
A Novel Aminosaccharide Compound Blocks Immune
Responses by Toll-like Receptors and Nucleotide-binding
Domain, Leucine-rich Repeat Proteins*

Received for publication, January 26, 2010, and in revised form, November 11, 2010 Published, JBC Papers in Press, December 7, 2010, DOI 10.1074/jbc.M110.108001

Kyoung-Hee Lee‡§, Yuen-Joyce Liu‡, Amlan Biswas‡§, Chikako Ogawa¶, and Koichi S. Kobayashi‡§1

From the ‡Department of Cancer Immunology and AIDS, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, the
§Department of Pathology, Harvard Medical School, Boston, Massachusetts 02115, and the ¶Eisai Research Institute,
Andover, Massachusetts 01810

Toll-like receptors (TLRs) and nucleotide-binding domain,
leucine-rich repeat (NLR) proteins are two major forms of in-
nate immune receptors that trigger inflammatory responses by
various biological mechanisms such as cytokine production,
recruitment of inflammatory cells, or activation of adaptive
immunity. Although the innate immune system is designed to
fight against infectious pathogens, excessive activation of TLR
or NLR signaling pathways may lead to unwarranted inflam-
mation with hazardous outcomes, including septic shock or
inflammatory diseases. As part of the search for effective ther-
apeutics to regulate these responses, here we show that a novel
aminosaccharide compound, named DFK1012, inhibits im-
mune responses caused by TLR and NLR activation. Treat-
ment with DFK1012, but not its derivatives DFK845 or
DFK846, strongly inhibited pro-inflammatory cytokine pro-
duction upon stimulation via either TLR or NLR proteins in
macrophages. Importantly, we have not observed cytotoxicity
in any range of its working concentration. Treatment with
DFK1012 did not interfere with TLR- or NLR-induced activa-
tion of p38 and JNK, phosphorylation/degradation of I�B, and
subsequent nuclear translocation of NF-�B subunit p65, sug-
gesting that the inhibitory activity of DFK1012 is not due to
the suppression of downstream signaling. Indeed, DFK1012
did not impair transcription of pro-inflammatory cytokine
genes but rather promoted post-translational degradation of
pro-inflammatory cytokines. Therefore, DFK1012 is a novel
anti-inflammatory compound that drives proteolysis of proin-
flammatory cytokines induced by TLR and NLR stimulation.
DFK1012 may represent a novel class of potential therapeutic
agents aimed at the treatment of inflammatory disorders.

The innate immune system serves as the first line of host
defense against infectious agents by detecting the presence of
microbial infection through germ line-encoded pattern recog-
nition receptors (1). Membrane-bound Toll-like receptors

(TLRs)2 as well as cytoplasmic nucleotide-binding domain
and leucine-rich repeat (NBD-LRRs or NLRs) protein families
are important groups of pattern recognition receptors that
provide immediate immune responses by recognizing differ-
ent but overlapping microbial components, frequently re-
ferred to as pathogen-associated molecular patterns (PAMPs)
(2). Mammalian TLRs detect components from various mi-
croorganisms, including bacteria, viruses, and protozoa (3–
18). Signaling of TLRs utilizes an adaptor MyD88, except for
TLR3, which requires an adaptor TIR-domain-containing
adapter-inducing interferon-� (TRIF), leading to the activa-
tion of signaling cascades such as MAP kinases and NF-�B.
These events result in the transcriptional activation of im-
mune response genes and lead to the up-regulation of surface
co-stimulatory molecules on antigen-presenting cells and the
secretion of pro-inflammatory cytokines such as IL-6, IL-8,
IL-12, and TNF-� (19–22).
Similar to TLRs, NLR proteins have been shown to play an

important role in the recognition and control of bacterial in-
fection (23, 24). For example, Nod2 recognizes muramyl
dipeptide (MDP), an active moiety of the bacterial cell wall
peptidoglycan, and transcriptionally activates immune re-
sponse genes via a serine/threonine kinase, Rip2 (25–28),
which activates the NF-�B and MAP kinase signaling path-
ways (27–29).
The production of inflammatory mediators is tightly regu-

lated by a variety of mechanisms at the transcriptional, post-
transcriptional, and post-translational levels. For example, the
transcription of TNF-�, a key pro-inflammatory cytokine, is
regulated by MAP kinase and NF-�B signaling, and inflamma-
tory stimuli also stabilize TNF-� mRNA through AU-rich
elements at the 3�-untranslated region (30). Furthermore,
TNF-� protein is translated as a precursor, which is trans-
ported to the plasma membrane via recycling vesicles (31, 32).
Maturation and secretion of TNF-� are dependent on cleav-
age by TNF-�-converting enzyme (TACE) (33). A substantial
amount of TNF-� precursor remains uncleaved and is de-
graded through the lysosomal pathway (34). Although synthe-
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sis and/or release of pro-inflammatory mediators are tightly
controlled, dysregulation or overproduction of these media-
tors may cause septic shock or other inflammatory disorders
(35). Studies using animal models have revealed that TLRs
play an important role in the pathogenesis of chronic inflam-
matory disease such as lupus, experimental autoimmune en-
cephalomyelitis, and chronic colitis (36–42). Recent genome-
wide linkage studies have also identified many factors that
link the polymorphisms of TLRs and NLRs to inflammatory
diseases. Polymorphisms of TLR2 are associated with the
pathogenesis of acute rheumatic fever and lepromatous lep-
rosy, and a polymorphism of TLR4 is linked to inflammatory
bowel diseases (43–45). Gain-of-function mutations in the
NOD2 gene are associated with the pathogenesis of Blau syn-
drome and early onset sarcoidosis (46–48). Given the vast
number of diseases linked to excessive inflammation, the reg-
ulation of TLR and NLR responses is an important target for
the control or prevention of various inflammatory disorders.
In this study, we show that a novel aminosaccharide com-

