the Luminex technology
using a cytokine 25-Plex (BioSource, Camarillo, CA, USA).

Reporter assays

Human embryonic kidney cells (HEK293) containing a NFxB-
luciferase reporter construct and expressing human TLR7 or
TLR8 or without TLR expression were used as described be-
fore (23). Cells were plated on 96-well plates at 1.5 X 10% per
well and allowed to attach overnight. Cells were subsequently
incubated for 16 h with the indicated amount of ORN com-
plexed to DOTAP (Roche) and then tested for luciferase ex-
pression. Each data point was done in duplicate.

In vitro murine assays

Naive sv129 mouse splenocytes were used for all in vitro
assays. Animals were anesthetized with isofluorane and eu-
thanized by cervical dislocation. Spleens were removed un-
der aseptic conditions and placed in PBS + 0.2% BSA
(Sigma, St Louis, MO, USA). Spleens were then homoge-
nized and splenocytes were re-suspended in RPMI 1640
(Life Technologies) medium supplemented with 2% normal
mouse serum (Cedarlane Laboratories, Ontario, Canada),
2 mM L-glutamine, penicillin-streptomycin solution (final con-
centration of 1000 U mI~" and 1 mg ml~", respectively) and
5 X 107° M B-mercaptoethanol (all from Sigma). Spleno-
cytes pooled from the spleens of five mice were plated in
96-well round-bottomed plates (5 X 10° cells per well). Each
splenocyte sample was plated in quadruplicate and the cells
were incubated in a humidified 5% CO, incubator at 37°C for
20 h. SNs were harvested and a commercially available as-
say kit for IL-6 or IL-12p40 (mouse OptEIA kit; PharMingen,
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Mississauga, Ontario, Canada) was used according to the
manufacturer’s instructions to assay cytokine levels.

In vivo murine assays

Female Balb/c or sv129 mice (6-8 weeks of age) were used
for the in vivo experiments; sv129 mice were purchased
from Charles River Canada (Quebec, Canada), and mice
were housed in micro isolators at the animal care facility of
Pfizer Vaccine Ottawa (Kanata, Canada). All studies were
conducted under approval of the institutional animal care
committees and in accordance with the guidelines set forth
by the Canadian Council on Animal Care. For post-injection
experiments, phosphorothioate-modified suppressive
S-Class ODN 2088 [5'-TCCTGGCGGGGAAGT-3’ (24)] was
administered intra-peritoneally to Balb/c mice (n=5 per
group). After 1 h, animals were injected subcutaneously with
ORN HIV formulated with DOTAP. Plasma was collected at
3 h post subcutaneous injections for ELISA assays. Suppres-
sive ORN R-1862 or control ORN R-1507 were formulated
with DOTAP and, for post-injection experiments, were admin-
istered intravenously to sv129 mice (n = 5 per group). After
1 h, animals were injected intravenously with ORN HIV
formulated with DOTAP. Plasma was collected at 3 h post in-
travenous injections with ORN HIV for ELISA assays. For co-
injection experiments, suppressive ORN R-1862 or control
ORN R-1507 were formulated with DOTAP in the presence
of ORN HIV. ORN were administered intravenously to
sv129 mice (n =5 per group) and plasma was collected at
3 h post intravenous injections for ELISA assays.

Results

Single 2" methylation in self-RBNA suppresses TLR-dependent
effects

Self-RNAs such as U1 snRNA in immune complexes or upon
enforced uptake activate human immune cells via TLR7 and
TLR8 (25, 26). The cytokine response by the U1 snRNA is
essentially dependent on the RNA itself as incubation with
RNAse decreases IFN-a induction to the background levels
(25). Three out of only five modified nucleotides in the U1
snRNA are 2’-O-methylated, two at the very 5’ end and one
in stem loop Il (Table 2) (27). To investigate a potential im-
pact of these 2’ modifications on immune stimulation, we
used short ORN with sequences of different lengths derived
from the 5’ end or stem loop Il of the U1 snRNA covering
modified U1 snRNA regions and that were previously exam-
ined for their immune stimulatory effects (25). These sequen-
ces were either unmodified or modified at the ‘natural
modified sites (see Tables 1 and 2). Compared with the un-
modified ORN, all 2’-O-methylated ORN stimulated signifi-
cantly lower IFN-a levels, and there was no considerable
difference between ORN R-1301 (the 5 U1 snRNA

