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Abstract: Macrophages recognize microbes through Pattern Recognition Receptors (PRRs), and then release pro-
inflammatory and anti-inflammatory cytokines. Recent studies have highlighted that collaboration between different
PRRs. However, these studies have neglected the crosstalk between various PRRs on macrophages. In the pres-
ent study, we investigated the interplay of nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs)
(NOD1, NOD2) and TLRs (TLR1, 2, 3, 4, 5, 6, 7, 8) in terms of macrophage activation, the expression and production
of cytokines. The macrophages were stimulated with a single PRR ligand or a combination of TLR and NOD ligands.
After 8 h of incubation, the mRNA expression of interleukin-13 (IL-13), IL-4, IL-6, IL-10, 1L-:12p35, 1L-12p40, IL-13,
and interferon-y (IFN-y) was evaluated. The production of these cytokines was also measured. NOD2 synergized
with TLR3 agonists on enhancement of IL-10 release. However, the combination of NOD1 with TLR3 ligands showed
little effect on IL-10 production. Moreover, NOD2 inhibited the percentages of CD11b + F4/80 + cells activated by
TLR3 agonist.
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Introduction cytosolic signal transducers with a NOD, broad-
ly participate in inflammatory responses. Wh-

The innate immune response is the first line of ereas TLRs sense PAMPs in the extracellular

defense against microbial infections and can
specifically recognize invading microorganisms.
The targets of innate immune recognition are
the conserved molecular patterns of microor-
ganisms (pathogen-associate molecular pat-
terns, PAMPs), so the receptors in the innate
immune system are called pattern recognition
receptors (PRRs). PRRs such as like Toll-like
receptors (TLRs) and nucleotide-binding oligo-
merization domain NOD-like receptors (NLRs)
are important sensors of microbial products,
and they have been found not only to play key
roles in the innate immune system but also to
serve as an important bridge linking innate
immune system and the adaptive immune sys-
tem. TLRs are one of the most important types
of PRRs and are capable of sensing organisms
ranging from bacteria to fungi, protozoa, and
viruses. NLRs, as a group of signal transduction

space and in endosomes, NLRs function exclu-
sively as intracytoplasmic pathogen sensors [1,
2]. In recent years, several studies have des-
cribed different levels of crosstalk between
NLR- and TLR-dependent signaling pathways in
innate immune cells. NLRs and TLRs can act in
complementary, additive, or even synergistic
ways [3-6]. It has been shown that in dendritic
cells and monocytes, NOD1 and NOD2 agonists
can synergize with TLR agonists to induce pro-
inflammatory mediators and cell maturation.
Furthermore, NLR-induced immune responses
may represent an alternative host defense
mechanism when pro-inflammatory responses
are impaired by TLR-induced to polarization.

As an essential component of innate immunity,
macrophages play a central role in inflamma-
tion and host defense [1]. Cells of the mono-
cyte-macrophage lineage are characterized by
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Table 1. Ultrapure PRR ligands used in stimu-
lation experiments with RAW264.7 cells

PRR Ligand Working concentration
NOD1 iE-DAP 10 pg/ml
NOD2 MDP 10 pg/ml
TLR1/2 Pam3CSK4 10 pg/ml
TLR2/6 FSL-1 10 pg/ml
TLR3 Poly (I:C) 10 pyg/ml
TLR4 LPS 1 ng/ml
TLR5 recFLA-ST 10 pyg/ml
TLR7/8 R848 10 pg/ml

considerable diversity and plasticity, and cer-
tain studies have indicated that the initial inter-
action of macrophages with specific cytokines
determines their functional phenotype. Fully
polarized macrophages, or M1-polarized and
M2-polarized (or alternatively activated) macro-
phages, are the extremes of a continuum of
functional states. These cells interact with
other local molecules to regulate immunoreac-
tions against microbial pathogens and are
involved in tissue remodeling. M1-polarized
macrophages mediate the initiation of inflam-
matory responses and tissue damage [7, 8]
and, M2-polarized macrophages play a key role
in tissue repair.

