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Abstract

Both toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) induce a
tightly regulated inflammatory response at risk of causing tissue damage, depending on the effectiveness of ensuing negative
feedback regulatory mechanisms. Cross-regulation between TLRs, NLRs, and cytokine receptors has been observed.
However, the cross-regulation between interleukin-1 (IL-1) receptors and NOD2 is not completely understood. In this study,
we found that IL-10/p increased NOD2-induced inflammatory response in human monocytic THP1 cells, peripheral blood
mononuclear cells (PBMCs), mouse macrophage RWA264.7 cells and spleen cells, and in an in vivo experiment. IL-1a/f
pre-treatment induced the production of CXC chemokines, including growth-regulated oncogene (GRO)-a, GRO-f, and
IL-8, and proinflammatory cytokines, including IL-1f, IL-6, and TNFa, which are induced by the activation of NOD2, in a
dose- and time-dependent manner. However, pre-treatment with the NOD2 ligand muramyl dipeptide (MDP) did not up-
regulate the expression of cytokines induced by IL-1o/p re-treatment. IL-1f treatment increased the expression of A20,
which is an important inhibitor of the innate immune response. However, the overexpression of A20 failed to inhibit MDP-
induced cytokine production, suggesting that A20 had no effects on the NOD2-induced immune response. In addition,
IL-10/p increased the expression of NOD2 and its downstream adaptor RIP2, and IL-1o/f pre-treatment increased MDP-
induced activation of mitogen-activated protein kinases (MAPKSs), including ERK, JNK, and P38, which contributed to
MDP-induced cytokine production. Based on these results, IL-1a/p promote the NOD2-induced immune responses by
enhancing MDP-induced activation of MAPK signaling pathways.

Introduction
54 Ping Deng The innate immune system constitutes the first line for the
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molecular patterns (PAMPs) by pattern recognition recep-
tors (PRRs), such as transmembrane toll-like receptors
(TLRs) or cytosolic nucleotide-binding and oligomerization
domain (NOD)-like receptors (NLRs), generally results in
the production of inflammatory mediators, subsequent
recruitment and activation of leukocytes, and the initiation
of the inflammatory responses [1].

NOD?2 is one of the earliest NLRs characterized. The
NLR family comprises 22 proteins in humans. All members
have a characteristic tri-domain structure consisting of a C-
terminal leucine-rich repeat (LRR) domain, a central
nucleotide-binding and oligomerization (NACHT) domain,
and an N-terminal effector domain [2]. The LRR domain
functions in ligand recognition. The central NACHT
domain facilitates the oligomerization of NLRs, which is
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thought to be a crucial step in their activation. The N-
terminal effector domain consists of a protein-protein
interaction domain responsible for signaling [2]. NOD2
recognizes muramyl dipeptide (MDP), a component of
peptidoglycans from most gram-negative and Gram-
positive bacteria, and thus recognizes intracellular bacteria
or extracellular bacteria that inject peptidoglycan motifs into
the cells [2]. In addition, NOD2 has also been reported to
recognize sSRNA [3]. Once activated, NOD2 oligomerizes
and interacts with the serine/threonine kinase receptor-
interacting protein 2 (RIP2) though the CARD domains
[4, 5]. After ubiquitination, RIP2 interacts with transform-
ing growth factor (TGF)-activated kinase 1 (TAKI1) [6],
resulting in the activation of NF-xB [7] and MAPKs [8],
and ultimately increasing the levels of proinflammatory
cytokines and the release of antimicrobial peptides [2].