pound, DFK1012, blocks responses upon stimulation through
either TLRs or NLRs. We generated various derivatives of
MDP on which biotin was appended. We found that one of
such compounds, DFK1012, strongly inhibited cytokine pro-
duction by macrophages upon TLR or NLR stimulation at the
post-translational level. This serendipitous discovery may lead
to the development of a novel class of anti-inflammatory
compounds that have a unique mechanism of action.

EXPERIMENTAL PROCEDURES

Cell Culture—RAW 264.7 cells were maintained in DMEM
(Invitrogen) containing 10% (v/v) heat-inactivated FBS, 100
units/ml penicillin, and 100 mg/ml streptomycin at 37 °C un-
der 5% CO2. Bone marrow-derived macrophages were pre-
pared as described (27). Briefly, mouse bone marrow was ob-
tained by flushing the tibia and femur of C57BL/6 mouse
(Taconic) with DMEM supplemented with 10% heat-inacti-
vated FBS (Invitrogen). Bone marrow cells were cultured in 10
ml of DMEM, supplemented with 10% FBS, glutamine (both
from Invitrogen), and 30% L929 cell supernatant containing
M-CSF, at an initial density of 1 � 106 cells/ml in 100-mm
Petri dishes (BD Biosciences) at 37 °C in humidified 5% CO2
for 6 days. Cells were harvested with cold PBS (Invitrogen),
washed, resuspended in DMEM supplemented with 10% FBS,
and used at a density of 2 � 105 cells/ml.
Reagents—MDP (N-acetylmuramyl-L-alanyl-D-isoglu-

tamine) was purchased from Sigma-Aldrich and resuspended
in endotoxin-free water. DFK845, DFK846, and DFK1012
were synthesized by Eisai Research Institute (Andover, MA).
Lipopolysaccharide (LPS) was from Enzo Life Sciences (Plym-
outh Meeting, PA). Phosphorothioate-modified CpG oligonu-
cleotide DNA (TCCATGACGTTCCTGACGTT) was synthe-
sized by Integrated DNA Technologies (Coralville, IA). The
proteasome inhibitor, MG-132, was obtained from Calbio-
chem (Darmstadt, Germany). Rabbit polyclonal anti-poly-
(ADP-ribose) polymerase (PARP), anti-I�B�, anti-p65, anti-
FITC-p65, and goat polyclonal anti-actin antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit polyclonal anti-active caspase-3, anti-p-ERK, anti-p-

SAPK/JNK, anti-p-p38, anti-p-Rip2, and mouse monoclonal
anti-p-I�B� antibodies were from Cell Signaling (Beverly,
MA). Rat polyclonal anti-Nod2 and rabbit polyclonal anti-
Rip2 were from eBioscience (San Diego, CA). Rabbit poly-
clonal anti-iNOS was from Abcam (Cambridge, MA), and
goat anti-mouse IL-1� was from R&D Systems. Goat anti-
rabbit/mouse/goat secondary antibodies conjugated with
horseradish peroxidase were from GE Healthcare. Hoechst
33342 (trihydrochloride, trihydrate) was from Invitrogen.
3-(4,5-Dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) and chloroquine were from Sigma-Aldrich.
Determination of Cytokine Secretion—Cytokine levels in

culture supernatants were determined using ELISA kits for
IL-6 (Pharmingen), TNF-� (R&D Systems), and IL-12 p40
(Pharmingen), according to the manufacturer’s instructions.
MTT and LDH Release Assay—Cell viability was measured

by MTT and LDH assay. MTT solution was added to cells in
96-well plates to a final concentration of 0.5 mg/ml, and the
cells were incubated at 37 °C for 1 h. After removing culture
medium, 50 �l of DMSO were added, and the optical density
of each well was read at 570 nm. LDH release assay was per-
formed by using a non-radioactive cytotoxicity assay kit (Pro-
mega, Madison, WI) according to the manufacturer’s
instructions.
Preparation of Cytoplasmic and Nuclear Extracts—Cells

were washed twice with 1� PBS and allowed to equilibrate for
5 min in ice-cold cytoplasmic extraction buffer consisting of
10 mM Tris-HCl (pH 7.8), 10 mM KCl, l.5 mM EDTA, 0.5 mM