As the first line of host defense against infec-
tions, macrophages are activated through their
surface PRRs by a variety of pathogenic bacte-
ria. Murine macrophages are equipped with all
types of TLRs except TLR9, and also express
the NLRs NOD1 and NOD2. Recent studies
have revealed the crucial role of TLRs and NLRs
in activating macrophages during the inflamma-
tory response and the initiation of adaptive
immunity. In the context of an infection, host
cells exposed to complex pathogens are simul-
taneously challenged by several microbial prod-
ucts, and bacteria likely activate the immune
response through several PRMs simultaneous-
ly. Thus, the overall immune response will be
the sum of all of the TLRs and PRRs that a
pathogen is able to stimulate, which means
that the crosstalk between TLRs and NLRs
should be more important than either TLR or
NLR stimulation alone in the initiation and
developing of inflammation. However, in macro-
phages, few studies have investigated the
interactions between NLRs and TLRs, and the
effects of different combinations of PRRs
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ligands on distinct inflammatory cytokine ex-
pression and macrophage polarization are still
unknown.

An interesting hypothesis is that, various com-
binations of NLR and TLR ligands would lead to
different modulation of immune reactions, with
different cytokines’ profiles and different path-
ways of macrophage activation, compared with
when these ligands are used alone. Moreover,
the dynamic process and phenotype of polar-
ized macrophages induced by TLRs might be
altered during NLR stimulation. Because NOD1
and NOD2 are two important members of the
NLR family, to confirm this hypothesis, we
investigated the effects of NLR-TLR crosstalk
triggered by NOD1/NOD?2 ligands and different
types of TLR agonists on the pro-inflammatory
cytokine profile in macrophages and the polar-
ization of macrophages. Therefore, we sought
to investigate the possible mechanisms of bac-
terial infection-related inflammation via the
PRRs in macrophages and to provide a new
method for the modulation of excessive inflam-
matory responses.

Materials and methods
Reagents

Ligands were purchased from In vivo Gen (San
Diego, CA, USA) and were used to stimulate the
murine macrophage cell line RAW264.7. These
ligands were iE-DAP, MDP, Pam3CSK4, FSL-1,
Poly (I:C), LPS, recFLA-ST and R848. The con-
centrations of these ultrapure ligands were
based on published studies showing what con-
centrations are effective in eliciting cytokine
production and also nontoxic to cell growth
[9-12]. Table 1 provided details about the
ligands’ corresponding PRRs and working
concentrations.

RAW264.7 cell stimulation

The murine RAW264.7 macrophage cell line
was cultured in complete medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM),
10% fetal bovine serum (FBS) and 1% penicillin,
1% streptomycin at 37°C in the presence of 5%
CO,. Then 1 x 10° cells/ml was stimulated with
a single ultrapure PRR ligand or a combination
of two ligands.
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Table 2. Primers sequences

ried out according to the manufactur-

Target gene Primer sequences forward/reverse

Size of amplified
products (bp)

ers’ protocols.

