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Oligodeoxyribonucleotides containing unmethylated CpG motifs act as TLR9 agonists. In this study, we
evaluated oligonucleotides containing an unmethylated CpG motif in which two nucleotides adjacent to the
CpG dinucleotide were substituted with 2′-O-methylribonucleotides, resulting in TLR7 and TLR9 antagonists.
In mouse and human cell cultures, antagonists did not stimulate immune activation but inhibited TLR7 and
TLR9 agonist-induced activity. In mice, antagonists inhibited immune responses induced by TLR9 agonists
for up to several days, and the inhibition was dose-dependent. Antagonists also inhibited immune responses
induced by an RNA-based TLR7/8 agonist but not TLRs 2, 3, 4, or 5 agonists in mice. Additionally, antagonist
inhibited TLR9 agonist-induced IL-6 in lupus-prone MRL/lpr mouse spleen cell cultures. These results
indicate that antagonists described herein can suppress immune responses induced by TLR7 and TLR9
agonists. Antagonists may be suitable candidates for treating inflammatory and autoimmune diseases where
inappropriate or uncontrolled TLR activation has been implicated.

Introduction

Toll-like receptors (TLRs)aare highly conserved trans-
membrane proteins that detect pathogen-associated molecular
patterns and elicit pathogen-specific immune responses.1 Of the
10 TLRs identified to date, TLRs 3, 7, 8, and 9 are expressed
in endosomal membranes within the cell and recognize pathogen-
derived nucleic acid molecular patterns.1 Synthetic and bacterial
DNA containing unmethylated CpG motifs are shown to be
ligands for TLR9 and are widely studied.2,3 Several TLR9
agonists containing CpG or synthetic immunostimulatory motifs
are being tested in clinical trials as potential treatment for various
diseases, including cancers, asthma, allergies, and infectious
diseases, and as adjuvants with vaccines.4,5

Recent studies have shown that TLRs play a role in the
development of autoimmune diseases.6 Especially, nucleic acid
recognizing TLR7 and TLR9, have been shown to recognize
circulating immune complexes containing self-RNA or -DNA,
respectively, and induce IFN-R and other inflammatory cytok-
ines leading to the progression of autoimmune diseases, includ-
ing lupus, rheumatoid arthritis, multiple sclerosis, and psoriasis.6,7

Therefore, compounds that act as antagonists of TLR7 and TLR9
would have wide application in the treatment of autoimmune
and inflammatory diseases.

Certain synthetic oligodeoxyribonucleotides containing dG-
rich sequences along with sequence motifs other than CpG have
been shown to act as antagonists and inhibit TLR9 activation
by CpG oligos.8-13 The mechanism of action of poly dG-based
antagonists of TLR9 is not well understood, but the evidence
suggests that they may interfere with STAT1, -3, and -4 and/or
other downstream factors proximal to NF-κB activation involved
in the signaling pathways of TLR9.13,14 These types of oligo-
nucleotides, depending on the nucleotide sequence, are also
known to act as agonists of TLR915,16 to have antitumor and
anti-infective activities.17,18 Poly dG-based oligonucleotides lack

pharmaceutical attributes due to unpredictable secondary struc-
ture formation depending on the experimental conditions, non-
sequence-specific protein binding, including immune stimu-
lation.19,20

We have extensively studied the structure-activity relation-
ships of immune stimulatory oligodeoxynucleotides and shown
that certain nucleotide and backbone modifications incorporated
site-specifically in the flanking sequence 5′- or 3 ′- to the CpG
dinucleotide have a significant influence on immunostimulatory
activity.21-28 A 2′-O-methyl ribonucleotide incorporated in the
first or second nucleotide position adjacent to the CpG dinucle-
otide in the 5′-flanking region abrogates immune stimulatory
activity and substitutions three or more nucleotides away from
CpG in the 5′-flanking sequence enhance activity.22,27,28 On the
contrary, a 2′-O-methyl-ribonucleotide incorporated at the first
or second position adjacent to the CpG in the 3′-flanking
sequence retains or enhances activity compared with the
unmodified parent compound.22

In the present study, we examined the ability of oligodexy-
nucleotides containing an unmethylated CpG or a synthetic
immunostimulatory motif, CpR (R ) 7-deaza-dG), and two 2′-
O-methyl-ribonucleotide substitutions in the first and second
positions adjacent to the immunostimulatory dinucleotide in the
5′-flanking region to inhibit immune activation mediated through
TLRs.

Materials and Methods

Synthesis and Purification of Oligonucleotides. All oligonucle-
otides and their controls shown in Table 1 were synthesized,
purified, and analyzed as previously described.29 All oligonucle-
otides were characterized by capillary gel electrophoresis (CGE)
or denaturing polyacrylamide gel electrophoresis (PAGE) and
MALDI-ToF mass spectrometry (PerSeptive Biosystems Voyager
DEStar MALDI-ToF mass spectrometer with 337 nm N2 laser) for
purity and molecular mass, respectively (Table 1). The purity of
full-length oligonucleotides ranged from 93-98%, with the re-
mainder found to lack one or two nucleotides by HPLC, CGE, and/
or denaturing PAGE (Supporting Information Table 1). All
oligonucleotides contained <0.075 EU/mg of endotoxin by the
Limulus assay (Bio-Whittaker).

Mice. Female C57BL/6 mice, 6-8 weeks old, and MRL/lpr mice
were obtained from Charles River Laboratories, (Wilmington, MA)
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and The Jackson Laboratory (Bar Harbor, ME), respectively. All
the experimental procedures were performed according to the
approved protocols and guidelines of the Institutional Animal Care
and Use Committee of Idera Pharmaceuticals.