Table 2. U1 snRNA sequence and positions of nucleotide modifications

5'-ms*?’GpppA™UTACYWYACCUGGCAGGGGAGAUACCAUGAUCACGAAGGUGGUUUUCCCAGGGCGAGGCUUAUCCAUUGCA™CUCCGGA
UGUGCUGACCCCUGCGAUUUCCCCAAAUGUGGGAAACUCGACUGCAUAAUUUGUGGUAGUGGGGGACUGCGUUCGCGCUUUCCCCUG-3’

Underlined are sequences used for oligonucleotide synthesis. Highlighted are U1 snRNA modifications: A™, U™ 2’OMe modification; P:

Pseudouridine.
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sequence with both A and U 2’-O-methylated) and ORN
R-1334 (2'-O-methylated at the U) or R-1335 (2’-O-methylated
at the A) each with only one modification (Fig. 1A). In con-
trast, the IL-12 and TNF-a responses showed more pro-
nounced differences between the modified and unmodified
ORN (Fig. 1B and C). These data cannot be explained by
an impact of the 2’-O-methyl modification on the potential
formation of higher ordered RNA structures known to be sta-
bilized by 2’-O-methyl modifications, since none of the ORN
formed secondary structures (data not shown).

From these data, although demonstrating that a single
2'-O-methyl modification is sufficient to reduce the cytokine
induction, it was unclear if a modification at any position in
the ORN would have a suppressive effect. Therefore, addi-
tional ORNs with 2'-O-methylation at various other positions
of the 5 U1 snRNA sequence were tested for their IFN-a-
inducing activity (Fig. 1D and Table 1). Although most modi-
fications again interfered with cytokine induction, an ORN
with a 3’ U modification (R-1636) showed only a minimal re-
duction of IFN-a stimulation. The 5° snRNA ORN R-1300
contains Us at various positions throughout its sequence.
The U and G content of an ORN determines its immune
stimulatory activity (4, 25, 28), but from these data it appears
as if either 2’-O-methylation affects immune stimulation in
a position-dependent way or not all Us are equally important
for mediating a cytokine response.

Inhibition of RNA-dependent TLR stimulation

A single 2'-O-methyl modification inside or outside of an
immune modulatory GU-rich RNA sequence suppresses
RNA-mediated immune effects

To better understand a potential position dependency of the
2’ modification on immune activation, we used a non-stimu-
latory control ORN sequence (R-1507) and introduced
a GU-rich 4mer sequence 5’-UUGU-3’ (in R-1505) that is
sufficient to stimulate cytokine production from human PBMC
(Table 1 and Fig. 2) (29). Whereas ORN R-1507 was inactive
in all assays, ORN R-1505 showed immune stimulatory
effects. Single 2’-O-methyl modifications at each position of
the GU-rich 4mer sequence in the parent ORN R-1505
resulted in substantial loss of IFN-a stimulation (Fig. 2A),
highlighting the importance of all positions of this 4mer se-
quence for IFN-a induction. In contrast, the effect on TNF-a
production was less pronounced, but a clear difference in
the importance of the nucleotide positions was observed
(Fig. 2B). Whereas ORN with a 2" modification at the first U
and fourth G (positions 1 and 3 of the 4mer) of the parent
ORN R-1505 still stimulated substantial although somewhat
reduced TNF-a secretion, ORN modified at the second and
third U (positions 2 and 4 of the 4mer) induced significantly
lower cytokine levels. Similar results for IFN-a and TNF-o
were obtained with PO ORN (Fig. 2C and D), with the PO
form of R-1505 stimulating only somewhat higher cytokine
levels compared with the PS form. These data suggest that
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Fig. 1. Single 2’-O-methyl modifications in U1 snRNA sequences affect cytokine induction. (A-C) Human PBMCs were stimulated for 24 h with
the indicated ORN complexed to DOTAP (DO) or DOTAP alone and cytokines measured. Significance of differences (in A) at 2 uM to the parent
compounds snRNA 5’ and snRNA Loop Il were determined by Student’s ttest (*P < 0.01, **P < 0.001). (D) PBMCs were cultured with the
indicated ORN as in (A-C) and IFN-a. measured. Med, medium control. Mean = SEM of one representative out of at least two independent

experiments (n = 3 donors).
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at least with these defined RNA sequences, putative TLR8-
mediated immune effects (e.g. TNF-a production) may be
more forgiving to RNA 2’ modifications than TLR7-mediated
effects (e.g. IFN-a production).