IL-1B GCAACTGTTCCTGAACTCAACT/
ATCTTTTGGGGTCCGTCAACT

IL-4 ACAGGAGAAGGGACGCCAT/
GAAGCCCTACAGACGAGCTCA

IL-6 GAGGATACCACTCCCAACAGACC/
AAGTGCATCATCGTTGTTCATACA

IL-10 GGTTGCCAAGCCTTATCGGA/
ACCTGCTCCACTGCCTTGCT

I-:12p35  GCCTCACCCTCGGCATCCAGCA/
GGGTGGCCAAAAAGAGGAGGTAGCG

IL-12p40  GGAAGCACGGCAGCAGAATA/
AACTTGAGGGAGAAGTAGGAATGG

IL-13 GGTGGTCTCGCCGCCCCAGG/
CACAGAACCCGCCAGCGGCCA

IFN-y TGACGTCACTGGAGTTGTACGG/
GGTTCATGTCATGGATGGTGC

GAPDH GTGAAGGTCGGTGTGAACGG/
TCCTGGAAGATGGTGATGGG

89

289

141

191

82

180

160

92

227

Flow cytometry

RAW264.7 cells were collected after
they were stimulated for 24 h. The
cells were washed in phosphate-buff-
ered saline (PBS) and then simulta-
neously stained with phycoerythrin
(PE)-conjugated rat anti-mouse CD-
11b antibodies and PerCP-Cyanine-
5.5-conjugated rat anti-mouse F4/80
antibodies at 4°C for 1 h. (eBiosci-
ence, San Diego, CA, USA). After three
more washes with PBS, the samples
were measured on a FACSC alibura-
nd analyzed using Cell Quest soft-
ware (Becton Dickinson, Fullerton,
CA, USA).

Calculations and statistic analysis

MRNA detection

RNA isolation and quantitative real-time PCR
(gRT-PCR) were then performed after 8 h of
stimulation. Total RNA was extracted from the
RAW264.7 cells using TRIzol reagent (Life
Technologies, Carlsbad, CA, USA) and reverse
transcribed using Rever Tra Aceq PCR RT
Master Mix (Toyobo, Osaka, Japan) according to
the manufacturer’s protocol. gRT-PCR was per-
formed in an ABI 7500 Real-Time PCR System
(Applied Biosystems, Foster, CA, USA) using
KODSYBR gPCR Mix (Toyobo, Osaka, Japan).
The primers are listed in Table 2. The specificity
of the gRT-PCR reactions was observed via
melting curves for the PCR products. We used
GAPDH as the reference gene. Relative mRNA
expression levels were analyzed using the for-
mula: 2-AACt, where-AACt equals the differ-
ence between the ACt values of stimulated and
unstimulated cells [13].

Cytokine detection

After 24 h of stimulation, the cell supernatants
were collected to measure cytokine secretion
using ELISA kits for IL-4, IL-10, IL-13 (all from R
& D systems, Minneapolis, MN, USA), IL-6,
IL-12p70, and IFN-y (all from eBioscience, San
Diego, CA, USA). The measurements were car-
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The criteria according to which inter-

actions between the types of PRRs
were considered synergistic or inhibitory were
defined before the start of the experiments. A
“synergistic effect” was defined as a cytokine
response (protein secretion) to a combination
of ligands that was at least 1.5-foldhigher than
the sum of the cytokine responses induced by
each of the single ligands. An “inhibitory effect”
was defined as a cytokine response to a combi-
nation of ligands that was less than or equal to
0.75-foldthe sum of the cytokine responses to
each of the single ligands and lower than the
cytokine response to an individual ligand or to
both of the ligands. All other patterns were con-
sidered as “no effect/additive effect” [6].
Cytokine production and the mRNA expression
of target genes were analyzed using Students’
t-test. P-values of < 0.05 were considered sta-
tistically significant.

Results

Stimulation of RAW264.7 cells with single PRR
ligand had distinct effects on production of
different cytokines

The cytokine responses after each type of PRR
ligands were observed based on mRNA expres-
sion and cytokine production. Detailed results
are shown in Figure 1. The most remarkable
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Figure 1. The qRT-PCR and ELISA results of IL-6, IL-10, IL-13 and IL-13 when RAW264.7 cells were stimulated with
iE-DAP, MDP, Pam3CSK4, FSL-1, Poly (I:C), LPS, Rec FLA-ST and R848 alone. Data showed the mean and standard
deviation values of results, with statistically significant difference, "and ™, P < 0.05, and P < 0.01, respectively,

versus normal secretion level (medium only).