TLR Ligands. TLR ligands were purchased from the following
sources: macrophage-activating lipopeptide-2 (MALP-2, TLR2),

Axxora (San Diego, CA), PolyI.PolyC (TLR3), InvivoGen (San
Diego, CA), and lipopolysaccharide (LPS, TLR4), Sigma (St. Louis,
MO). Flagellin from Salmonella muenchen (TLR5) was a gift from
Inotek Pharmaceuticals (Beverly, MA).

NF-KB Activation Assays in HEK293 Cells Expressing
TLR9. HEK293 cells stably transfected with mouse TLR9 were
obtained from InvivoGen. HEK293 cells expressing TLR9 were
transiently transfected with reporter gene SEAP (Invivogen) for
6 h and stimulated with agonists in the presence or absence of
antagonist for 18 h. TLR-dependent reporter gene expression was
determined using the Quanti-Blue substrate, according to the
manufacturer’s protocol and expressed as fold change in NF-κB
activity or % NF-κB activity.

MRL/lpr Mouse Spleen Cell Cultures. MRL/lpr mouse splenic
B lymphocytes were purified using a B-cell isolation kit (Miltenyi
Biotec, Auburn, CA) according to the manufacturer’s instructions.
The purity of B cells was assessed by staining them with FITC-
labeled antimouse B220 (BD Biosciences, San Diego, CA) and
analyzing with flow cytometry (>95%). Spleen B cells in RPMI-
1640 medium supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin and 100 µg/mL streptomycin were cultured
at 5 × 105 cells/200 µL in 96-well culture plates with 1 µg/mL
agonist 3 in the presence or absence of 0.3, 1, or 3 µg/mL antagonist
8, or 3 µg/mL antagonist 8 alone. Cell culture supernatants were
collected after 24 h for cytokine measurements by ELISA.

The secretion of IL-12 and IL-6 in cell culture supernatants was
measured by sandwich ELISA as described previously.29 The
required reagents, including cytokine antibodies and standards for
ELISA, were obtained from BD Biosciences.

Assessment of Mouse Serum Cytokine Levels. Female C57BL/6
mice, 6-8 weeks old, (n ) 3) were injected subcutaneously (sc)
with agonists in the absence or presence of antagonist. Blood was
collected by retro-orbital bleeding and IL-12 levels in the serum
were determined by sandwich ELISA or mouse multiplex Luminex
assay as described below.

Preparation of J774 Cell Extracts for NF-KB Activation.
Murine J774 macrophage cells (American Type Culture Collection,
Rockville, MD) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) FBS and antibiotics (100
IU/mL of penicillin/streptomycin). For NF-κB activation, J774 cells
were plated at a density of 5 × 106 cells/well in six-well plates,
treated with agonist, antagonist, or combinations for 1 h after adding
the agonist, and nuclear extracts were prepared and analyzed by
electrophoretic mobility shift assay (EMSA) on native polyacry-
lamide gels as described earlier.29 Gels were dried and exposed to
HyBlot CL autoradiography films at -70 °C. Films were scanned
and the images were processed using Adobe imaging software.

Isolation of Human PBMCs and B Cells. Peripheral blood
mononuclear cells (PBMCs) from freshly drawn healthy volunteer
blood (Research Blood Components, Brighton, MA) were isolated
by Ficoll density gradient centrifugation method (Ficoll-Paque
PLUS, GE Health Care). The culture medium used for the assay
consisted of RPMI 1640 medium supplemented with 1.5 mM
glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 50 µM 2-mercaptoethanol, 100 IU/mL penicillin-streptomycin
mix, and 10% heat-inactivated FBS.

B cells were isolated from PBMCs by positive selection using
the CD19 cell isolation kit (Miltenyi Biotec) according to the
manufacturer’s instructions.

Human B-Cell Proliferation Assay. About 1 × 105 B cells were
stimulated with different concentrations of agonist and antagonist
for 64 h, then pulsed with 0.75 µCi of [3H]-thymidine and harvested
8 h later. The incorporation of [3H]-thymidine was measured using
a scintillation counter, and the data are shown as counts per minute
(cpm).

Human PBMC Cultures for NF-KB Activation and
Cytokine Measurements. A total of 5 × 106 PBMCs per mL (i.e.,
1 × 106/200 µL/well) were stimulated in 96-well flat bottom plates
with agonist and/or antagonist, dissolved in PBS, for a period of
24 h. Unstimulated cells served as controls. At the end of the

Table 1. Antagonists and Agonists of TLR7 and TLR9 Used in the
Study and Their Characterizationa

a Sequences 1-13 are oligodeoxyribonucleotides and sequence 14 is an
oligoribonucleotide. All oligonucleotides contain phosphorothioate back-
bone. R and X represent 2′-deoxy-7-deazaguanosine and glycerol linker,
respectively; G/A/U indicate 2′-O-methyl-ribonucleotide modifications; G
represents 7-deazaguanosine (structures shown above). b Molecular weight
as calculated and determined (found) by MALDI-ToF mass spectrometer.
ND: Not determined.
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incubation period, supernatants were harvested and stored frozen
until the time of assay by Luminex multiplex technology.

For NF-κB activation, human PBMCs were plated at a density
of 1 × 107 cells/well in six-well plates, treated with agonist,
antagonist, or combinations for 2 h after the addition of the agonist,
and nuclear extracts were prepared and run in gel shift assays as
described above for J774 cells.

Multiplex Cytokine Assays. Selected serum samples from in
vivo experiments and human cell culture supernatants were assayed
using multiplex antibody bead assay kits (mouse cytokine 20-plex
and human cytokine 25-plex bead kits, Invitrogen, Camarillo, CA)
according to the manufacturer’s instructions and analyzed with a
Luminex 100 or 200 instrument (Applied Cytometry Systems).
Fluorescence intensity was transformed into cytokine concentration
using StarStation software (Applied Cytometry Systems).