In addition to the modifications in the 4mer GU sequence,
we tested ORN with single 2’ modifications outside of this
sequence (Fig. 3A and B). Surprisingly, all but the ORN with
C modifications induced background IFN-o stimulation.
ORN with a 2'-O-methyl-C (R-1628 and R-1632) at different
positions had similar not statistically significant IFN-a activity
as the parent ORN. The same result was in principal ob-
served for TNF-a induction (Fig. 3B), although the G modifi-
cation still mediated substantial TNF-o secretion, whereas
the two ORN with an A modification adjacent to the GU-rich
4mer sequence had strongly decreased effects.

To further investigate the obvious lack of a negative effect of
2'-O-methyl-C modifications on immune stimulation, we gener-
ated additional C-modified ORN derived from R-1505 (Table 1
and data not shown). As above, most C-modified ORN had
activities not significantly different to the parent ORN, whereas
modifications at any other position completely (IFN-a) or
strongly (TNF-a) inhibited cytokine secretion (Fig. 3C and D).

Removal of the 2’-OH at the As adjacent to the 4mer GU-
rich sequence by introducing deoxynucleotides in contrast
to the introduction of 2'-O-methyl residues did not alter the
immune modulatory effects, indicating that the 2’ residue
itself is involved in the suppression (data not shown).

2' methylation suppresses RNA-dependent immune
responses even when not in the same immune stimulatory
RNA sequence

Our data demonstrate that 2’ methylation interferes with
RNA-mediated immune stimulation when placed in an im-
mune stimulatory ORN. The possibility exists that 2’ modi-
fied RNA suppresses RNA immune activation even when
co-incubated with a stimulatory unmodified ORN. Therefore,
human PBMCs were stimulated with ORN R-1300 derived
from the U1 snRNA and the same sequence with
a 2'-O-methyl modification at the 5’ U (R-1334) was added.
The modified ORN indeed suppressed IFN-o secretion stim-
ulated by ORN R-1300 in a dose-dependent manner (Fig.
4A and data not shown) and the suppression was similar as
observed with chloroquine. Similar results were obtained with
the same modified sequence with a PO backbone, although
the PS ORN was significantly more efficient most probably
due to its enhanced nuclease stability (Fig. 4B).

We further wanted to explore if a 2’-O-methylated ORN is
also capable to suppress immune stimulatory effects in-
duced by ORN derived from virus RNA. Indeed, when using
a stimulatory PO or PS sequence derived from the 5’ un-
translated region of the HIV genome (ORN HIV, R-1075)
[Table 1 and (4)], the addition of the 2'-O-methylated U1
snRNA ORN (modified at the 5 U, R-1334, compare Fig.
4A and B) completely suppressed IFN-a secretion (Fig. 4C).
Moreover, the same phosphorothioate HIV sequence
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Fig. 3. Effect of 2’ modifications outside of GU-rich regions on cytokine production. (A and B) Human PBMCs were stimulated for 24 h with the
indicated ORN complexed to DOTAP (DO) or DOTAP alone and cytokines measured. Significance of differences at 2 uM to the parent compound
R-1505 were determined for data points as indicated by Student’s t-test (*P < 0.01, **P < 0.001). (C and D) PBMCs were cultured with the
indicated ORN as in (A and B) and cytokines measured. Med, medium control. Mean * SEM of at least one experiment (n = 3 donors).

containing 2’-O-methylated bases lost its immune stimula-
tory effects (Table 1 and Fig. 4D). The same result was ob-
served for two other ORN derived from the 3’ untranslated
regions of the Sendai and influenza virus [Table 1 and (30)]
with a single modification at U, A or G (Fig. 4E). Although
pathogen RNA is hypomethylated, we wanted to investigate
if similar to the U1 snRNA 2’'-O-methylation of the HIV se-
quence would result in a suppressive ORN. Therefore, the
HIV ORN was cultured with increasing concentrations of the
same sequence with 2’-O-methylated bases (Table 1, R-
1238). As observed for the methylated U1 snRNA sequence,
the 2'-O-methylated HIV ORN did decrease the IFN-a pro-
duction induced by the HIV ORN to the background levels
(Fig. 4F).

Characterization of the 2’ -O-methyl-mediated suppression

We generated an ORN with the sequence of the non-stimula-
tory ORN R-1507 (see Fig. 2), but with a single 2'-O-methyl
modification at a central A (R-1862, see Table 1). The non-
modified control ORN R-1507 did have a suppressive effect,
although only at the highest concentrations tested (Fig. 5A).
In contrast, a snRNA-derived modified ORN (R-1334) was
a significantly stronger inhibitor and the same sequence as
ORN R-1507 but with the 2’-O-methyl modification (R-1862)
was strongest to significantly suppress IFN-a induction even
at low concentrations (Fig. 5A). The difference became even
more apparent in the suppression of TNF-a secretion where
the unmodified ORN was non-inhibitory at the concentrations

tested, and the 2’ modified ORN did suppress TNF-a secre-
tion, although at higher concentrations compared with the
IFN-ot inhibition (Fig. 5B).