elevation was that of IL-6 and IL-10. For IL-6, the
amount secreted after the cells were activated
by Pam3CSK4, FSL-1 or LPS significantly in-
creased to 800, 750 and 300 pg/ml, respec-
tively (P < 0.01), compared with the nearly
absent secretion in the control group (Figure
1B). The mRNA changes induced by these
ligands exhibited the same tendency. It was
also found that Pam3CSK4, FSL-1 or LPS each
enhanced the production of IL-10 by nearly 2-,
2- and 7-folds, respectively (Figure 1B). The
P-values (P < 0.01) showed that these ligands
all obviously enhanced normal production. The
mMRNA level exhibited a similar change (Figure
1A). Additionally, nearly all types of PRR ligands
enhanced IL-13 (Figure 1B) production. By con-
trast, IL-1p3 secretion was observed to change
only little after single TLR ligand stimulation
(data not shown). However, this elevation was
not observable at the mRNA level (Figure 1A).
Apart from these changes, the secreted am-
ounts of I-4, IL-12p70 and IFN-y seemed
unchanged after stimulation with individual
PRR ligands (data not shown).
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Interestingly, iE-DAP and MDP each only in-
creased the IL-13 (Figure 1B) production, but
did not enhance other cytokines’ secretion.

NOD1 and NOD2 ligands each interacted with
TLR ligands with different effects on cytokine
secretion

The combination of iE-DAP or MDP with each
TLR ligand was also investigated. Using the def-
initions of “synergy” and “inhibition”, the inter-
actions between TLR ligands and NOD ligands
were studied. Compared with stimulation with
single TLR ligand, co-stimulation with NOD Ii-
gand resulted in diverse responses with respect
of different cytokines. Regarding the secretion
of IL-6, iE-DAP had a synergistic effect on both
recFLA-ST and R848-activated IL-6 production
(Figure 2A), which increased from dozens of
pg/ml to 200 and 450 pg/ml, respectively. An
inhibitory effect was found between iE-DAP and
both Pam3CSK4 and LPS (Figure 2A), with pro-
duction decreasing by nearly 200 pg/ml in bo-
th cases. By contrast, MDP synergized with FSL-
1, LPS and R848 (Figure 2A), with production

Int J Clin Exp Pathol 2015;8(9):10964-10974
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Figure 2. iE-DAP or MDP had synergistic or inhibitory interactions with each type of TLR ligand on IL-6 and IL-10
production. The supernatant was collected after RAW264.7 cells were stimulated 24 h with combination of iE-DAP
or MDP with single TLR ligand. The amount of these cytokines was measured via ELISA. Data showed the mean and

standard deviation values of ELISA results with statistically significant difference,

respectively, versus normal secretion level (medium only).

Table 3. Synergistic and Inhibitory effects between TLR and NOD ligands

“and ™, P < 0.05,and P < 0.01,

DAP, MDP synergized

with FSL-1, Poly (I:C),

NOD TLR ligand )

ligand cytokines Pam3CSK4 FSL-1 Poly (I:C) LPS rec FLA-ST R848 IF_QI;i,Sre.CFL.A—ST apd

. in increasing

iE-DAP -6 ' N N I S S IL-10 secretion (Fig-
IL-10 ' ' N ' N S ure 2B). The increas-

MDP IL-6 N S N S N S es for these TLR lig-
IL-10 N I S S S S ands were 150, 100,

I: inhibitory effect, N: no effect, S: synergistic effect.

increases of 1000, 1500 and 2500 pg/ml,
respectively. Inhibitory interactions between
MDP and other TLR ligands were not found in
our study.

For IL-10, R848 and Poly (I:C) each had syner-
gistic interactions with iE-DAP (Figure 2B),
which IL-10 production elevated 4-folds in both
cases. However, iE-DAP exerted inhibitory ac-
tions on the production induced by Pam3CSK4,
FSL-1 and LPS (Figure 2B), with a decrease
of approximately 10 pg/ml. Compared with iE-
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175, 40 and 100 pg/
ml, respectively.