Statistical Analysis. All results are expressed as mean ( SEM.
Student’s t test was used to compare differences between the
antagonists and vehicle (PBS) treated mice. Values of p < 0.05
were considered significant and indicated with * in figures.

Results

Design of Antagonists for TLR9. Oligonucleotides 1-9
contained a CpG or CpR (R ) 7-deaza-dG) immune stimulatory
dinucleotide (Table 1). Oligodeoxynucleotides 1-5 were TLR9
agonists, and oligoribonucleotide 14 was a TLR7/8 agonist.4

Oligonucleotides 6-9 contained the same nucleotide sequences
as 1 or 4 except that the first two nucleotides adjacent to CpG
or CpR were substituted with 2′-O-methylribonucleotides and
were examined for their ability to act as TLR9 antagonists.
Oligonucleotide 2 had two 2′-O-methylribonucleotide substitu-
tions adjacent to the CpG in the 3′-flanking sequence to study
the effect of site-specific chemical modifications. Oligonucle-
otides 10 and 11 were controls without CpG or CpR motif. All
of the compounds contained 93-98% full-length product as
characterized by capillary gel electrophoresis and anion-
exchange HPLC (Supporting Information Table 1 and HPLC
profiles). Sequence integrity was determined by MALDI-ToF
spectral analysis (Table 1).

TLR9 Activation by Oligonucleotides in HEK293 Cell
Cultures. Activation of TLR9 by oligonucleotides in cultures
of HEK293 cells expressing mouse TLR9 was examined.
Agonists 1-4, but not antagonists 6-9 or controls 10 and 11,
showed TLR9-mediated NF-κB activation in HEK293 cells
(Figure 1A). Treatment of HEK293 cells with combinations of
agonist and antagonist showed that 6-9 inhibited TLR9
activation by agonists (Figure 1B).

Site-Specific Chemical Modifications are Required for
Antagonist Activity. We studied the site of chemical modifica-
tions (5′- vs 3′-) necessary for antagonist activity of 6. HEK293
cells expressing TLR9 were incubated with 0.25 µg/mL of
agonist 1 and increasing concentrations of antagonist 6 or
compound 2, which has the same number of 2′-O-methylribo-
nucleotide modifications in the 3′-flanking region of the CpG
dinucleotide as antagonist 6 has in the 5′-flanking region.
Compound 2 did not inhibit the activity of agonist 1 but showed
additive activity (Figure 1C). On the contrary, antagonist 6
inhibited the activity of agonist 1 in a dose-dependent manner
and almost complete inhibition was observed at the highest dose
(Figure 1C).

Antagonists Inhibit NF-KB Activation Induced by
Agonist in J774 Cells. We further studied the inhibitory activity
of antagonists in mouse macrophage cell line J774. When J774
cells were incubated with agonist 3, antagonist 8, or control
oligonucleotide 11 alone, as expected, agonist 3, but not
antagonist 8 or control oligonucleotide 11, showed NF-κB
activation (Figure 2A). Further, antagonist 8 inhibited NF-κB

activation by agonist 3 in a dose-dependent fashion when cells
were preincubated with the antagonist prior to the addition of
the agonist (Figure 2A). On the contrary, control oligonucleotide
11 did not show inhibition of agonist 3 induced NF-κB activation
under the same experimental conditions (Figure 2A). Addition-
ally, we studied the ability of antagonist 8 to inhibit TLR7/8
agonist (14)- and TLR4 agonist (LPS)-induced NF-κB activation
in J774 cells. Antagonist 8 showed inhibition of NF-κB activity
induced by TLR7/8 agonist but not TLR4 agonist (Figure 2B,C).
No significant inhibition of NF-κB activation induced by
agonists of TLR2 and 5 was observed (data not shown).

To understand the effect of sequential addition of antagonist
on agonist-induced NF-κB activity, antagonist was added at the
same time as or before or after addition of agonist to J774 cells.
Antagonist 8 inhibited NF-κB activation by 3 when the
antagonist was added to cells at the same time as or 30 min
before agonist addition (Figure 2D). Activation of NF-κB by 3
was also inhibited to some extent when 8 was added 30 min
after agonist addition (Figure 2D).

Inhibitory Activity of Antagonists is Reversible. To study
the reversible nature of inhibitory effects of antagonists, a fixed
concentration of 8 was titrated with increasing concentrations
of agonist 3 in HEK293 and J774 cell cultures. As the
concentration of 3 was increased, agonist overcame antagonist
inhibition, resulting in an increase in NF-κB activity both in
HEK293 (Figure 3A) and J774 cells (Figure 3B).

Figure 1. (A) NF-κB activation by agonists and antagonists at 10 µg/
mL concentration in HEK293 cells expressing mouse TLR9. (B)
Coaddition of antagonist with agonist in HEK293 cells at the indicated
ratios inhibits agonist-induced NF-κB activation. The concentration of
agonist 1 was 0.5 µg/mL. The ratios of agonist to antagonist used are
shown. (C) Effect of compound 2 and antagonist 6 on agonist 1-induced
NF-κB activation in HEK293 cells expressing mouse TLR9. HEK293
cells were stimulated with agonist 1 (0.25 µg/mL) in the absence or
presence of compound 2 or antagonist 6 at increasing concentrations.
Agonist 1 alone-induced activity in the absence of 2 or 6 is taken as
100%.
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Antagonist Inhibits Activity of Agonist of TLR9 in
Vivo in Mice. When administered alone into C57BL/6 mice, 3
(0.25 mg/kg), but not 6 (20 mg/kg), induced several cytokines
and chemokines (Figure 4A), suggesting that 3 produces an
immune response in mice. To study antagonist activity in vivo,
we administered 3 and 6 subcutaneously (sc) to mice in the left
and right flanks, respectively, collected blood 2 h later, and
measured serum IL-12 levels. Antagonist 6 inhibited the activity
of 3 in a dose-dependent fashion (Figure 4B). In these
experiments, IL-12 production was completely blocked at a ratio
of agonist to antagonist of about 1:4.