DTT. Cells were lysed on ice for 5 min in 0.4% Nonidet P-40/
cytoplasmic extraction buffer/protease inhibitor mixture.
Cells were gently scraped with a rubber policeman. Following
centrifugation at 3500 rpm for 5 min, the supernatants (cyto-
plasmic extracts) were collected and snap-frozen on dry ice.
The nuclear pellets were washed in detergent-free cytoplas-
mic extraction buffer containing a protease inhibitor mixture
(Roche Diagnostics) and then suspended in nuclear extraction
buffer (New England Biolabs) consisting of 20 mM Tris-HCl
(pH 7.8), 150 mM NaCl, 50 mM KCl, 1.5 mM EDTA, 5 mM

DTT, 1 mM Na2VO4, and a protease inhibitor mixture. After
vigorous vortexing at maximum speed and incubation for 10
min on ice, the solution was clarified by centrifugation at
15,000 rpm for 10 min, and the supernatant (nuclear extract)
was collected and snap-frozen on dry ice before storage at
�70 °C. The protein concentration was determined by Brad-
ford assay.
Western Blot Analysis—Twenty micrograms of protein

were resolved by 4–12% gradient SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to nitrocellulose
membranes. The membranes were blocked with 5% skim
milk-PBS-0.1% Tween 20 for 1 h before being incubated over-
night at 4 °C with primary antibodies in 5% skim milk-PBS,
0.1% Tween 20. The membranes were then washed three
times in 1� PBS-0.1% Tween 20 and incubated with horse-
radish peroxidase-conjugated secondary antibodies diluted in
5% skim milk-PBS, 0.1% Tween 20 for 1 h. After successive
washes, the membranes were developed using the SuperSignal
West Pico chemiluminescent kit (Thermo Scientific).
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Immunofluorescent Staining for NF-�B—Cells grown in
35-mm dishes were fixed in methanol and incubated with
rabbit polyclonal anti-p65 antibody diluted 1:100 in 3% BSA
for 24 h. The cells were subsequently incubated with rhoda-
mine isothiocyanate-conjugated goat anti-rabbit immuno-
globulin G antibody diluted 1:100 in 3% BSA for 30 min. After
being mounted with 50% glycerol, the slides were analyzed
with a fluorescence microscope (Nikon, ECLIPSE TE300).
Flow Cytometry Analysis—For the NF-�B translocation

assay, nuclei were prepared by incubating the cells in 1% Tri-
ton X-100 (pH 7.4) (10 mM HEPES, 320 mM sucrose, 5 mM

MgCl2) for 10 min at 4 °C. Nuclei were washed twice with
PBS-BSA (1% BSA) and stained with either FITC-conjugated
anti-NF-�B p65 antibody or FITC-conjugated monoclonal
immunoglobulin isotype control (Santa Cruz Biotechnology)
for 30 min at 4 °C. After incubation, the nuclei were washed
with PBS-BSA and counterstained with 1 mg/ml propidium
iodide. Nuclei were gated on the basis of propidium iodide
staining, after doublet elimination by area versus width mea-
surement on a FACSCalibur using CELLQuest software. Volt-
age settings for FITC parameters were performed with isotype
control. For intracellular cytokine staining, allophycocyanin
(APC) anti-mouse TNF-� antibody was obtained from Bio-
Legend (San Diego, CA). Cells were fixed and permeabilized
using a permeabilization/fixation buffer (eBioscience) for 20
min at room temperature and then incubated with anti-
CD16/CD32 antibody for 15 min on ice. Following Fc block,
the cells were stained with TNF-� antibody diluted in perme-
abilization buffer for intracellular staining. Stained cells were
washed, resuspended in 1% paraformaldehyde PBS solution,
and analyzed by FACSCalibur (BD Biosciences) followed by
analysis using FlowJo software.
Real-time Quantitative PCR—RNA was isolated using

TRIzol reagent (Invitrogen) and ethanol-precipitated. cDNA
synthesis was performed using the qScript Flex cDNA synthe-
sis kit (Quanta Biosciences) according to the manufacturer’s
instructions. RNA expression was quantified on the 7300 real-

time PCR system (Applied Biosystems) using the PerfeCTa
SYBR Green supermix with ROX (Quanta Biosciences).
Primer pairs used in the quantitative PCR analysis were as
follows: �-actin, forward, 5�-GCTGTGCTGTCCCTGTATG-
CCTCT-3�, �-actin, reverse, 5�-CTTCTCAGCTGTGGTGG-
TGAAGC-3�; Interleukin-6 (IL-6), forward, 5�-CCAGAAAC-
CGCTATGAAGTTCC-3�, IL-6, reverse, 5�-TTGTCACCAG-
CATCAGTCCC-3�; Tumor necrosis factor-� (TNF-�),
forward, 5�-ACAGAAAGCATGATCCGCG-3�, TNF-�,
reverse, 5�-GCCCCCCATCTTTTGGG-3�; Interleukin-1�
(IL-1�), forward, 5�-GCCTCGTGCTGTCGGACC-3�, IL-1�,
reverse, 5�-TGTCGTTGCTTGGTTCTCCTTG-3�.