ORN R-1862 contains a single 2’-O-methyl modification at
an A, so that we also wanted to explore if 2' modifications
at other positions are inhibitory. Indeed, ORN with single
2'-0O-methyl modifications at a G (R-1991) or even 2’ methyl-
ated in the 4mer GU-rich sequence (R-1993) suppressed
IFN-o. induction by the HIV-derived ORN (Fig. 5C). A modi-
fied ORN with a 2’-O-methyl-C (Fig. 5C, R-1992) appeared
not as potent as the other ORN, although a significant inhibi-
tion of the IFN-a response could not be observed. Similar
results were observed for other cytokines such as IL-12p40
and IFN-y (data not shown). In principal, the lower inhibitory
activity of C-modified ORN may have similarities to the find-
ing of a lack of a negative effect of 2° C methylation in an
immune stimulatory ORN (Fig. 3).

To further characterize the suppressive effects mediated
by 2’-O-methyl-modified ORN, we wanted to investigate the
time dependency of the addition of the suppressive ORN
(R-1862) to confer the inhibitory effect (Fig. 5D). Similar to
the formerly described suppressive ODN (S-Class ODN)
(31) delayed addition of suppressive ORN R-1862 to the
stimulatory HIV ORN still inhibited IFN-a induction. There
was no substantial difference between the addition of inhibi-
tory ORN R-1862 up to 3 h before or after the stimulatory
HIV-derived ORN.

We performed cross-titration experiments to further inves-
tigate the suppression of IFN-a secretion by the unmodified
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Fig. 4. ORN with 2’-O-methyl modifications suppress cytokine induction stimulated by unmodified ORN. (A) Human PBMCs were incubated for
24 h with 1.0 pM of the stimulatory snRNA 5’ ORN (R-1300) complexed to DOTAP (DO) or in the presence of the indicated concentrations of
chloroquine (CQ) or the same sequence with a 2'-O-methyl modification or DO alone and IFN-a measured. (B) Human PBMCs were cultured as
in (A) with 1.0 uM of the snRNA ORN, and the indicated concentrations of the 2’'-O-methyl modified PS snRNA ORN or the same sequence with
a PO backbone were added. (C) The stimulatory ORN HIV, derived from the 5’ untranslated region of HIV, was used with a PS (ORN HIV, R-1075)
or PO (ORN HIV PO) backbone at 1.0 uM complexed to DOTAP to stimulate human PBMC. The indicated concentrations of the 2'-O-methyl-
modified snRNA sequence (snRNA 5’ 2'OMe 5’ U) was added and after 24 h IFN-o was measured. (D) Human PBMCs were cultured for 24 h
with the indicated concentrations of the PS HIV ORN or the same sequence containing 2’'-O-methyl modifications complexed to DOTAP and
IFN-o measured. (E) Human PBMCs were cultured as in (D) with increasing concentrations of Sendai-derived or influenza-derived ORN and the
same sequences each with a single 2’-O-methyl modification were added. (F) ORN HIV at 1.0 uM was used to stimulate human PBMC as in (A)
and the indicated concentrations of the same sequence with 2’-O-methyl modifications were added. IFN-a was measured after 24 h. Mean *+
SEM of one representative out of at least one to two independent experiments (n = 3 donors). Significance of differences at 2 uM (A-C) to the
addition of R-1334 were determined for data points as indicated by Student’s t-test (*P < 0.01, **P < 0.001).
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Fig. 5. Strong suppressive activity of ORN depends on the presence of 2’-O-methyl modification. (A and B) Human PBMCs were incubated for
24 h with 0.25 uM HIV ORN complexed to DOTAP (DO) or in the presence of the indicated concentrations of the unmodified non-stimulatory ORN
R-1507, the same sequence with a single 2’-O-methyl modification (R-1862), or the snRNA-derived 2’ modified ORN (snRNA 5’ 2'OMe 5’ U), or
DOTAP alone and cytokines measured. (C) Human PBMCs were cultured as in (A and B) with 0.25 uM HIV ORN, and the indicated
concentrations of R-1507-derived ORN with single 2'-O-methyl modifications at different positions or a R-1505-derived ORN with all nucleotides
in the GU-rich 4mer motif 2’-O-methylated. (D) Human PBMCs were cultured as in (C) with or without (medium, Med) 0.25 uM HIV ORN, and the
2’-0O-methylated ORN R-1862 complexed to DOTAP was added at different time points before or after or at the same time as the stimulatory ORN.