We then compared the inhibitory activity of antagonists with
control oligonucleotides. As shown in Figure 5A, antagonist 8,
but not control oligonucleotides 10 and 11, inhibited activity
of agonist 3 in mice when administered at the same time as or
up to 48 h before agonist. We also compared the inhibitory
effects of 6 and two poly dG-based compounds, 12 and 13,
reported as antagonists in the literature.9,11 Both 12 and 13
inhibited agonist 3-induced IL-12 production at the 6 h time
point (Figure 5B), but produced only 48% and 51% inhibition
at 24 h and 6% and 0% inhibition at 48 h, respectively,
compared with 83% and 49% inhibition by 6 at the same time
points (Figure 5B).

Specificity of Antagonists for Different TLR Agonists
in Vivo. To further study the specificity of antagonist for
different TLR agonists in vivo in mice, 10 mg/kg of antagonist
8 was administered sc to C57BL/6 mice and 72 h later an agonist
of TLRs 2, 3, 4, 5, 7/8, or 9 was administered in the opposite
flank. Blood was collected 2 h after administration of TLR
agonist and serum cytokine/chemokine levels were determined
using the luminex multiplex assay. The agonists of TLR alone
induced significantly higher levels of various cytokines and
chemokines than did PBS injected mice. The levels and profiles
of cytokines and chemokines induced by each of the TLR

Figure 2. Effect of antagonist on agonist-induced NF-κB activation
in J774 cells. (A) Antagonist 8, but not the control oligonucleotide 11,
inhibits TLR9 agonist-induced NF-κB activation in a dose-dependent
manner. Antagonist 8 (5, 10, 20, 40 µg/mL) or control oligonucleotide
11 (5, 10 µg/mL) was added 1 h prior to the addition of agonist 3 (1
µg/mL). (B) Antagonist inhibits RNA-based TLR7/8 agonist 14-induced
NF-κB activation in a dose-dependent manner. (C) Antagonist does
not inhibit TLR4 agonist (LPS, 100 ng/mL)-induced NF-κB activation.
In experiments shown in panels A, B, and C, cells were preincubated
with the indicated ratios of the antagonist for 1 h. (D) Effect of
sequential addition of antagonist on agonist-induced NF-κB activation
in J774 cells. Antagonist 8 (5, 10, 20 µg/mL) was added 30 min before
(preaddition), together (coaddition), or 30 min after (postaddition)
agonist 3 (1 µg/mL). In the experiments shown in panels A-D, nuclear
extracts were prepared 1 h after the addition of the agonist and EMSA
was carried out as described in the text.

Figure 3. (A) Increasing concentrations of agonist overcomes antago-
nist inhibition and stimulates NF-κB activation in HEK293 cells
expressing TLR9. HEK293 cells were incubated with antagonist 8 at
10 µg/mL in the absence or presence of agonist 3 at increasing
concentrations. Filled square indicates stimulation in the absence of
any compound. Filled circle indicates stimulation of HEK293 cells with
agonist 3 alone at 10 µg/mL. (B) Effect of antagonist on agonist-induced
NF-κB activation in J774 cells. J774 cells were stimulated with varying
doses of agonist 3 in the absence or presence of 10 µg/mL of antagonist
8 for 1 h. Nuclear extracts were prepared and analyzed by EMSA.

Figure 4. (A) Serum cytokine profiles of agonist 3 (0.25 mg/kg) and
antagonist 6 (20 mg/kg) in C57BL/6 mice as determined by luminex
multiplex assay. (B) Dose-dependent inhibition of agonist-induced IL-
12 production by antagonist in C57BL/6 mice. C57BL/6 mice were
injected sc with 0.25 mg/kg agonist 3 in the left flank and various doses
of antagonist 6 in the right flank at the same time. The levels of IL-12
were determined by ELISA. In all experiments, n ) 3 and serum
samples were collected 2 h after agonist administration. Data shown
are representative of at least three independent experiments.
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agonists were different as expected (Figure 6). Antagonist 8
inhibited g50% production of IL-12, IP-10, IL-10, MCP-1, IL-
6, KC, and MIG induced by the TLR9 agonist 3 and RNA-
based TLR7/8 agonist 14 (Figure 6). Under the same experi-
mental conditions, antagonist 8 had no significant effect on the
cytokines and chemokines induced by the agonists of TLRs 2,
3, 4, and 5 (Figure 6).

Duration of Inhibitory Activity is Dependent on the
Dose of Antagonist and Agonist. To study the effect of dose
of antagonist on its inhibitory activity, we studied the antagonist
6 at two doses. Six hours after antagonist administration, agonist
3 was administered, and two hours later, serum IL-12 levels
were determined. The low and high doses of antagonist inhibited
about 50% and 90% of IL-12 production, respectively (Sup-
porting Information Figure 1). We then studied the dose-response
of agonist by administering 6 and various doses of 3 after 6 h.
Serum IL-12 levels of mice were determined 2 h after agonist
administration. These results suggest that inhibitory effect of
the antagonist was also dependent on the dose of agonist
administered (Supporting Information Figure 2A-C).

To determine the duration of the inhibitory activity of
antagonist, we administered 3 to mice at various time intervals
after administration of 6 and determined serum IL-12 levels
2 h after agonist administration. Antagonist inhibited production
of IL-12 up to 168 h after its administration, with about 50%
inhibition of agonist-induced IL-12 production occurring at up
to 120 h (Figure 7).