RESULTS

DFK1012 Inhibits the Production of Inflammatory Cytokines
Induced by TLR and NLR Activation—Using MDP as a lead
compound, we generated various biotinylated derivatives,
including DFK1012 (Fig. 1). To determine whether these
compounds influence the expression of pro-inflammatory
cytokines, we stimulated a murine macrophage cell line
(RAW264.7) with LPS (TLR4 ligand) or CpG-B oligode-
oxynucleotide (TLR9 ligand) in the presence or absence of
DFK1012 and determined levels of IL-6 and TNF-� in culture
medium by ELISA. DFK1012 strongly inhibited the produc-
tion of IL-6 and TNF-� induced by both LPS and CpG-B oli-
godeoxynucleotide, indicating that DFK1012 inhibits TLR4
and TLR9 responses (Fig. 2A). Furthermore, DFK1012 has an
inhibitory effect on primary macrophages because DFK1012
treatment also abolished the production of IL-6, TNF-�, and
IL-12 p40 in bone marrow-derived macrophages (BMDM)
stimulated with LPS (Fig. 2B). In contrast, the parent mole-
cule MDP enhanced the production of IL-6, TNF-�, and
IL-12 p40 following LPS stimulation (Fig. 2, B and C), which is
consistent with an earlier report on the synergism between
MDP and TLR signaling (27). Indeed, MDP enhanced the
production of IL-6 and TNF-� induced by LPS (Fig. 2, B and
C). These results indicate that, despite their shared structure,

FIGURE 1. Chemical structure of MDP, DFK846, DFK845, and DFK1012.
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DFK1012 may have very different biochemical properties (Fig.
1, A and D). To examine the potency of DFK1012, we titrated
the compound for its blocking effect. DFK1012 was able to
block LPS-induced IL-6 production from RAW cells even at a
concentration of 15 nM (data not shown). Interestingly,
DFK1012 also inhibited TNF-� production upon Nod2 acti-
vation in MDP-stimulated RAW 264.7 cells (Fig. 2C). There-
fore, DFK1012 can inhibit responses elicited by TLRs and
Nod2 activation. To determine the specificity of the inhibitory
effect of DFK1012, we generated two derivatives of DFK1012
by changing the biotin and spacer position on MDP. DFK845

was generated using an analogue of biotin hydrazide that con-
tains a hexanoic acid extension to label an aldehyde of the
open form of muramic acid, forming a hydrazone bond.
DFK846 synthesis results from amide bond formation be-
tween the amine group of a biotinylated lysine and the car-
boxylic acid of D-isoglutamine (Fig. 1, B and C). In contrast to
the strong inhibitory activity of DFK1012, the two derivatives
DFK845 and DFK846 did not suppress the production of IL-6
and TNF-� upon LPS or CpG-B stimulations (Fig. 2, D and E).
Instead, DFK845 and DFK846 enhanced cytokine production
in response to CpG-B stimulation in RAW264.7 cells (Fig. 2D)
and increased the secretion of IL-12 p40 in LPS-treated
BMDM (Fig. 2E). Moreover, treatment with MDP or DFK845,
but not DFK1012, increased the level of iNOS, an NF-�B-de-
pendent gene product (Fig. 2F). These data suggest that
DFK845 and DFK846, like MDP, induce pro-inflammatory
effects, whereas DFK1012 has a strong inhibitory effect on
responses induced by TLR or NLR simulation.
The Anti-inflammatory Effect of DFK1012 Is Not Due to

Cytotoxicity—One possible explanation for the decrease in
production of inflammatory cytokines upon DFK1012 treat-
ment could be changes in cell viability. To determine whether
DFK1012 adversely affects cell survival, RAW264.7 cells were
incubated with DFK1012 or 20 �M MG-132 as a positive con-
trol to induce apoptosis. Upon MG-132 treatment, cells un-
derwent characteristic apoptotic changes in their morphol-
ogy, including cell shrinkage and chromatin compaction (Fig.
3A). However, DFK1012 treatment did not induce any mor-
phological changes, indicating that DFK1012 does not
cause apoptotic cell death (Fig. 3A). Caspase activation and
caspase-mediated proteolysis such as PARP-1 (poly(ADP-
ribose) polymerase-1) cleavage, along with the fragmenta-

FIGURE 2. DFK1012 inhibits IL-6 and TNF-� production induced by the
TLR4 ligand (LPS), TLR9 ligand (CpG-B), or Nod2 ligand (MDP). A–E, cells
were stimulated in the following conditions, and levels of IL-6, TNF-�, and
IL-12 p40 were determined by ELISA. A, RAW264.7 cells were stimulated
with LPS (1 ng/ml) or CpG-B (1 �M) in the presence or absence of DFK1012
(DK12, 30 nM) for 24 h. V.C., vehicle control (DMSO). B, BMDM were stimu-
lated with LPS (0.1 ng/ml) in the presence or absence of DFK1012 or MDP
(100 �g/ml) for 24 h. C, RAW264.7 cells were stimulated with LPS (0.5 ng/ml)
plus MDP (100 �g/ml) in the presence or absence of DFK1012 (30 nM) for
24 h. D, RAW264.7 cells were treated with LPS (0.5 ng/ml) or CpG-B (1 �M) in
the presence or absence of DFK845 (DK5, 100 �g/ml) or DFK846 (DK6, 100
�g/ml) for 24 h. E, BMDM were stimulated with LPS (1 ng/ml) in the pres-
ence or absence of DFK845 (100 �g/ml) or DFK846 (100 �g/ml) for 24 h.
Data represent the mean � S.D. of triplicates. Data are representative of
three independent experiments with similar results. F, BMDM and
RAW264.7 cells were treated with MDP, DFK1012, or DFK845 for 18 h. Cell
extracts were subjected to Western blot analysis for iNOS and actin. n.s.,
nonspecific.