or modified ORN R-1507 and R-1862, respectively. In these
experiments, we used the GU-rich immune stimulatory
TLR7, 8 agonist ORN R-0006 (29) and measured IFN-o pro-
duction from PBMC upon addition of increasing concentra-
tions of R-1507 and R-1862 (Fig. 5E). As observed for the
U1 snRNA and HIV ORN, the suppression of IFN-a secretion
was strongest for the 2’'-O-methylated compared with the
unmodified ORN and was concentration dependent, al-
though the unmodified ORN also resulted in some degree of
IFN-at inhibition. However, in contrast to the results obtained
in the cytokine secretion experiments, there was no statisti-
cal significant difference between the modified and unmodi-
fied ORN in suppressing NFkB signaling in TLR7 and TLR8
recombinant cells (Fig. 5F and G).

To further investigate the suppressive effect of the 2'-
O-methylated ORN R-1862 versus the unmodified control
ORN R-1507, we investigated their effect on a panel of dif-
ferent cytokines and chemokines (Fig. 6). The unmodified
non-stimulatory ORN at the concentration tested did partially
suppress the response induced by ORN HIV, although the
2'-O-methylated ORN was partially significantly stronger
and inhibited cytokine secretion to ~100%. The differences
observed between the strength of suppression by unmodi-
fied ORN R-1507 versus R-1862 are also reflected in
Fig. 5(B) where ORN R-1507 only partially affected TNF-o
secretion, but had a stronger effect on IFN-a secretion, prob-
ably indicating a higher sensitivity of TLR7 to 2’ modification
as suggested above.

2'-O-methyl inhibition is also observed on murine immune
cells

The above data demonstrate that 2’-O-methyl modifications
negatively affect responses induced by immune stimulatory
ORN in vitro on human immune cells. To further evaluate the
immune suppressive effect, the mouse macrophage cell line
RAW264.7 or mouse splenocytes were used (Fig. 7 for sple-
nocytes and data not shown). In contrast to human immune
cells, murine cells appear to express only one receptor
(TLR7) that is stimulated by ligands identified to induce hu-
man TLR7 responses (29, 32). It is possible that murine
TLR8 needs additional co-factors or signal transduction mol-
ecules allowing for TLR8-dependent signaling stimulated by
RNA (29). Similar to the data on human PBMC, the 2'-O-
methylated ORN R-1862 was significantly more potent in
inhibiting cytokine secretion stimulated by the HIV-derived
ORN (Fig. 7A and B). In contrast, the non-modified ORN R-
1507 suppressed only at substantially higher concentrations.

We also wanted to investigate the suppressive effect of
2'-O-methyl-modified ORN on in vivo activation of the TLR7
pathway. As a first step, we used the well-defined inhibitory
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S-Class ODN 2088 (24) to significantly suppress in vivo cy-
tokine secretion induced by the HIV ORN (Fig. 7C). Animals
were pre-treated intra-peritoneally with ODN 2088 and 1 h
after were injected subcutaneously with the HIV ORN com-
plexed to DOTAP. The IP-10 plasma levels found 3 h after in-
jection of the HIV ORN were decreased to the background
levels when the S-Class ODN was pre-injected. However,
the same protocol used for the 2’-O-methyl-modified ORN
did not result in an inhibitory effect (data not shown). There-
fore, we choose to inject the stimulatory and inhibitory ORN
via the same intravenous route of injection (Fig. 7D-F). We
tested two different protocols, either as above injected ORN
R-1862 or R-1507 complexed to DOTAP 1 h before the HIV
ORN (HIV ORN post injected) or complexed the HIV ORN
and ORN R-1862 or R-1507 to DOTAP and injected the two
ORN together (HIV ORN co-injected). When the HIV ORN
was administered after the modified or unmodified ORN, no
significant effect on IP-10, IL-6 or IL-12 induction could be
observed (Fig. 7D-F). However, co-injection of the 2’-O-
methyl-modified ORN with the stimulatory HIV ORN resulted
in partially significant and complete inhibition of the immune
modulatory effects otherwise induced by the HIV ORN. Similar
to the human PBMC data, the non-modified ORN also resulted
in partial inhibition, although not to the background levels.