PPRs function to activate both the initial innate immune
responses and the subsequent adaptive immune responses.
However, their functions must be tightly regulated, as
uncontrolled immune responses can damage the host.
NOD2 has been reported to be negatively regulated by
multiple factors. Caspase 12, an inflammatory cysteine
protease, blunts NOD2-induced NF-xB activation by dis-
placing TRAF6 and binding to and ubiquitinating RIP2 [9].
NOD2-S, a truncated form of NOD2, inhibits NOD2/RIP2-
induced signaling pathways by interacting with both NOD2
and RIP2 to inhibit the oligomerization of NOD2 [10].
Centaurin pl1, a GTPase-activating protein, selectively
decreases NF-kB activation induced by NOD1 and NOD2
[11]. A20, a ubiquitin-editing enzyme, playing important
roles in regulating TLR signaling [12, 13] and directly
restricts NOD2-induced signals in vitro and in vivo [14]. As
A20 expression has been reported to be induced by the
proinflammatory cytokine IL-1 [15], we postulate that IL-1
negatively regulates NOD2 function. However, in this
study, we unexpectedly found that IL-1 pre-treatment nei-
ther decreased NOD2-induced production of proin-
flammatory cytokines nor decreased NOD2-elicited signal
transduction in cells, although it induced A20 expression. In
contrast, IL-1 promoted MDP-induced cytokine production
and signaling by upregulating the expression of NOD2 and
its signaling adaptor RIP2.

Materials and methods

Reagents

Rabbit anti-human A20 and GAPDH antibodies, rabbit anti-
human phosphorylated ERK, JNK, p38, and NF-xB P65
antibodies, and the ERK inhibitor U0126, were purchased

from Cell Signaling Technology (Beverly, MA, USA). The
NOD?2 ligand MDP was purchased from Invivogen (San
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Diego, CA, USA). The TLR4 ligand lipopolysaccharide
(LPS) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Human IL-8 and IL-1p ELISA kits were purchased
from Jiamay Biotech. (Beijing, China). The A20 expression
plasmid was purchased from GeneCopoeia (Germantown,
MD, USA). The JNK inhibitor SP600125 and P38 inhibitor
SB202190 were purchased from Tocris (Bristol, UK). The
mouse anti-human NOD2 antibody and NF-kB inhibitor Bay
11-7082 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Recombinant human IL-1a and IL-
1p were purchased from PeproTech Inc. (Rocky Hill, NJ,
USA). NF-xB inhibitor BAY 11-7085 was purchased from
MedChemExpress (Monmouth Junction, NJ, USA).

Cell culture

THP1, a human monocytic cell line [16], and RAW264.7, a
mouse macrophage cell line [17], were purchased from
ATCC (Manassas, VA, USA). Cells were cultured in RPMI
1640 containing 10% FCS and antibiotics. All cells were
cultured in a humidified atmosphere with 5% CO, at 37 °C.

Preparation of human peripheral blood
mononuclear cells (PBMCs)

Twenty milliliters of fresh whole blood were collected from
healthy volunteers in tubes containing the anti-coagulant
heparin using standard venipuncture techniques. PBMCs
were immediately isolated after blood collection using
standard density gradient centrifugation with Ficoll-Paque
Plus (Amersham Biosciences AB). Cells were washed and
re-suspended in RPMI 1640 supplemented with 10% fetal
bovine serum, penicillin, and streptomycin.

Preparation of mouse spleen cells

Female C57BL/6 mice (6-8 weeks old) from the SLAC
Laboratory Animal Center (Shanghai, China) were used in
all experiments. Animal experiments were approved by the
Ethics Committee of Changsha Central Hospital. For the
preparation of spleen cells, mice were sacrificed by cervical
dislocation. Mouse spleens were removed surgically and
minced aseptically. After lysing erythrocytes, spleen cells
were washed and cultured in RPMI 1640 supplemented
with 10% fetal bovine serum, penicillin, and streptomycin.

Reverse transcription-PCR (RT-PCR)

Total RNA was prepared from 1 to 2x 10° cells using
TRIzol (Invitrogen, Carlsbad, CA, USA), as described by
the manufacturer. The mRNA samples were reverse tran-
scribed into cDNAs with RevertAid (MBI Fermentas,
Burlington Ontario, Canada) at 42 °C for 60 min, and the
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resulting cDNAs were subjected to PCR (94 °C for 1 min
followed by 20-25 cycles at 94 °C for 30s, 60 °C for 30s,
and 68 °C for 1 min and an extension for 10 min at 68 °C).
PCR products were separated on 1.0% agarose gels and
visualized with GelRed (Biotium, Hayward, CA, USA).
The following forward and reverse primer pairs (5'-3")
were used:

A20-F: ATGAGGCCAAAAGGACAGAA

A20-R: ACTGAAAGCATTCGTTGCAG

GAPDH-F: AATCCCATCACCATCTTCCA

GAPDH-R: CCTGCTTCACCACCTTCTTG

GRO-o-F: TCACCCCAAGAACATCCAAA

GRO-o-R: TCCTAAGCGATGCTCAAACA

GRO-B-F: GCAGGGAATTCACCTCAAGAA

GRO-B-R: AACACATTAGGCGCAATCCA

IL-1p-F: TTGAAGCTGATGGCCCTAAAC

IL-1p-R: CACCAAGCTTTTTTGCTGTG

IL-6-F: CTTGCCTGGTGAAAATCATC

IL-6-R: TGGACTGCAGGAACTCCTTAA

IL-8-F: TTGGCAGCCTTCCTGATTT

IL-8-R: TCAAAAACTTCTCCACAACCC

mGAPDH-F: CAACTTTGGCATTGTGGAAGG

mGAPDH-R: TCCTCAGTGTAGCCCAAGATG

mGRO-F: TAACCAGTTCCAGCACTCCA

mGRO-R: TTTCTGAACCAAGGGAGCTT

mGRO2-F: TCCAGCCACACTTCAGCCTA

mGRO2-R: TTAGCCTTGCCTTTGTTCAG

mlL-1B-F: GACGGACCCCAAAAGATGAA

mlL-1p-R: CAGCACGAGGCTTTTTTGTT

mIL-6-F: TTGGGACTGATGCTGGTGA

mlL-6-R: ACTCCAGAAGACCAGAGGAAA

mMCP-1-F: TCCTCCACCACCATGCAG

mMCP-1-R: TCTTGGGGTCAGCACAGA

mTNFa-F: CGTCGTAGCAAACCACCAAG

mTNFa-R: GGGGTCAGAGTAAAGGGGTC

NOD2-F: AGCCATGTGGAGAACATGCT

NOD2-R: TGTCCGCATCGTCATTGA

RIP2-R: TGCAGGAAACTCAGAACGTCT

RIP2-R: TATTTCCGGGTAAGGCTGAA

TNFoa-F: ATCAGAGGGCCTGTACCTCAT

TNFa-R: AGACTCGGCAAAGTCGAGATA

Immunoblot

Cells (1-2x10% were lysed in 200ml of lysis buffer
(20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1
mM EDTA, 1 mM sodium pyrophosphate, 1 mM f-gly-
cerophosphate, 1 mM Na3VOy, and 1 mg/ml leupeptin). The
cell lysate was centrifuged at 12,000 g for 5 min at 4 °C.
Proteins were electrophoresed on 10% SDS-PAGE gels and
transferred to Immobilon P membranes (Millipore, Bill-
erica, MA, USA). Membranes were blocked with 3% nonfat
dry milk for 1h at room temperature and then incubated

with primary antibodies in PBS containing 0.01% Tween 20
overnight at 4 °C. After an incubation with a horseradish
peroxidase-conjugated secondary antibody, the protein
bands were detected with SuperSignal chemiluminescent
substrate-stable peroxide solution (Pierce Rockford, IL,
USA) and BIOMAX-MR film (Eastman Kodak Co.,
Rochester, NY, USA). When necessary, the membranes
were stripped with Restore Western blot stripping buffer
(Pierce) and re-probed with antibodies against various cel-
lular proteins.

Quantitative RT-PCR (qRT-PCR)

The qRT-PCR assay was performed as described [18, 19].
Briefly, total RNA was isolated and reverse transcribed as
described above. The cDNA templates were amplified using
TagMan Universal PCR master mix (Roche Applied Sci-
ence) and a LightCycle 96 detection system (Roche Applied
Science). The amplification of the target genes was nor-
malized to the levels of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as an endogenous control. The
efficiency of PCR was tested by amplifying the target from
serially diluted cDNA samples generated from the reverse
transcription of a stock set of human RNAs. The data were
analyzed and calculations were performed using the 27 44¢7
comparative method, as described by the manufacturer.
Gene expression is presented as the fold induction of a gene
measured in IL-1- and/or MDP-treated samples relative to
samples cultured with medium. The same primers were
used as described for RT-PCR.