FIGURE 3. The anti-inflammatory effect of DFK1012 is not due to cyto-
toxicity. A, RAW 264.7 cells were stimulated with DFK1012 (DK12, 30 nM) or
MG-132 (MG, 20 �M) for 24 h. Cells were fixed in methanol and then stained
with 2 �g/ml Hoechst 33342 to label nuclear DNA. Cells were examined by
fluorescence microscopy (�400 in magnification). V.C., vehicle control
(DMSO). B, RAW 264.7 cells were incubated with DFK1012 (30 nM), MDP (200
�g/ml), DFK845 (DK5, 160 �g/ml), or MG-132 (10 or 20 �M) for 18 h. Total
cellular extracts were subjected to Western blot analysis for PARP-1,
caspase-3, and actin. C and D, RAW 264.7 cells were treated with DFK1012
(30, 15, and 7.5 nM) or MG-132 (20 and 50 �M) in the presence (black bar) or
absence (white bar) of LPS for 24 h. Cell viability was determined by MTT
assay (C) and LDH release assay (D). Data represent the mean � S.D. of tripli-
cates. Data are representative of three independent experiments with simi-
lar results. % of max, percentage of maximum; C, medium.
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tion of cellular DNA, are hallmarks of apoptosis and con-
tribute to the irreversibility of the cell death process (49).
MG-132-treated RAW264.7 cells exhibited proteolysis of
PARP-1 and active caspase-3 as expected (Fig. 3B), but
DFK1012 treatment did not induce PARP-1 cleavage or the
generation of active caspase-3 in BMDM and RAW264.7
cells (Fig. 3B), again indicating that DFK1012 does not in-
duce apoptosis. Furthermore, MTT and LDH release assays
were used to verify that DFK1012 did not exhibit any effect
on cell viability, even in the presence of LPS (Fig. 3, C and
D). These results indicate that the inhibitory effect of
DFK1012 on proinflammatory cytokine production is not
due to cytotoxicity.
DFK1012 Does Not Inhibit I�B� Degradation and MAP

Kinase Activation upon LPS or MDP Stimulation—Because
TLR and NLR signaling pathways activate transcription
factors such as NF-�B and AP-1 that are required for cyto-
kine production, one plausible mechanism by which
DFK1012 inhibits pro-inflammatory cytokine production is
in interfering with the signaling pathways involving NF-�B
or MAP kinases. To examine this possibility, RAW264.7
cells were stimulated with LPS in the presence or absence
of DFK1012, and the activation of NF-�B and MAPKs was
assessed by Western blotting for phosphorylated and total
I�B�, an inhibitor of NF-�B, and phosphorylation of
MAPKs, including JNK, p38, and ERK. In LPS-stimulated
RAW264.7 cells, I�B� was phosphorylated and degraded
10 and 30 min after stimulation, respectively, and returned
to baseline levels at 1 h, representing the degradation of
I�B� and subsequent activation of NF-�B, which in turn
transcriptionally activates and up-regulates I�B� (Fig. 4, A
and B) (50). DFK1012 did not inhibit phosphorylation and
degradation of I�B� in LPS-stimulated RAW264.7 cells

(Fig. 4, A and B). DFK1012 also did not affect the phos-
phorylation, and thus activation, of the MAP kinase p38
and JNK (Fig. 4B). Phosphorylation of ERK was only
slightly affected by DFK1012, suggesting that DFK1012
may perturb ERK activation upon TLR4 stimulation
(Fig. 4B).
Next we examined whether DKF1012 could interfere with

Nod2 signaling. Without priming with either TLR ligands or
IFN�, BMDM express a low level of Nod2 protein and only
weakly respond to MDP stimulation (data not shown). There-
fore, BMDM were primed with a low dose of LPS to induce
Nod2 expression and then subsequently challenged with
MDP. In BMDM pre-primed with a low dose of LPS, Nod2
as well as Rip2 were up-regulated (Fig. 4C). DFK1012 failed
to inhibit I�B� degradation and the activation of p38, JNK,
and ERK upon MDP stimulation (Fig. 4C). These results
indicate that DFK1012 does not interfere with the activa-
tion of NF-�B and MAP kinases, including ERK, upon
Nod2 activation. In contrast, treatment with DFK1012 de-
rivatives DFK845 and DFK856 alone induced I�B� degra-
dation, again implying that DFK845 and DFK856 are stim-
ulatory compounds, in sharp contrast to the inhibitory
function of DFK1012 (data not shown). In summary, the
TLR and NLR cytoplasmic signaling pathways are predom-
inantly unaffected by DFK1012.
DFK1012 Does Not Block Nuclear Translocation of the