Discussion

The immune system appears to be enabled to discriminate
between self and invading DNAs because they differ mark-
edly in their CpG dinucleotide content and methylation. Bac-
terial and many viral DNAs compared with vertebrate DNAs
not only contain a higher frequency of CpG dinucleotides
that are recognized by TLR9 but also contain unmodified CpG
dinucleotides, and methylation at the C5 position in the CpG di-
nucleotide greatly decreases immune stimulatory effects (33,
34). In contrast, enforced uptake and distribution of self-DNA
to TLR9-expressing endosomal compartments lead to TLR9-
dependent immune activation, demonstrating that the segre-
gation of self-DNA and TLR9 plays a critical role (35, 36).
TLR7 and TLR8 respond to pathogen RNA and are
expressed in endosomal compartments making it difficult for
self-RNAs to reach these receptors (37-39). In contrast,
self-RNAs coated with cationic liposomes or in immune com-
plexes are taken up in TLR7, 8-containing compartments
resulting in immune activation (25, 40, 41). The host must
have evolved an additional mechanism to be enabled to dis-
criminate between self and foreign RNAs reaching endoso-
mal compartments. Indeed, certain naturally occurring
modifications in RNAs can limit their detection by TLRs (15).
In contrast to other eukaryotic RNAs, U1 snRNA contains
only few modifications concentrated at the 5’ end that

(E) Cross-titration studies were performed using the GU-rich ORN R-0006 at the concentrations indicated, and increasing concentrations (0.005,
0.05, 0.5 and 5.0 uM) of the non-stimulatory unmodified ORN R-1507 or the same sequence with a 2’-O-methyl modification (R-1862) were
added. PBMCs were cultured for 24 h and IFN-o measured. Mean + SEM of at least one experiment (n = 3 donors). (F and G) HEK293 cells
stably transfected with human TLR7 or TLR8 were incubated with the indicated concentrations of ORN R-0006 complexed to DOTAP for 16 h in
the presence of increasing concentrations of unmodified ORN R-1507 or 2’-O-methyl modified ORN R-1862. NF«B activation was measured by
assaying luciferase activity. Results are given as fold induction above background (medium). Significance of differences at 0.4 and 2 uM (A and
C) to the addition of R-1334 (A) or R-1862 (C) were determined for data points as indicated by Student’s ttest (*P < 0.01, **P < 0.001). No
statistical significant difference was observed for (F and G) between the addition of R-1862 and R-1507.
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Fig. 6. Profiling of suppressive effects of a 2’-O-methyl-modified
sequence. Human PBMCs (n = 3 donors) were incubated for 24 h
with 0.25 uM ORN R-1075 complexed to DOTAP (DO), or in the
presence of 1.0 uM of the unmodified non-stimulatory ORN R-1507, or
in the presence of the same sequence with a single 2’-O-methyl
modification, and cytokines measured by Luminex. Given is the mean
percentage * SD of remaining cytokine-inducing activity of ORN
R-1075 after co-culture. Significance of differences were determined
by Student’s t-test (*P < 0.01, **P < 0.001).

appear to have a role in pre-mRNA splicing (42). Compari-
son of the immune stimulatory effects of isolated 2'-O-
methyl-modified snRNA sequences and the unmodified
same sequences demonstrate that simple modifications
such as 2'-O-methylation have a strong suppressive effect
and that even only one such a 2’ modification is sufficient to
strongly affect immune recognition.

Recognition of RNA by TLR7 and TLR8 depends on the U
content, and the modification of Us is detrimental to its im-
mune effects (4, 28, 43). However, RNA modifications not
only occur at U nucleotides but can also be found at other
nucleotides and may not be localized to U-containing and
stimulatory regions of self-RNAs (12). In addition, modifica-
tions in eukaryotic RNAs are usually clustered in conserved
areas (17). From our data, it appears possible that modifica-
tions such as 2’-O-methylation are enabled to impose a sup-
pressive effect even on unmodified sites further up or
downstream of stimulatory RNA regions. This effect cannot
be easily explained by the modification imposing a certain
structure on the RNA as suggested before (15, 44), as
2'-O-methylated ORN used in our experiments do not form
secondary structures that may prevent or alter the interac-
tion with the receptor. Placing a single 2'-O-methyl modifica-
tion at any G or A 5’ or 3’ of a defined stimulatory GU-rich
region has a strong negative impact on most immune
effects. In contrast, 2’-O-methylation of Cs appears to only
slightly affect TLR7 or TLR8 activation. One explanation may
be that the number of 2’-O-methyl-modified Cs in a given
endogenous RNA is under-represented compared with mod-
ified Us, As or Gs as can be found in rRNA from the small ri-
bosomal subunit or in snRNA (12, 27). An inhibition of the

TLR response due to these 2’'-modified bases would then
be sufficient to avoid inflammatory processes potentially in-
duced by certain self-RNAs.