Antagonists Inhibit Agonist-Induced Immune Activa-
tion in Human Cells. We further studied antagonists for their
ability to inhibit NF-κB activation induced by TLR9 and TLR7/8
agonists in human PBMCs. Both agonists of TLR9 (5) and
TLR7/8 (14) induced greater NF-κB activation compared with
medium and antagonist 9 in human PBMCs (Figure 8).
Antagonist 9 inhibited NF-κB activation induced by TLR9
(Figure 8A) and TLR7/8 agonists (Figure 8B) when the cells
were coincubated with antagonist and agonist together.

We also studied the inhibitory effects of antagonist in cultures
of human B cells and PBMCs, using agonist 5 and antagonist
7 or 9, which contain a human-specific motif. Treatment of
human PBMC cultures with TLR9 agonist 5 or TLR7/8 agonist
14, but not antagonist 9, resulted in significant production of
cytokines and chemokines, including increased levels of IFN-R
in culture supernatants (Figure 9A,B). When human PBMCs
were incubated with a 1:5 ratio of agonist and antagonist,
antagonist 9 significantly inhibited cytokines/chemokines in-
duced by TLR9 agonist 5 and TLR7/8 agonist 14 (Figure 9A,B).
Agonists of TLR9 are known to induce human B-cell prolifera-
tion. We further studied the ability of antagonists to inhibit TLR9
agonist-induced B cell proliferation. Both antagonists 7 and 9
inhibited B-cell proliferation induced by TLR9 agonist 5 in a
dose-dependent manner (Figure 9C).

Inhibitory Activity of Antagonists in MRL/lpr Mouse
Spleen Cell Cultures. MRL/lpr mice spontaneously develop
systemic lupus erythematosus (SLE), an autoimmune disease.30

In the present study, purified B cells from the spleens of MRL/
lpr mice were cultured with antagonist 8 in the presence or
absence of TLR9 agonist 3. Antagonist 8 alone induced low
levels of IL-6 compared with agonist alone. When the cells were
cultured with agonist 3 and various concentrations of antagonist
8, a dose-dependent inhibition of agonist-induced IL-6 produc-
tion was observed (Figure 10).

Discussion

Synthetic oligodeoxynucleotides containing CpG motifs
activate the immune system through TLR9 and induce Th1-
type immune responses. Our previous structure-activity rela-
tionship studies showed that 2′-O-methylribonucleotide modi-
fications incorporated in the first two nucleotide positions
adjacent to the CpG dinucleotide on the 5′-side abrogated
immune stimulatory activity.22,27,28 In the present study, we
observed that these compounds, referred to as antagonists, did
not stimulate immune responses but inhibited the activity of
agonists of TLR7/8 and 9 significantly.

In recent reports, certain poly dG-containing oligonucleotides
were shown to act as TLR9 antagonists and to be useful in
treating autoimmune diseases in animal models.31-35 However,
poly dG-based oligonucleotides form tetraplex and multistranded
higher-order structures19,20 and act as agonists of TLR9 (if a
CpG motif is present).15,16 Certain poly dG compounds have
been shown to act as aptamers and inhibit activities of
thrombin,36 HIV,37-39 RelA,40 STAT3,41 and other biological
functions due to the formation of various structures. Poly dG-
based oligonucleotides lack pharmaceutical attributes due to
unpredictable secondary structure formation depending on the
experimental conditions, nonsequence-specific protein binding,
including immune stimulation.19,20

The antagonists described in this paper are distinct in three
aspects from the poly dG-based antagonists reported in the
literature; (i) no poly dG sequences are present in the antagonist
sequences used here, (ii) a CpG or CpR (R ) 7-deaza-dG)
dinucleotide is required for antagonist activity, and (iii) the two
nucleotides adjacent to CpG/CpR on the 5′-side are substituted
with 2′-O-methylribonucleotides. Therefore, antagonists de-
scribed herein are structurally different from the reported TLR9
antagonists.

As expected agonists of TLR9 (1-4) showed TLR9-mediated
immune stimulatory activity in HEK293 cells expressing TLR9.
On the contrary, antagonists 6-8 alone did not induce immune
stimulation in HEK293 or mouse macrophage J774 cell cultures
compared with oligonucleotides 1, 2, and 4 with similar

Figure 5. (A) Comparison of inhibition of agonist 3-induced IL-12
production by compounds 8, 10, and 11 in mice. Agonist was
administered sc at 0.25 mg/kg, and 8, 10, and 11 were administered sc
at 10 mg/kg dose. (B) Comparison of inhibition of agonist 3-induced
IL-12 production by antagonist 6, and poly dG-based compounds 12
and 13 in mice. Agonist was administered sc at 0.25 mg/kg, and 6, 12,
and 13 were administered sc at 10 mg/kg dose in the opposite flank.
Data shown are representative of two or three independent experiments.
* Indicates statistical significance with p < 0.05.
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nucleotide sequence and structure. Additionally, antagonists
showed a dose-dependent inhibition of TLR9 agonist activity
in HEK293 and J774 cells when combined with agonists.

Oligonucleotides containing 2′-O-methylribonucleotide sub-
stitutions in the 5′-, but not 3′-, flanking sequence adjacent to
CpG dinucleotide act as antagonists of TLR9. The combination
of TLR9 agonist with oligonucleotide 2 resulted in additive
activity, but the combination of agonist with antagonist 6
resulted in the inhibition of agonist-induced NF-κB activation.
These results clearly demonstrate that 2′-O-methylribonucleotide
substitutions in the 5′-flanking sequence adjacent to CpG
dinucleotide in antagonists are required for the inhibition of
agonist-induced immune stimulatory activity.