Plasmid transfection

Cells cultured in six-well plates were transfected with 1 ug
of plasmid containing the A20 cDNA using Lipofectami-
ne™ 2000 (Invitrogen), according to the manufacturer’s
instructions. The expression of A20 was measured by
western blotting 48 h after transfection. For stable trans-
fection, G418-resistant cells were selected after an incuba-
tion with 800 ug/ml G418 for 3 weeks.

Enzyme-linked immunosorbent assay (ELISA)

The levels of IL-1p and IL-8 in culture supernatants were
detected using enzyme-linked immunosorbent assays (ELI-
SAs), according to the manufacturer’s standard protocols.
Flow cytometry analysis

Monocytic THP1 cells were treated with IL-1 for 24 h. The
cells were harvested and washed with fluorescence-activated

cell sorting buffer (5§ mmol/L EDTA, 0.1% NaNj3, and 1%
FCS in Dulbecco’s PBS). After an incubation with a
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monoclonal antibody against human NOD2 for 30 min on
ice, the cells were stained with a FITC-labeled secondary
antibody and NOD2 expression was examined by flow
cytometry (BD Bioscience, San Jose, CA).

Statistical analysis

All experiments were performed at least three times, and
representative results are shown. The results are reported as
the mean + S.D. Differences between groups were examined
for statistical significance using Student’s 7 test, and P values
equal to or less than 0.05 were considered statistically
significant (n =3 for each qRT-PCR and ELISA test).

Results

IL-1a/B pre-treatment increases MDP-induced
cytokine production in monocytic THP1 cells

As shown in our previous study, IL-1 induces the expres-
sion of A20, which in turn regulates IL-1-induced chemo-
kine production in human mesangial cells by inhibiting
MAPK signaling [15]. A20 has also been reported to restrict
NOD2-triggered signaling in macrophages [14]. Based on
these observations, IL-1 possesses the ability to negatively
regulate NOD2-induced responses by inducing A20
expression. In this study, we first examined the effect of
IL-1 on cytokine production induced by NOD?2 activation in
monocytic THP1 cells. Unexpectedly, neither IL-1« nor IL-
1B downregulated, but upregulated the mRNA levels of
proinflammatory cytokines, including IL-1f, IL-6, and
TNFa, in cells treated with the NOD2 ligand MDP (Fig. 1a,
b). The IL-1 treatment also upregulated the mRNA levels of
chemokines, including GROa, B, and IL-8 (Fig. lc, d).
ELISA results showed that IL-1p pre-treatment also
increased levels of the IL-1p protein induced by MDP re-
stimulation (Fig. le). Both IL-la (Fig. 1f) and IL-1p
(Fig. 1g) pre-treatments increased the levels of the IL-8
protein following MDP re-stimulation. Thus, IL-lo/f
function to enhance MDP-induced immune responses.

IL-1a/B pre-treatment increases MDP-induced
cytokine production in human peripheral blood
mononuclear cells (PBMCs), mouse RAW264.7
macrophages, mouse spleen cells, and mouse
peritoneal macrophages

Human PBMCs were pre-treated with IL-1 and re-treated
with MDP to determine the effect of IL-1a/f on NOD2-
induced inflammation in various immune cells. Cytokine
production was detected using quantitative RT-PCR, and
the IL-la and IL-1p pre-treatments both promoted the
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production of proinflammatory cytokines, including IL-1f,
IL-6, and TNFa, in PBMCs stimulated with the NOD2
ligand MDP (Fig. 2a, b). The IL-1a and IL-1p treatment
also upregulated the levels of chemokine mRNAs, including
GROa, B, and IL-8 (Fig. 2c, d). IL-lae and IL-1P pre-
treatments increased the production of IL-1f in mouse
RAW264.7 macrophages (Fig. 2e, f). The IL-1f pre-treat-
ment also upregulated MDP-induced IL-6 production in
mouse spleen cells (Fig. 2g). Furthermore, the in vivo IL-1p
pre-treatment of mouse peritoneal macrophages upregulated
MDP-induced production of cytokines, including IL-1p, IL-
6, TNFa, MCP-1, GRO, and GRO2 (Fig. 2h). On the basis
of these results, IL-1 promotes MDP-induced immune
responses in multiple immune cell types.