NF-�B Subunit p65—The activation process of NF-�B in-
volves the phosphorylation of I�B� by I�B kinases (IKKs) and
the subsequent degradation and nuclear translocation of
NF-�B (51). To test whether DFK1012 has any effect on the
translocation of NF-�B into the nucleus in response to TLR
stimulation, RAW264.7 cells and BMDM were treated with
LPS in the presence or absence of DFK1012 and then ex-
amined for the subcellular localization of p65 by immuno-
fluorescent staining. Incubation with LPS caused nuclear
translocation of p65, as demonstrated by a clear nuclear
staining, in contrast to the cytoplasmic distribution in un-
stimulated cells (Fig. 5A). DFK1012-treated RAW264.7
cells and BMDM also exhibited nuclear staining of p65 af-
ter LPS stimulation, suggesting that DFK1012 does not in-
hibit the nuclear translocation of p65 (Fig. 5A). To confirm
that nuclear p65 levels were not affected by DFK1012, we
subjected cytoplasmic and nuclear extracts to Western blot
analysis. Although the majority of p65 was located in the
cytoplasm of control cells without TLR stimulation, stimu-
lation with CpG-B led to an increase of p65 protein in the
nucleus, which was not blocked by DFK1012 treatment
(Fig. 5B). To assess the translocation of p65 in a more
quantitative manner, levels of translocated p65 in
RAW264.7 cells stimulated with LPS were analyzed using
flow cytometry after staining of the isolated nuclei with
FITC-labeled anti-p65 antibody. Translocation of p65 after
LPS stimulation is indicated by increased FITC-p65 stain-
ing, which was not impaired by treatment with DFK1012
(Fig. 5C). However, in accordance with the effect of
DFK845 on cytokine production and I�B� degradation,
DFK845 treatment induced the translocation of p65 into
the nucleus, again indicating that DFK845 is an active but not an

FIGURE 4. DFK1012 does not block phosphorylation and degradation of
I�B� and activation of MAP kinase by LPS or MDP stimulation. A and B,
RAW264.7 cells were pretreated with DFK1012 (DK12) for 1 h and then stim-
ulated with LPS (10 ng/ml) for the indicated periods in the presence or ab-
sence of DFK1012. Cells were treated with CpG-B (1 �M) for 30 min as a posi-
tive control. Total cellular extracts were subjected to Western blot analysis
for phosphorylated I�B� (p-I�B�), I�B�, phosphorylated ERK (p-ERK), phos-
phorylated p54 and p46 SAPK/JNK (p-SAPK/JNK), phosphorylated p38 (p-
p38), and actin. n.s., nonspecific; L.E., long exposure; S.E., short exposure.
C, BMDM were pretreated with or without DFK1012 for 1 h and then stimu-
lated with LPS (10 ng/ml) for 30 min (lanes 1–3). Cells were pretreated with
LPS (0.1 ng/ml) for 5 h and then stimulated with MDP (100 �g/ml) for 30
min in the presence or absence of DFK1012 (lanes 4 and 5) Total cellular
extracts were subjected to Western blot analysis for I�B�, p-ERK, p-SAPK/
JNK, p-p38, Nod2, phosphorylated Rip2 (p-Rip2), total Rip2, and actin. Data
are representative of three independent experiments with similar results.
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inhibitory compound (Fig. 5C). Overall, these findings indicate
that the anti-inflammatory effect of DFK1012 is not due to a
blocking effect on NF-�B nuclear translocation.
DFK1012 Induces Lysosomal Proteolysis of Inflammatory

Cytokine at the Post-translational Level—Because signaling
downstream of TLR and NLR proteins was largely intact even
in the presence of DFK1012, we examined whether the inhibi-
tion of proinflammatory cytokine production is due to regula-
tion at the transcriptional or translational level. First, we ex-
amined whether DFK1012 could block the induction of
mRNA levels of IL-6, TNF-�, and IL-1� by quantitative real-
time PCR. Upon LPS stimulation in RAWmacrophage cells,
transcripts of IL-6, TNF-�, and IL-1� were induced, and this
induction was not significantly altered in the presence of
DFK1012 (Fig. 6, A–C). Next we examined whether DFK1012
inhibits the synthesis of pro-inflammatory cytokines. We
stimulated RAW cells with LPS for 8 h in the presence of
monensin, which prevents protein transport to the Golgi
complex and leads to accumulation of proteins in the endo-
plasmic reticulum, and intracellular levels of TNF-� were ex-
amined by flow cytometry. As shown in Fig. 7A, the level of
TNF-� retained in cells in the presence of monensin was not
altered by DFK1012, indicating that DFK1012 does not affect
translation or post-translational steps prior to the trafficking
of the protein through the ER-Golgi. However, in the absence
of monensin, DFK1012 reduced intracellular protein levels of
both precursor and mature forms of TNF-� after 12 h of co-
treatment with LPS and DFK1012 (Fig. 7B), suggesting altered
post-translational regulation, probably post-Golgi. The reduc-
tion of precursor TNF-� by DFK1012 was completely blocked
by treatment with chloroquine, an inhibitor of lysosomal acid-
ification (Fig. 7B). These results demonstrate that DFK1012
inhibits cytokine secretion by promoting post-translational
degradation through the lysosomal pathway. In addition to