In Table 3, the details of synergy and inhibition
between TLR ligands and NOD1 or NOD2 ligand
are shown. iE-DAP synergized with recFLA-ST
and R848 in increasing IL-6 production and
also synergized with R848 in increasing IL-10
secretion. By contrast, iE-DAP had and inhibi-
tory on IL-6 production, when combined with
either Pam3CSK4 or LPS. Moreover, iE-DAP
had an inhibitory effect on IL-10 secretion when
combined with Pam3CSK4, FSL-1 or LPS. The
co-application of iE-DAP with FSL-1 or Poly (I:C)
had no obvious effect on IL-6 levels. This was

Int J Clin Exp Pathol 2015;8(9):10964-10974
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Figure 3. FACS plots showed percentages of CD11b + F4/80 + cells in upper right quadrant. A. iE-DAP promoted the double-positive cells activated by FSL-1 and
LPS, while MDP enhanced the ratio of CD11b + F4/80 + cells induced by Pam3CSK4 and FSL-1. B. iE-DAP decreased the percentage of double-positive cells which
were elicited by Pam3CSK4and Poly (I:C). By contrast, MDP inhibited the percentages of CD11b + F4/80 + cells induced by Poly (I:C) and recFLA-ST.
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also found for IL-10 after co-stimulation with iE-
DAP and Poly (I:C) or recFLA-ST.

MDP synergized with FSL-1, LPS and R848 in
enhancing the production of IL-6. The synergis-
tic effect was observed on IL-10 levels, when
MDP was used in combination with Poly (I:C),
LPS, recFLA-ST or R848. An inhibitory effect
between MDP and FSL-1 was only found for
secretion of IL-10. The combination of MDP with
Pam3CSK4, Poly (I:C) or recFLA-ST had no sig-
nificant effect on IL-6 secretion. Meanwhile,
MDP combined with Pam3CSK4 showed nei-
ther synergy nor inhibition.

Combination of NOD1 or NOD2 ligand with TLR
ligand had different effects on percentage of
CD11b + F4/80 + RAW264.7 cells compared
with single TLR ligand

In addition to cytokine release, the polarization
of stimulated RAW264.7 cells was analyzed by
investigating cell-surface expression of CD11b
and F4/80. iE-DAP acted cooperatively with
FSL-1 and LPS in increasing the percentage of
CD11b + F4/80 + cells (Figure 3A). However,
iE-DAP combined with Pam3CSK4 or Poly (I:C)
inhibited the increase in double-positive cells
(Figure 3B). For MDP, synergy with Pam3CSK4
and FSL-1 was observed in terms of orienting
cells toward the CD11b + F4/80 + subtype
(Figure 3A). By contrast, MDP inhibited the
expansion of double-positive cells caused by
Poly (I:C) and recFLA-ST (Figure 3B). It was also
found when combined with R848, neither iE-
DAP nor did MDP have an obvious effect on the
increased CD11b + F4/80 + ratio (data not
shown).

Discussions

Macrophages are the first defense the threat of
against microbes, and they can recognize pa-
thogens via PRRs. After receiving signals th-
rough various PRRs, macrophages may be acti-
vated differentially. The present study com-
pared the cellular responses and the type of
macrophage stimulated following stimulation
NOD1 or, NOD2 ligand and several TLR ago-
nists, first individually and then in combination.
Each TLR and NOD agonist was found to induce
a distinct type of response. Remarkably, co-
stimulation with a NOD1/NOD2 agonist was
able to affect the induction of certain cytokines
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and the macrophage polarization induced by
TLR agonists.

When the patterns of cytokines induced by
each TLR agonist were separately analyzed, the
secretion of cytokines was inconsistent due to
the activation of different PRRs. Consistent
with the expression levels of all TLRs examined,
the levels of IL-6 and IL-10 induced by Pam-
3CSK4, FSL-1 or LPS were much higher than
those induced by the other TLR agonists. These
findings suggest that macrophages are sensi-
tive to TLR2, TLR4, TLR6 agonists, and that the
recognition of microbial structures through
these TLRs is crucial for the initiation of inflam-
mation and the activation of the adaptive
immune response. Recent evidence has rein-
forced the important roles of TLRs in modulat-
ing the nature of the inflammatory response
induced by macrophages. It has been shown
that RAW264.7 cells constitutively express
TLR2, and that the expression of TLR2 can be
stimulated further when macrophages encoun-
ter microorganisms [14]. For example, macro-
phages may respond to Candida. albicans’
PAMPs through TLR2 receptors, leading to
expression of IL-6 to induce inflammation [15],
and of IL-10 to induce immune regulation [16].