The effect of the MDP pre-treatment on IL-1a/B-
induced cytokine production

THP1 cells were pre-treated with the NOD2 ligand MDP,
re-treated with IL-1a or IL-1p, and cytokine production was
measured using quantitative RT-PCR to determine the
effect of NOD2 activation on IL-1-induced cytokine pro-
duction. The MDP pre-treatment exerted a slight effect on
IL-lo-induced cytokine production, including a slight
inhibition of TNFa (Fig. 3a) and a slight upregulation of
GROa and IL-8 (Fig. 3b). The MDP pre-treatment also
exerted a slight effect on IL-1B-induced cytokine produc-
tion, including a slight increase in IL-1p (Fig. 3c) and
GROa (Fig. 3d), and a slight inhibition of TNFa (Fig. 3c).
Thus, NOD2 has little effect on IL-lo/p-induced inflam-
matory responses.

IL-1B-induced A20 expression does not regulate
NOD2-induced cytokine production

We first detected the expression of A20 in cells stimulated
with IL-1p to determine whether A20 is involved in NOD2-
induced cytokine production. Both quantitative RT-PCR
and western blot results showed that IL-1p upregulated the
expression of A20 in a time- (Fig. 4a, b) and dose-
dependent manner (Fig. 4c, d). Neither IL-1a nor IL-18
inhibited the expression of ITCH and TAX1BP1 (Fig. 4e,
f), two important A20 accessory molecules [20, 21]. Then,
A20 was overexpressed in THP1 cells by gene transfer
(Fig. 4g, h). When the cells that overexpressed A20 were
treated with MDP, quantitative RT-PCR results showed that
A20 overexpression did not negatively regulate the MDP-
induced expression of cytokines, including GRO-a, IL-8,
IL-1p and TNFa (Fig. 4i). As a positive control, A20
overexpression inhibited the LPS-induced production of IL-
1 and TNFa (Fig. 4i). Based on these results, IL-1p-
induced A20 expression does not regulate MDP-induced
immune responses.
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Fig. 1 IL-1o/f up-regulate MDP-induced cytokine production in
monocytic THP1 cells. a Quantitative RT-PCR analysis of the mRNA
levels of proinflammatory cytokines in THP1 cells that were
pre-treated with the indicated concentrations of IL-la for 24 h and
re-stimulated with 10 ug/ml MDP for 3h. b Quantitative RT-PCR
analysis of the mRNA levels of proinflammatory cytokines in
THP1 cells that were pre-treated with the indicated concentrations of
IL-1p for 24h and re-stimulated with 10pg/ml MDP for 3h.
¢ Quantitative RT-PCR analysis of chemokine mRNA levels in
THP1 cells that were pre-treated with the indicated concentrations of
IL-la for 24h and re-stimulated with 10ug/ml MDP for 3h.
d Quantitative RT-PCR analysis of chemokine mRNA levels in

IL-1a/B up-regulate NOD2 and RIP2 via NF-kB

We measured the effect of IL-1o/f on the expression of
NOD2 and its downstream signaling adaptor RIP2 in
THP1 cells to explore the mechanism by which IL-1o/p
enhanced NOD2-induced immune responses. According to
the quantitative RT-PCR results, IL-1f upregulated the
levels of the NOD2 and RIP2 mRNAs in a time- (Fig. 5a)
and dose-dependent manner (Fig. 5b). FACS results showed

THP1 cells that were pre-treated with the indicated concentrations of
IL-1p for 24 h and re-stimulated with 10 pg/ml MDP for 3 h. e ELISA
of levels of the IL-1p protein in supernatants from THP1 cells that
were pre-treated with the indicated concentrations of IL-1f for 24 h,
washed with PBS twice, and re-stimulated with 10 ug/ml MDP for
24 h. f ELISA of levels of the IL-8 protein in the supernatants from
THP1 cells that were pre-treated with the indicated concentrations of
IL-loc for 24h and re-stimulated with 10ug/ml MDP for 24 h.
g ELISA of levels of the IL-8 protein in the supernatants from
THP1 cells that were pre-treated with the indicated concentrations of
IL-1p for 24 h and re-stimulated with 10 ug/ml MDP for 24 h. *P <
0.05 compared with the groups treated with MDP alone