In J774-cell culture assays, antagonists inhibited NF-κB
activation, suggesting that TLR9 inhibition occurs upstream,
but not downstream, of NF-κB activation. Additionally, the
ability of antagonists to inhibit cytokines induced by an RNA-
based agonist of TLR7/8, but not TLRs 2, 4, and 5, suggests
that the inhibition occurs within the endosomal compartment

where TLR7 and 9 are expressed. Importantly, the ability of
increasing concentrations of TLR9 agonist to overcome the
antagonist activity in HEK293 and J774 cell cultures suggests
that the effect of antagonists is reversible and is not due to
endosomal saturation or toxicity. Antagonists with human-
specific motif GTCGTT inhibited IFN-R and other cytokine
production in human PBMCs and proliferation of human B cells
induced by agonists of TLR9 or TLR7/8 in cell culture assays.
Antagonists containing either CpG or CpR motifs had inhibitory
activity in these studies.

Antagonists injected subcutaneously at doses of up to 20 mg/
kg did not induce cytokine/chemokine production in mice, while
TLR9 agonists at doses as low as 0.125 mg/kg (data presented
for agonist 3) induced significant cytokine and chemokine
production in mice. Co- or preadministration of antagonists
inhibited the activity of TLR9 agonists in mice to a greater
degree than did post-administration, suggesting that antagonists
block agonist activity by interfering at one of the upstream, but
not downstream, signaling events. Antagonists inhibited the
cytokine induction by TLR9 agonists when the antagonist was
administered together with the agonist or separately at a remote
site. The inhibitory effect was dependent on the dose of
antagonist as well as agonist, and the inhibitory effect persisted
for up to 120 h at a dose of 20 mg/kg. Moreover, compared
with poly dG-based oligonucleotides, the novel antagonists
described herein showed greater inhibition of immune stimula-
tion by agonists of TLR9 for a longer duration in mice.

TLRs 3, 7, 8, and 9 are expressed intracellularly in endosomal
membranes and the other TLRs are expressed on the cell surface.
Antagonists studied in the present paper specifically inhibited
the activity of agonists of TLR9 and TLR7/8 but not TLR3.
Mice lack a functional TLR8. The ability of TLR9 antagonist
to inhibit TLR7, but not TLR3, agonist activity suggests that
there is a cross-talk between TLR9 and TLR7. Our preliminary
studies in TLR7 and TLR9 knockout mice suggest that the
presence of TLR9 is required for the inhibition of TLR7 agonist
activity by antagonist (unpublished results). Further studies are
underway to understand the inhibition of TLR7 agonist activity
by antagonist in addition to TLR9 agonist activity. Antagonists
did not inhibit activity of agonists of cell surface TLRs 2, 4,
and 5.

While activation of TLRs is useful, inappropriate or uncon-
trolled TLR signaling has been implicated in certain disease
processes including various inflammatory and autoimmune
diseases.6,7 The antagonists or inhibitors of TLRs described here
might therefore be useful as therapeutic agents in auto-

Figure 6. Specificity of inhibition of TLR agonist-induced immune responses by antagonist in mice. C57BL/6 mice were injected sc with antagonist
8 (10 mg/kg) in the right flank and 72 h later, an agonist of TLR2 (MALP2, 0.5 mg/kg), TLR3 (polyI.polyC, 20 mg/kg), TLR4 (LPS, 0.25 mg/kg),
TLR5 (flagellin, 0.25 mg/kg), TLR7/8 (14, 50 mg/kg), or TLR9 (3, 0.25 mgkg) was injected sc in the left flank. Serum cytokine and chemokine
levels were determined by luminex multiplex assay. In all experiments, n ) 3 and serum samples were collected 2 h after agonist administration.
Data shown are representative of at least three independent experiments.

Figure 7. Duration of inhibitory affect of antagonist 6 (20 mg/kg, sc)
on TLR9 agonist 3 (0.25 mg/kg, sc)-induced IL-12 in mice. Data shown
are one representative experiment of more than six independent
experiments.

Figure 8. Effect of antagonist on (A) TLR9 and (B) TLR7/8 agonist-
induced NF-κB activation in human PBMCs. Human PBMCs were
incubated with antagonist at the indicated concentrations for 1 h and
then stimulated with the respective agonists for 2 h. Nuclear extracts
were isolated and analyzed by EMSA for NF-κB as described in the
materials and methods. Data shown are for one representative donor
of three studied.
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immune and inflammatory diseases. As an example, our studies
showed that antagonists can block TLR9 agonist-induced
immune activation in lupus prone MRL/lpr mouse spleen B
cells.

The present studies suggest that a CpG or CpR motif and
2′-O-methylribonucleotide modifications adjacent to CpG/CpR
on the 5′-side are required for antagonist activity. Our previous
studies showed that a 5′-accessible end is required for immune
stimulatory activity of agonists of TLR9 and suggested that the
compounds consisting of two or more 5′-ends, such as 3 and 5,
facilitate TLR9 dimerization and immune stimulation.42-44

Recent studies have shown that TLR9 exists in dimer form.45

The binding of CpG oligodeoxynucleotides to the receptor
causes conformational changes in the ectodomain of the receptor,
thus leading to the recruitment of adapter molecules by the
cytoplasmic signaling domain and activation of immune signal-
ing pathways.45 Non-CpG oligonucleotides also bind to TLR9

but are not capable of bringing conformational changes in the
ectodomain, thus failing to activate immune signaling path-
ways.42 Our earlier studies suggested that the activation of TLR9
requires an accessible 5′-end as oligodeoxynucleotides lacking
a free 5′-end show no immunostimulatory activity.43-45 Oli-
godeoxynuleotides containing CpG motifs (including those
containing 2′-O-methylribonucleotide substitutions adjacent to
CpG on the 3′-side, such as compound 2) are recognized from
the 5′-end, leading to the conformational changes in the
ectodomain of the receptor for recruiting adapter molecules and
initiating immune signaling pathways. Antagonists 6-9 have
the same sequences as that of agonists 1 and 4 but with 2′-O-
methylribonucleotide substitutions 5′ to the CpG dinucleotide.
It appears that the presence of 2′-O-methylribonucleotide
substitutions on the 5′-side adjacent to CpG does not lead to
immune activation but can competitively block agonist binding
to TLR9. On the contrary, compounds with or without 2′-O-
methylribonucleotide modifications and lacking CpG dinucle-
otide (10 and 11, respectively) neither act as agonists nor
antagonists.