TNF-�, IL-1� expression is regulated at the protein level be-
cause Western blotting showed that DFK1012 treatment sup-
pressed IL-1� expression (Fig. 7B), whereas quantitative PCR
showed unchanged IL-1� transcript levels (Fig. 6C). To exam-
ine whether the synthesis of other proteins induced by TLR
signaling is impaired by DFK1012, RAW cells were stimulated
with LPS in the presence or absence of DFK1012, and the ex-
pression of LPS-inducible proteins, iNOS, Nod2, and Rip2, was
examined byWestern blot analysis. There was no significant

FIGURE 5. DFK1012 does not block NF-�B subunit p65 nuclear translo-
cation upon LPS or CpG-B stimulation. A, RAW 264.7 cells or BMDM were
pretreated with DFK1012 (DK12, 30 nM) for 1 h and then stimulated with 1
ng/ml of LPS for 30 min. Cells were fixed and permeabilized for 5 min. Im-
munofluorescent staining for p65 was performed using anti-p65 antibody
followed by Alexa Fluor 594 detection antibody. Cells were analyzed using
fluorescence microscope. B, BMDM were pretreated with DFK1012 (30 nM)
for 1 h and then stimulated with CpG-B (1 �M) for 30 min. Equal amounts of
nuclear and cytoplasmic protein extracts were subjected to Western blot
analysis for p65. CE, cytoplasmic extracts; NE, nuclear extracts. C, RAW 264.7
cells were pretreated with DFK1012 (30 nM) for 1 h and then stimulated with
LPS (10 ng/ml) for 30 min or treated with DFK845 (DK5) for 90 min. Cells
were incubated in Hepes-Triton buffer (pH 7.4) to isolate pure nuclei and
analyzed for p65/NF-�B localization by flow cytometry after staining with
FITC-labeled anti-p65 antibody. Data are representative of three indepen-
dent experiments with similar results. ctrl, control.

FIGURE 6. DFK1012 does not block induction of IL-6, TNF-�, and IL-1�
gene transcripts. A–C, RAW264.7 cells were treated with LPS (10 ng/ml) in
the presence or absence of DFK1012 (DK12) for 4 h. The expression of IL-6,
TNF-�, and IL-1� was examined by quantitative real-time PCR. Data were
normalized to the expression of the �-actin gene. Data represent the
mean � S.D. of triplicates.

FIGURE 7. DFK1012 triggers post-translational degradation of TNF-�
through the lysosomal pathway. A, RAW264.7 cells were treated with LPS
(10 ng/ml) in the presence or absence of DFK1012 (DK12) for 8 h in the pres-
ence of monensin (2 �M). The expression of intracellular TNF-� was ana-
lyzed by flow cytometry. APC, allophycocyanin. B, RAW cells were stimu-
lated with LPS in the presence or absence of DFK1012 or chloroquine (50
and 100 �M) for 12 h. The expression of intracellular TNF-� or IL-1� was ana-
lyzed by Western blot analysis. n.s., nonspecific; L.E., long exposure; S.E.,
short exposure. C, RAW264.7 cells were stimulated with LPS (10 ng/ml) in
the presence or absence of DFK1012 for 18 h. Total cellular extracts were
subjected to Western blot analysis for iNOS, Nod2, Rip2, and actin. Data are
representative of three independent experiments with similar results.
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alteration in the expression of these proteins by DFK1012 treat-
ment (Fig. 7C). Taken together with the severe reduction in se-
creted proinflammatory cytokine levels as assessed by ELISA
(Fig. 2,A–C), these results indicate that the major target of
DFK1012 involves post-translational degradation.

DISCUSSION

In this study, we demonstrate that DFK1012, a novel
aminosaccharide compound, can induce a strong anti-in-
flammatory effect by blocking TLR and NLR responses.
DFK1012, but not its derivatives, DFK845 and DFK846,
showed an inhibitory effect on LPS and CpG-B-induced
production of pro-inflammatory cytokines via TLR4 and
TLR9, respectively (Fig. 2, A and B). DFK1012 also sup-
pressed the release of cytokines upon Nod2 activation after
stimulation with MDP (Fig. 2C). Therefore, DFK1012 tar-
gets a common mediator in MyD88-dependent TLR and
Nod2 signaling. DFK1012 treatment did not suppress LPS-
or MDP-induced degradation of I�B� or activation of p38
and SAPK/JNK, although ERK activation downstream of
TLR4 was slightly affected by the compound in RAW264.7
cells (Fig. 4, A and B). The strong anti-inflammatory effect
of DFK1012 cannot be fully explained by reduced ERK acti-
vation in RAW264.7 cells because ERK activation was not
affected in DFK1012-treated BMDM (Fig. 4C), where cyto-
kine production was also inhibited. Furthermore, we dem-
onstrated that DFK1012 also did not block p65 nuclear
translocation induced by LPS stimulation (Fig. 5). Interest-
ingly, induction of pro-inflammatory cytokines at tran-
scriptional as well as translational levels was largely unim-
paired by DFK1012. (Figs. 6, A and B, and 7A). Indeed,
DFK1012 did not significantly change intracellular TNF-�
levels in the presence of a secretion inhibitor, monensin,
up to 8 h after co-stimulation (Fig. 7A). However, both pre-
cursor and mature forms of TNF-� completely disappeared
after 12 h of stimulation. Moreover, the inhibition of lyso-
some acidification totally restored DFK1012-induced loss
of intracellular TNF-� level, suggesting that the observed
loss of TNF-� is due to post-translational degradation
through the endo/lysosome (Fig. 7B).