that THP1 cells treated with IL-lo and IL-1f exhibited
increased levels of the NOD2 protein (Fig. 5c). Western
blots revealed high levels of the RIP2 protein in resting
THP1 cells, and IL-la and IL-1p slightly increased the
levels of this protein in a dose- (Fig. 5d) and time-dependent
manner (Fig. S5e). IL-la and IL-1f upregulated RIP2
expression in mouse spleen cells (Fig. 5f). As IL-1 receptors
activate MAPKs and NF-xB, we tested which pathway
contributed to the upregulation of NOD2 and RIP2 induced
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Fig. 2 IL-1o/f up-regulate MDP-induced cytokine production in
human peripheral blood mononuclear cells (PBMCs), mouse
RAW264.7 macrophages, mouse spleen cells, and mouse peritoneal
macrophages. a Quantitative RT-PCR analysis of the mRNA levels of
proinflammatory cytokines in PBMCs that were pre-treated with the
indicated concentrations of IL-la for 24h and re-stimulated with
10 pg/ml MDP for 3 h. b Quantitative RT-PCR analysis of the mRNA
levels of proinflammatory cytokines in PBMCs that were pre-treated
with the indicated concentrations of IL-1p for 24 h and re-stimulated
with 10 pg/ml MDP for 3 h. ¢ Quantitative RT-PCR analysis of che-
mokine mRNA levels in PBMCs that were pre-treated with the indi-
cated concentrations of IL-1a for 24 h and re-stimulated with 10 ug/ml
MDP for 3 h. d Quantitative RT-PCR analysis of chemokine mRNA
levels in PBMCs that were pre-treated with the indicated concentra-
tions of IL-1p for 24 h and re-stimulated with 10 pg/ml MDP for 3 h.
e Quantitative RT-PCR analysis of the levels of the IL-1f mRNA in
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mouse RAW264.7 macrophages that were pre-treated with the indi-
cated concentrations of IL-1a for 24 h and re-stimulated with 10 ug/ml
MDP for 3 h. f Quantitative RT-PCR analysis of the levels of the IL-1p
mRNA in mouse RAW?264.7 macrophages that were pre-treated with
the indicated concentrations of IL-1p for 24 h and re-stimulated with
10 pg/ml MDP for 3 h. g Quantitative RT-PCR analysis of the levels of
the IL-6 mRNA in mouse spleen cells that were pre-treated with the
indicated concentrations of IL-1p for 24 h and re-stimulated with
10 pg/ml MDP for 3 h. h C57BL/6 mice were intraperitoneally injected
with PBS, or IL-1p (400 ng in 200 pl PBS). 24 h after this injection, the
mice were re-injected with MDP (200 pg in 200 ul PBS) intraper-
itoneally. 6 h after the second injection, mouse peritoneal macrophages
were collected, and the cytokine mRNA levels were detected by
quantitative RT-PCR. *P < 0.05 compared with the groups treated with
MDP alone
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Fig. 3 The effect of the MDP pre-treatment on IL-lo/B-induced
cytokine production in monocytic THP1 cells. a Quantitative RT-PCR
analysis of the mRNA levels of proinflammatory cytokines in
THP1 cells that were pre-treated with the indicated concentrations of
MDP for 24h and re-stimulated with 20ng/ml IL-loe for 1h.
b Quantitative RT-PCR analysis of chemokine mRNA levels in
THP1 cells that were pre-treated with the indicated concentrations of
MDP for 24h and re-stimulated with 20ng/ml IL-la for 1h.

by IL-1pB. Quantitative RT-PCR results showed that NF-xB
inhibitor reversed the mRNA upregulation of NOD2 and
RIP2 (Fig. 5g). Western blots (Fig. Sh) and FACS (Fig. 51)
revealed that NF-xB inhibitor reversed the protein upregu-
lation of NOD2 and RIP2. Thus, IL-l1o/f may promote
MDP-induced cytokine production by upregulating NOD2
and RIP2 via NF-xB pathway.