Taken together, CpG or CpR stimulatory motif-containing
oligonucleotides with 2′-O-methylribonucleotide modifications
adjacent to the stimulatory motif on the 5′-side inhibit TLR9-
mediated immunostimulatory activity in vitro and in vivo in
mice. These novel antagonists may allow specific inhibition of
intracellularly expressed TLRs directly, without interfering with
other biological factors as is commonly observed with poly dG-
based TLR antagonists. Further studies of antagonists in
autoimmune disease models are in progress.

Supporting Information Available: Table of purity of com-
pounds as determined by HPLC and CGE, HPLC profiles of all
compounds, supporting figure legends, and two figures. This
material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate
immunity. Cell 2006, 124, 783–801.

(2) Yamamoto, S.; Kuramoto, E.; Shimada, S.; Tokunaga, T. In vitro
augmentation of natural killer cell activity and production of interferon-
alpha/beta and -gamma with deoxyribonucleic acid fraction from
Mycobacterium boVis BCG. Jpn. J. Cancer Res. 1988, 79, 866–873.

(3) Hemmi, H.; Takeuchi, O.; Kawai, T.; Kaisho, T.; Sato, S.; Sanjo, H.;
Matsumoto, M.; Hoshino, K.; Wagner, H.; Takeda, K.; Akira, S. A
Toll-like receptor recognizes bacterial DNA. Nature 2000, 408, 740–
745.

(4) Agrawal, S.; Kandimalla, E. R. Synthetic agonists of Toll-like receptors
7, 8, and 9. Biochem. Soc. Trans. 2007, 35, 1461–1467.

(5) Krieg, A. M. Therapeutic potential of Toll-like receptor 9 activation.
Nat. ReV. Drug DiscoVery 2006, 5, 471–484.

(6) Marshak-Rothstein, A. Toll-like receptors in systemic autoimmune
disease. Nat. ReV. Immunol. 2006, 6, 823–835.

Figure 9. Antagonist inhibits (A) TLR9 and (B) TLR7/8 agonist-
induced cytokine secretion by human PBMCs. Human PBMCs from
healthy volunteers were isolated and cultured in the presence of agonist
and/or antagonist 9 for 24 h at a ratio of 1:4. Supernatants were collected
and analyzed by Luminex multiplex assay for cytokine and chemokine
levels. The concentration of TLR9 agonist 5 was 5 µg/mL and TLR7/8
agonist 14 was 100 µg/mL. Data shown are for one representative donor
of six studied. (C) Antagonists inhibit agonist-induced human B cell
proliferation in a dose-dependent manner. Human B (CD19+) cells were
isolated from PBMCs and cultured in the presence of compounds for
72 h. Agonist 5 was added at a concentration of 5 µg/mL, and
antagonists 7 and 9 were added at 2.5, 5, 10, and 20 µg/mL. Bars
represent mean ( SEM of 5 donors.

Figure 10. Antagonist inhibits IL-6 secretion by splenic B cells in a
dose-dependent manner. Purified spleen B cells from MRL/lpr mice
were cultured with 1 µg/mL of agonist 3 alone or in the presence of
0.3, 1, and 3 µg/mL of antagonist 8, or 3 µg/mL of antagonist 8 alone.
After 24 h of culture, supernatants were collected and IL-6 levels were
determined by ELISA.

TLR7 and TLR9 antagonists Journal of Medicinal Chemistry, 2009, Vol. 52, No. 2 557



(7) Sun, S.; Rao, N. L.; Venable, J.; Thumond, R.; Karlsson, L. TLR7/9
antagonist as therapeutics for immune-mediated inflammatory disor-
ders. Inflammation Allergy: Drug Targets 2007, 6, 223–235.

(8) Lenert, P. Inhibitory oligodeoxynucleotidesstherapeutic promise for
systemic autoimmune diseases. Clin. Exp. Immunol. 2005, 140, 1–
10.

(9) Gursel, I.; Gursel, M.; Yamada, H.; Ishii, K. J.; Takeshita, F.; Klinman,
D. M. Repetitive elements in mammalian telomeres suppress bacterial
DNA-induced immune activation. J Immunol. 2003, 171, 1393–1400.

(10) Krieg, A. M.; Wu, T.; Weeratna, R.; Efler, S. M.; LoveHoman, L.;
Yang, L.; Yi, A. K.; Short, D.; Davis, H. L. Sequence motifs in
adenoviral DNA block immune activation by stimulatory CpG motifs.
Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 12631–12636.

(11) Duramad, O.; Fearon, K. L.; Chang, B.; Chan, J. H.; Gregorio, J.;
Coffman, R. L.; Barrat, F. J. Inhibitors of TLR-9 act on multiple cell
subsets in mouse and man in vitro and prevent death in vivo from
systemic inflammation. J. Immunol. 2005, 174, 5193–5200.

(12) Ashman, R. F.; Goeken, J. A.; Drahos, J.; Lenert, P. Sequence
requirements for oligodeoxyribonucleotide inhibitory activity. Int.
Immunol. 2005, 17, 411–420.

(13) Lenert, P.; Stunz, L.; Yi, A. K.; Krieg, A. M.; Ashman, R. F. CpG
stimulation of primary mouse B cells is blocked by inhibitory
oligodeoxyribonucleotides at a site proximal to NF-kappaB activation.
Antisense Nucleic Acid Drug DeV. 2001, 11, 247–256.