Mycobacterial molecules, e.g., LprA, LprG,
PhoS1, LAM, LM and PIMs, act as ligands for
TLR2, leading to the production of IL-10 and,
IL-4 by macrophages, allowing Mycobacterium
tuberculosis to evade the host innate and adap-
tive immune responses [17]. Other mycobacte-
rial antigens, e.g., the 38 kD a glycolipo protein
and PIMG6, are sensed by TLR4/TLR2 and gen-
erate Thil-polarized cytokine responses in
Mycobacterium tuberculosis-infected mouse
lungs [18, 19]. Mycoplasmal lipoproteins trig-
ger TLR6-mediated sequential responses: NF-
kB activation and pro-inflammatory cytokine
production [20].

Other studies have demonstrated that TLR1,
TLR2, TLR4 and TLR6 recognize triacyllipo pep-
tides, PG, LPS and LTA from microbes, involved
in infection with mycobacteria, Group B Strep-
tococcus and Gram-negative bacteria [21, 22].
As TLRs were discovered before NLRs, the role
of TLRs expressed on macrophages in the bac-
teria-activated immune response has already
been described. However, studies focused on
NLRs were only started recently, and moreover,
the effects of NLRs on macrophages have rare-
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ly been covered in these studies. Similar to
TLRs, NLRs sense characteristic microbial
products and possibly “danger signals” but, in
the present study, an NLR agonist alone had
few effects on cytokine mRNA levels in and
secretion by macrophages. In our study, when
macrophages were stimulated by iE-DAP or
MDP alone, it was observed that only MDP
stimulated macrophages showed a slightly en-
hanced level of IL-10 transcripts, whereas iE-
DAP- and MDP-mediated IL-6 and IL-10 levels
did not show obvious enhancement compared
with the levels secreted by control macroph-
ages. Certain studies have reported that NOD1
and NOD2 only affected systemic infection
when mice were previously or simultaneously
stimulated by TLR ligands [23]. Fritz et al. [3]
and Kim et al. [6] also found that NOD1 and
NOD2 ligands were not able to induce an
increase in the production of IL-6 and IL-10,
which is consistent with the results of our study.

Although the secretion of IL-6 and IL-10 by mac-
rophages is predominantly driven by TLR ago-
nist, the marginal effect of additional treatment
with iE-DAP or MDP could not be ignored.
Interestingly, the secretion of IL-6 and IL-10 was
dramatically changed in macrophages co-stim-
ulated with a TLR agonist and iE-DAP or MDP.
Compared with macrophages stimulated with a
TLR agonist alone, it is well known that IL-6 is
pro-inflammatory cytokine that is involved in
microbicidal tissue damage, whereas IL-10 is
considered to be an anti-inflammatory cytokine
that suppresses the development of inflamma-
tion [24].

Based on the secretion of IL-6 and IL-10 and
the polarization of macrophages, our study sug-
gested a possible interaction between NOD1 or
NOD2 and TLRs. The details are shown in the
Figure 2 and Table 2. First, NOD1 ligand in-
hibited activation by TLR1/2 ligands, decrea-
sed IL-6 and IL-10 secretion, and reduced
the percentage of CD11b + F4/80 + macro-
phages. These results suggested that NOD1
and TLR1/2 may be antagonistic. Compared
with stimulation with NOD1 ligand, co-stimula-
tion with NOD2 and TLR1/2 ligands did not
change cytokine production, but, it did promote
double-positive cells among macrophages. All
of the mentioned results implied that NOD1
can weaken the inflammation elicited by acti-
vation of TLR1/2 on macrophages, whereas
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NOD2 may be beneficial for tissue repair and
inflammation control.