IL-1a/B enhance MDP-induced signal transduction

We examined the effect of IL-1a/p on NOD?2 signal trans-
duction to further confirm the mechanism by which IL-1
enhances NOD2-induced cytokine production. We first
determined the effect of the NOD2 ligand MDP on the
phosphorylation of MAPKs and NF-kB p65 in resting
THP1 cells. Western blots showed that MDP induced the
phosphorylation of MAPKs ERK, JNK, and P38 and the

¢ Quantitative RT-PCR analysis of the mRNA levels of proin-
flammatory cytokines in THP1 cells that were pre-treated with the
indicated concentrations of MDP for 24h and re-stimulated with
20 ng/ml IL-1p for 1 h. d Quantitative RT-PCR analysis of chemokine
mRNA levels in THPI1 cells that were pre-treated with the indicated
concentrations of MDP for 24 h and re-stimulated with 20 ng/ml IL-1§
for 1 h. *P<0.05 compared with the groups treated with IL-1 alone

phosphorylation of NF-kB P65 in a time- (Fig. 6a) and
dose-dependent (Fig. 6b) manner. THP1 cells were pre-
treated with inhibitors of specific signaling pathways and
then treated with MDP to confirm which signaling pathway
contributed to cytokine production. As evidenced by the
quantitative RT-PCR results, ERK contributed to the tran-
scription of the IL-8, GRO-a, TNFa and IL-1P genes, JNK
contributed to the transcription of IL-8, and P38 contributed
to the transcription of GRO-a (Fig. 6¢). As expected, the
ELISAs revealed that ERK and P38 pathways contributed
to the secretion of the IL-8 protein (Fig. 6d). Unexpectedly,
the NF-kB pathway did not contribute to the production of
any of the tested cytokines (Fig. 6¢c, d). When THP1 cells
that had been pre-treated with IL-1p were re-treated with
MDP, the levels of phosphorylated MAPKs ERK, JNK,
P38, and NF-xB P65 were increased, as shown in the
western blots (Fig. 6e). Signal transduction was activated in
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Fig. 4 A20 does not regulate MDP-induced cytokine production.
a Quantitative RT-PCR analysis of A20 mRNA levels in THP1 cells
that were treated with 20 ng/ml IL-1p for the indicated time periods.
b Western blot analysis of levels of the A20 protein in THP1 cells that
were treated with 20ng/ml IL-1p for the indicated time periods.
¢ Quantitative RT-PCR analysis of A20 mRNA levels in THP1 cells
that were treated with the indicated concentrations of IL-1p for 24 h.
d Western blot analysis of levels of the A20 protein in THP1 cells that
were treated with the indicated concentrations of IL-1f for 24 h.
e, f Western blot analysis of levels of the ITCH and TAXI1BPI

mouse spleen cells pre-treated with IL-1a (Fig. 6f) or IL-1p
(Fig. 6g) and re-treated with MDP. To further confirm that
NF-xB did not contribute to the upregulation of cytokines
induced by MDP, THPI1 cells were treated with NF-xB
inhibitor Bay 11-7082 or Bay 11-7085 respectively, and
then re-treated with MDP. Western blot results showed that
both Bay 11-7082 and Bay 11-7085 revered MDP-induced
activation of NF-xB (Fig. 6h, i). Quantitative RT-PCR
revealed that two NF-kB inhibitors did not reverse MDP-
induced cytokine production (Fig. 6j, k). Based on these
results, IL-lo/p enhances the MDP-induced immune
response by activating NOD?2 signal transduction.

Tolerant cytokine production induced by IL-1p and
MDP in THP1 cells

The IL-1o/p pre-treatment increased cytokine production
induced by MDP, but the MDP pre-treatment did not inhibit
cytokine production induced by IL-lo/p, suggesting that
cross-tolerance was not elicited between IL-1 receptor and
NOD2. To determine whether the IL-1f or MDP pre-
treatment regulates cytokine production induced by the IL-
1B or MDP re-stimulation respectively, THP1 cells were
pre-treated with MDP for 24 h, re-treated with MDP for 3 h,
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proteins in THPI cells that were treated with the indicated con-
centrations of IL-1a (e) or IL-1p (f) for 24 h. g Quantitative RT-PCR
analysis of A20 mRNA levels in THP1 cells that were transfected with
the A20 mammalian expression plasmid. h Western blot analysis of
levels of the A20 protein in THP1 cells that were transfected with the
A20 mammalian expression plasmid. i Quantitative RT-PCR analysis
of cytokine mRNA levels in A20-overexpressing THP1 cells that were
treated with 10 pg/ml MDP for 3h. *P<0.05 compared with the
control groups