(14) Shirota, H.; Gursel, M.; Klinman, D. M. Suppressive oligodeoxy-
nucleotides inhibit Th1 differentiation by blocking IFN-γ- and IL-
12-mediated signaling. J. Immunol. 2004, 173, 5002–5007.

(15) Verthelyi, D.; Ishii, K. J.; Gursel, M.; Takeshita, F.; Klinman, D. M.
Human peripheral blood cells differentially recognize and respond to
two distinct CPG motifs. J. Immunol. 2001, 166, 2372–2377.

(16) Krug, A.; Rothenfusser, S.; Hornung, V.; Jahrsdorfer, B.; Blackwell,
S.; Ballas, Z. K.; Endres, S.; Krieg, A. M.; Hartmann, G. Identification
of CpG oligonucleotide sequences with high induction of IFN-R/� in
plasmacytoid dendritic cells. Eur. J. Immunol. 2001, 31, 2154–2163.

(17) Ballas, Z. K.; Krieg, A. M.; Warren, T.; Rasmussen, W.; Davis, H. L.;
Waldschmidt, M.; Weiner, G. J. Divergent therapeutic and im-
munologic effects of oligodeoxynucleotides with distinct CpG motifs.
J. Immunol. 2001, 167, 4878–4886.

(18) Verthelyi, D. J.; Gursel, M.; Kenney, R. T.; Lifson, J. D.; Liu, S.;
Mican, J.; Klinman, D. M. CpG oligodeoxynucleotides protect normal
and SIV-infected macaques from Leishmania infection. J. Immunol.
2003, 170, 4717–4723.

(19) Agrawal, S.; Iadorola, P. L.; Temsamani, J.; Zhao, Q.; Shaw, D. Effect
of G-rich sequences on the synthesis, purification, hybridization, cell
uptake, and hemolytic activity of oligonucleotides. Bioorg. Med. Chem.
Lett. 1996, 6, 2219–2214.

(20) Agrawal, S.; Tan, W.; Cai, Q.; Xie, X.; Zhang, R. In vivo pharma-
cokinetics of phosphorothioate oligonucleotides containing contiguous
guanosines. Antisense Nucleic Acid Drug DeV. 1997, 7, 245–249.

(21) Yu, D.; Kandimalla, E. R.; Zhao, Q.; Cong, Y.; Agrawal, S.
Immunostimulatory properties of phosphorothioate CpG DNA contain-
ing both 3′-5′- and 2′-5′-internucleotide linkages. Nucleic Acids Res.
2003, 30, 1613–1619.

(22) Agrawal, S.; Kandimalla, E. R. Antisense and/or immunostimulatory
oligonucleotide therapeutics. Curr. Cancer Drug Targets 2001, 1, 197–
209.

(23) Yu, D.; Kandimalla, E. R.; Zhao, Q.; Cong, Y.; Agrawal, S.
Immunostimulatory activity of CpG oligonucleotides containing non-
ionic methylphosphonate linkages. Bioorg. Med. Chem. 2001, 9, 2803–
2808.

(24) Yu, D.; Kandimalla, E. R.; Zhao, Q.; Cong, Y.; Agrawal, S. Modulation
of immunostimulatory activity of CpG oligonucleotides by site-specific
deletion of nucleobases. Bioorg. Med. Chem. Lett. 2001, 11, 2263–
2267.

(25) Yu, D.; Kandimalla, E. R.; Zhao, Q.; Bhagat, L.; Cong, Y.; Agrawal,
S. Requirement of nucleobase proximal to CpG dinucleotide for
immunostimulatory activity of synthetic CpG DNA. Bioorg. Med.
Chem. 2003, 11, 459–464.

(26) Yu, D.; Kandimalla, E. R.; Cong, Y.; Tang, J.; Tang, J. Y.; Zhao, Q.;
Agrawal, S. Design, synthesis, and immunostimulatory properties of
CpG DNAs containing alkyl-linker substitutions: role of nucleosides
in the flanking sequences. J. Med. Chem. 2002, 45, 4540–4548.

(27) Zhao, Q.; Yu, D.; Agrawal, S. Site of chemical modifications in CpG
containing phosphorothioate oligodeoxynucleotide modulates its im-

munostimulatory activity. Bioorg. Med. Chem. Lett. 1999, 9, 3453–
3458.

(28) Zhao, Q.; Yu, D.; Agrawal, S. Immunostimulatory activity of CpG
containing phosphorothioate oligodeoxynucleotide is modulated by
modification of a single deoxynucleoside. Bioorg. Med. Chem. Lett.
2000, 10, 1051–1054.

(29) Kandimalla, E. R.; Bhagat, L.; Wang, D.; Yu, D.; Tang, J.; Wang,
H.; Huang, P.; Zhang, R.; Agrawal, S. Divergent synthetic nucleotide
motif recognition pattern: design and development of potent immu-
nomodulatory oligodeoxyribonucleotide agents with distinct cytokine
induction profiles. Nucleic Acids Res. 2003, 31, 2393–2400.

(30) Kelley, V. E.; Roths, J. B. Interaction of mutant lpr gene with
background strain influences renal disease. Clin. Immunol. Immuno-
pathol. 1985, 37, 220–229.

(31) Dong, L.; Ito, S.; Ishii, K. J.; Klinman, D. M. Suppressive oligode-
oxynucleotides delay the onset of glomerulonephritis and prolong
survival in lupus-prone NZB × NZW mice. Arthritis Rheum. 2005,
52, 651–658.

(32) Patole, P. S.; Zecher, D.; Pawar, R. D.; Gröne, H. J.; Schlöndorff, D.;
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