Regarding TLR2/6 ligands, the results demon-
strated that NOD1 or NOD2 ligand reduced the
IL-10 secretion elicited by TLR2/6 activation.
For IL-6, NOD1 ligand caused no change, wh-
ereas NOD2 ligand improved the production of
IL-6 induced by TLR2/6 ligands. Co-application
of NOD1 or NOD2 with TLR2/6 ligands en-
hanced the percentage of CD11b + F4/80 +
macrophages. These data may suggest that
both NOD1 and NOD2 can promote or decrea-
se the inflammation caused by activation of
TLR2/6 on macrophages. Kim et al. [6] found
that NOD2 ligand synergistically enhanced the
production of IL-6 induced by TLR2/6 ligands
on dendritic cells. Tang et al. [25] also reported
that the co-application of NOD2 and TLR2/6
ligands elicited a higher level of IL-6 among
periodontal ligament fibroblasts than when
used alone.

In terms of TLR3 ligand, combination with
NOD1 ligand induced no change in the amount
of IL-6 or IL-10. NOD2 ligand showed no effect
on TLR3-induced IL-6 secretion, whereas it pro-
moted IL-10 secretion. Regarding the percent-
age of CD11b + F4/80 + macrophages, both
NOD1 and NOD2 ligands decreased the per-
centage of TLR3-activated double-positive ce-
lls. These data may demonstrate that NOD1
and NOD2 weaken the macrophage activation
induced by TLR3, and alleviate inflammation.

As far as TLR4 is concerned, our study consid-
ered LPS as its agonist. NOD1 ligand decreased
the IL-6 and IL-10 production induced by LPS,
and reduced the percentage of CD11b + F4/80
+ macrophages. This change is advantageous
to control inflammation and promote tissue
repair. In contrast, NOD2 ligand enhanced the
amount of IL-6 and IL-10 elicited by LPS. In-
terestingly, this ligand exerted no obvious effect
on the percentage of CD11b + F4/80 + macro-
phages. The above results implied that NOD2
may facilitate LPS-induced inflammation. More-
over, the interaction between NOD1 and TLR4
is possibly contrary to that between NOD2 and
TLR4 in terms of the effects on cytokine secre-
tion and the polarization of macrophages.
Additionally, certain studies have found that
NOD1 and NOD2 play different roles in activat-
ing immune responses; more specifically, they
reported that NOD2 had more remarkable syn-
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ergy with TLRs in promoting inflammation [26,
27]. The possible mechanisms may include the
structural differences between NOD1 and
NOD2. NOD1 detects only PGN fragments con-
taining DAP at the third position, which relies
only on the peptidic moiety [28]. Furthermore,
NOD2 expression has been found at low levels
in unstimulated cells, but NOD2 mRNA is
increased in inflammatory tissue and LPS-
induced cells [29-31].

Conclusions

This study demonstrated that NOD1 and NOD2
had interplay with various TLRs, and played dif-
ferent roles in the initiation and development of
inflammation and in the tissue repair. Thus,
these findings suggested that interactions be-
tween multiple PRRs are involved in the elabo-
rate regulation of inflammation induced by
macrophages. The combination of NOD2 and
with TLR4 ligands alleviated inflammation, wh-
ich may be related to the development of sys-
temic inflammation. This result implied that we
can avoid systemic responses and aberrant
inflammation by aiming to stimulate at least
two types of PRRs simultaneously. Our findings
also revealed that co-stimulation of NOD1 with
TLR3 ligands depressed inflammation, allowing
the control of inflammation and promotion of
tissue repair. Above all, the possible mecha-
nisms of these findings are still unknown. These
results will help us to find a new way to control
inflammatory responses and to promote tissue
repair once we explore the mechanism of the
antagonism between NLRs and TLRs.
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