Activation of the IFN-a pathway and increased expression
of type | IFN in the pDCs of systemic lupus erythematosus
patients are associated with disease severity and may con-
tribute to disease development and perpetuation of inflam-
matory responses (45). Whereas IFN-a stimulation appears
in most experiments to be completely suppressed by 2'-O-
methylation, the effect on other cytokines such as TNF-a is
varying. This may indicate that especially pDCs secreting
IFN-o upon RNA-mediated TLR7 stimulation are more sensi-
tive to RNA modifications and utilize such modifications to
discriminate between microbial RNAs and abundant endog-
enous RNAs. However, although there was suppression of
RNA-mediated TLR7- as well as TLR8-dependent NF«B sig-
naling in recombinant cells expressing these receptors
observed for 2'-O-methyl-modified RNA, the same RNA se-
quence without such a modification had a similar negative
effect on NFkB activation. It may be possible that the TLR7
and TLR8 recombinant cells used for these experiments are
less sensitive to suppressive ORN as described previously
for inhibition of responses stimulated by small molecule
TLR7, 8 agonists (23) or they do not primarily affect NFkB
but other signaling pathways that cannot be tested with
these cells such as IRF-7 signaling in pDCs leading to IFN-o.
production.

Viral genomic nucleic acids contain few modifications
(7, 13) and can reach TLR-expressing endosomes during virus
replication by autophagy (46). However, processed patho-
gen mRNAs also contain post-translational 2’-O-methyl mod-
ifications most probably interfering with an efficient recognition.
In contrast to most eukaryotic mRNAs, viral RNA intermedi-
ates in the cytoplasm have an uncapped 5’'-triphosphate
end and can be recognized by another eukaryotic pathogen
sensor, RIG-I (6, 7). Although there is not much known about
the influence of RNA modifications on the activation of cyto-
plasmic receptors such as RIG-I or mda-5 (7), it is highly un-
likely that the single-stranded modified and unmodified ORN
used in our experiments and delivered by DOTAP would have
interacted with these receptors. The use of specific delivery
techniques such as liposomal formulations (e.g. DOTAP) for
nucleic acids can strongly influence organ, tissue, cellular and
intracellular distribution (47). Formulations like DOTAP release
their cargo mainly in the endosome, whereas other or modified
such formulations rather release the payload into the cyto-
plasm where RIG-I and mda-5 can be found (3, 4).

Modifications in eukaryotic RNAs are clustered in specific
sites. Although modifications such as 2'-O-methylation can
interfere with TLR activation even when placed outside of
GU-rich immune stimulatory RNA regions, in some endoge-
nous RNAs such as rRNA only ~3% of the nucleotides are
modified (12), although this is still significantly more com-
pared with bacteria (15). The relative depression of the ratio
of unmodified to modified nucleotides and their clustering
leaves relatively long eukaryotic RNA regions unmodified
that may stimulate a TLR response when reaching the right
endosomal compartments. Self-RNA appears to locate to
TLR-expressing compartments only in rare cases such as
during defects in apoptotic cell clearance (45). Eukaryotic
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Fig. 7. Effect of 2’-O-methylation on murine TLR7-dependent immune responses. (A and B) Murine splenocytes were stimulated for 20 h with
1.0 uM HIV ORN complexed to DOTAP, in the presence of 0.032, 0.16, 0.8, 4.0 or 20.0 uM of the unmodified non-stimulatory ORN R-1507 or the
same sequence with a single 2’-O-methyl modification and cytokines were measured. (C) BALB/c mice (n = 5) were pre-treated with
suppressive ODN 2088 (240 pg) by intra-peritoneal injection. After 1 h, animals were injected subcutaneously with ORN HIV (240 ng) complexed
to DOTAP. Plasma was collected at 3 h post subcutaneous injections for IP-10 assay by ELISA. Given is the mean * SD. (D-F) sv129 mice (n = 5)
were pre-treated intravenously with 200 pg of non-stimulatory unmodified (R-1507) or 2'-O-methylated (R-1862) ORN complexed to DOTAP (400
ng). After 1 h, animals were injected intravenously with ORN HIV (100 ng) complexed to DOTAP (200 ng) (post-injection). In addition, mice (n = 5)
were injected intravenously with 100 pg of ORN HIV complexed together with 100 ng ORN R-1507 or R-1862 to DOTAP (400 pg) (co-injection).
Plasma was collected at 3 h post intravenous injections for cytokine assays by ELISA. Significance of differences between R-1862 and R-1507 in
(C) ODN 2088 were determined by Student’s ttest (*P < 0.01, **P < 0.001).