DFK1012 has chemical similarities to MDP, a ligand that
activates Nod2. Two derivatives of DFK1012, DFK845 and
DFK846, mimicked the enhancing effect of MDP on TLR-
induced cytokine production (Fig. 2, D and E, and data not
shown). In contrast, DFK1012 reduced both TLR-depen-
dent and Nod2-dependent cytokine production (Fig. 2,
A–C). Interestingly, this inhibitory effect of DFK1012 is
not due to competition with MDP as an antagonist.
DFK1012 did not block NF-�B and MAP kinase signaling
downstream of MDP stimulation, suggesting that the in-
hibitory effect of DFK1012 is not due to impaired Nod2
activation. Furthermore, DFK1012 blocks cytokine produc-
tion by TLR stimulation, not only by Nod2 stimulation
(Fig. 2, A and B). Therefore, the strong anti-inflammatory
activity of DFK1012 is not caused by an antagonistic inhib-
itory function. Although analogues of MDP have been re-
ported to limit inflammation in murine models of septic
shock (52), this is the first report to demonstrate that

DFK1012, a novel aminosaccharide compound similar to
MDP, suppresses TLR- and NLR-induced cytokine produc-
tion from innate immune cells.
Surprisingly, DFK1012 does not induce any cytotoxicity at any

working concentration we tested. Despite a strong inhibition of
cytokine production, DFK1012 treatment does not impair cell
viability.We have used four different approaches to assess the
effect of DFK1012 on cell viability, including nuclei staining with
Hoechst 33342,Western blot analysis for the cleavage of PARP-1
and caspase-3, andMTT and LDH assays. All of our experiments
have indicated that DFK1012 does not induce any sign of cyto-
toxicity (Fig. 3,A–D), which suggests that DFK1012 does not
affect the expression of proteins required for cell survival. Fur-
thermore, DFK1012 targets the post-translational regulation of
pro-inflammatory cytokines, and not other immune response
genes, including LPS-induced iNOS, Nod2, and Rip2 (Fig. 7C).
This specificity of DFK1012 for the suppression of inflammatory
cytokines would be a tremendous practical advantage for its use
as a therapeutic agent.
Excessive immune responses are detrimental to the host,

and thus proper regulation of immune responses is critical for
maintaining immune homeostasis and preventing inflamma-
tory disorders and septic shock (35). Following recent rapid
advances in the field of innate immunity, innate immune re-
ceptors have become attractive targets in the development of
anti-inflammatory drugs (53). For example, inhibitors for
TLR7 and TLR9 have been studied for the treatment of auto-
immune diseases (54), and the TLR4 antagonist, eritoran tet-
rasodium (E5564), is under clinical trial for the treatment of
septic shock patients (55). Potential immunomodulators also
include inhibitors of TLR signaling molecules, such as p38�
MAPK (56, 57), MK2 (58), or IRAK4 (59–61). As a strong
inhibitor of cytokine production, usage of DFK1012 or related
molecules may have some advantages over treatment with
Infliximab, an anti-TNF-� antibody, or other related anti-
inflammatory drugs targeting inflammatory cytokines. First,
because DFK1012 is a small compound with a relatively sim-
ple structure, modifications to improve its efficacy and safety
are relatively easy. Second, DFK1012 inhibits the production
of multiple pro-inflammatory cytokines from various TLR
and NLR stimuli, rather than a particular cytokine or signal-
ing pathway, which may prove more useful in disease settings
characterized by the excessive production of many pro-in-
flammatory cytokines. Third, unlike the antibody-based drug,
Infliximab, which requires intravenous administration, vari-
ous routes could be used for future derivatives of DFK1012.
DFK1012 thus has a great deal of therapeutic potential.
In summary, this study demonstrates that DFK1012

strongly inhibits pro-inflammatory cytokine production in
response to TLR and NLR stimulation. In light of its low cyto-
toxicity, DFK1012 is an attractive candidate for future drug
development targeting inflammatory diseases.
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43. Berdeli, A., Celik, H. A., Ozyürek, R., Dogrusoz, B., and Aydin, H. H.
(2005) J. Mol. Med 83, 535–541

44. Kang, T. J., and Chae, G. T. (2001) FEMS Immunol. Med. Microbiol. 31,
53–58

45. Franchimont, D., Vermeire, S., El Housni, H., Pierik, M., Van Steen, K.,
Gustot, T., Quertinmont, E., Abramowicz, M., Van Gossum, A., Devière,
J., and Rutgeerts, P. (2004) Gut. 53, 987–992

46. Miceli-Richard, C., Lesage, S., Rybojad, M., Prieur, A. M., Manouvrier-
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