RNAs are degraded in apoptotic cells and, for example, U1
snRNA is cleaved near the 5’ end resulting in two truncated
apoptotic RNA molecules (42). In our experiments, the modi-
fied 5’ end of the U1 snRNA not only lacked immune modu-
latory effects but also suppressed the stimulation induced
by another RNA sequence. This observation could be even
extended to other RNA sequences with only one 2’-O-methyl
modification. The inhibition appeared to be stronger for
IFN-a and related responses than for other cytokines similar
to the effect imposed by a 2’ modification in the same RNA
sequence. In contrast, an unmodified non-stimulatory ORN
was much weaker in interfering with the TLR-mediated im-
mune response when co-cultured with a stimulatory RNA se-
guence. Again, this suggests that pDCs evolved a tight
control mechanism not to allow for IFN-a secretion stimulated
by self-RNAs that may result in inflammatory responses. The
inhibition of RNA-mediated TLR7 activation was also reported
for specific DNA and chemically modified siRNA sequences
(48-51). Although incompletely understood, inhibitory effects
imposed by suppressive DNA sequences appear not to be
due to uptake competition, and it was speculated that TLR
suppression is mediated through an allosteric regulatory site
or competition for the binding site. The same mechanism may

apply for self-RNA and would allow for the generation of inhibi-
tory modified sequences during apoptosis or similar processes
avoiding unwanted inflammation stimulated by unmodified self-
RNA potentially leading to autoimmune responses.

Only when stimulatory and modified suppressive RNAs
are co-delivered in vivo by complexing them to the same li-
posomal particles, inhibition of the murine TLR7-mediated
immune responses is observed. This observation make the
use of 2’-O-methyl modified ORN as potential TLR7, 8
antagonists difficult. But at the same time, it demonstrates that
even a single 2’-O-methyl modification placed in a strand of
a siRNA will reduce the non-target-mediated pro-inflammatory
effects in vivo otherwise stimulated by the unmodified sense
or anti-sense strand of the siRNA.

In summary, the detection of pathogen RNAs mainly
depends on endosomal and cytoplasmatic pathogen recep-
tors. Although it is not yet completely clear how cytoplas-
matic receptors such as RIG-I distinguish between self and
viral RNAs, RNA modifications may also have an impact on
RIG-I activation (7). In contrast, for endoplasmatic receptors
such as TLR7, 8 and 9, several mechanisms to avoid
self-stimulation appear to have evolved. On the one hand,
the intracellular localization of TLRs usually ensures the
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recognition of viral but not self-RNAs. However, under cer-
tain circumstances such as during defective apoptotic clear-
ance or in immune complexes (45), self-RNAs can reach
these compartments in principle allowing for self-recognition.
In these cases, another safeguard mechanism appears to
involve the inhibition of TLR7 and TLR8 responses by RNA
modifications found more frequently in self than pathogen
RNAs. Although RNA modifications in eukaryotic RNAs are
clustered in conserved regions, modified RNA sequences
appear to impose a suppressive effect even when placed
on another RNA strand, helping eukaryotic cells to tolerate
their own nucleic acids.

Funding
National Institute of Allergy and Infectious Disease
(HHSSN266200400044C).

Acknowledgements

We thank Dr Bernhard Noll and Angela Lohner for performing quality
control for identity and purity on the synthetic ORN and for measuring
potential formation of higher ordered RNA structures as well as
Andrea Kritzler, Carmen Montino, Claudia Schmitz, Qin Zhu and
Cristina Vizena for expert technical assistance. We also thank Dr
Grayson Lipford for helpful discussions. All the authors except SB are
employees of Pfizer and may have a financial interest in the studies
outcome.

Abbreviations

DOTAP 1,3-dioleoyloxy-3-(trimethylammonium)propane
mda-5 melanoma differentiation-associated gene-5
ODN Oligodeoxyribonucleotide

ORN oligoribonucleotide

PDC plasmacytoid dendritic cell

PO phosphodiester

PRR pattern recognition receptor
RIG-I retinoic acid-inducible gene-|
siRNA silencing RNA

SN supernatant

SnRNA small nuclear RNA

TLR Toll-like receptor

TNF tumor necrosis factor
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