and the levels of cytokine mRNAs were determined using
quantitative RT-PCR. The MDP pre-treatment significantly
downregulated the levels of cytokine mRNAs, including IL-
1B, IL-6, TNFa, GROa, GROp, and IL-8 (Fig. 7a, b). When
THP1 cells were pre-treated with IL-1f for 24h and
re-treated with IL-1p for 1h, cytokine production was
significantly inhibited as well (Fig. 7c, d). Thus, MDP and
IL-1p tolerance was induced in THP1 cells.

Discussion

In this study, we unexpectedly found that the proin-
flammatory cytokine IL-1 enhanced the MDP-induced
immune response. Increased cytokine production depen-
ded on ERK, JNK and p38 signaling, but not NF-xB. IL-1
induced the upregulation of the ubiquitin-editing enzyme
A20, but it did not regulate MDP-mediated responses. IL-1
increased MDP-induced cytokine production by upregulat-
ing NOD2 and RIP2, which contributes to the enhancement
of MDP-induced signal transduction.

As shown in our preliminary study, IL-1 induces tolerant
production of CXC chemokines in human mesangial cells
(HMCs) [15]. The pre-treatment of HMCs with IL-1
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Fig. 5 IL-1o/B up-regulates NOD2 and RIP2 via NF-xB pathway.
a Quantitative RT-PCR analysis of NOD2 and RIP2 mRNA levels in
THP1 cells that were treated with 20 ng/ml IL-1 for the indicated time
periods. b Quantitative RT-PCR analysis of NOD2 and RIP2 mRNA
levels in THP1 cells that were treated with the indicated concentrations
of IL-1p for 3h. ¢ FACS analysis of levels of the NOD2 protein in
THP1 cells that were treated with 20 ng/ml IL-1p or 20 ng/ml IL-1a for
24h. d Western blot analysis of levels of the RIP2 protein in
THP1 cells that were treated with the indicated concentrations of IL-1§
or IL-1a for 24 h. e Western blot analysis of levels of the RIP2 protein
in THP1 cells that were treated with 20 ng/ml IL-1f or IL-1a for the
indicated time periods. f Western blot analysis of levels of the RIP2
protein in mouse spleen cells that were treated with the indicated

decreases cytokine production induced by IL-1 re-stimula-
tion. A20 overexpression inhibits IL-1-induced chemokine
production, and A20 downregulation reverses tolerance
[15]. On the basis of these results, IL-1-induced A20
expression contributes to the tolerant production of che-
mokines induced by IL-1. In another study, we found that
IL-1p induced A20 expression and subsequently inhibited
Pam3CSK4-induced activation of MAPKSs [22]. According
to the results from our recent study, TNFa-induced A20
production functions to decrease TNFa-induced chemokine
production by inhibiting ERK signaling [23]. As A20 is an
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concentrations of IL-la for 24h or with 20mg/ml IL-1f for the
indicated periods. g Quantitative RT-PCR analysis of NOD2 and RIP2
mRNA levels in THP1 cells, pre-treated with the ERK inhibitor U0126
(U, 10uM), JNK inhibitor SP600125 (SP, 10 uM), P38 inhibitor
SB202190 (SB, 10uM), or NF-kB inhibitor Bay 11-7082 (BS82,
10 uM) for 1 h, and re-treated with 20 ng/ml IL-1p for 3 h. h Western
blot analysis of the protein levels of RIP2 in THP1 cells, pre-treated
with the indicated concentrations of NF-kB inhibitor Bay 11-7082
(B82) for 1h, and re-treated with 20 ng/ml IL-1p for 24 h. i FACS
analysis of levels of the NOD2 protein in THP1 cells, un-treated, or
pre-treated with PBS, or 10 uM NF-xB inhibitor Bay 11-7082 (B82)
for 1h, and re-treated with 20 ng/ml IL-1f for 24 h. *P <0.05 com-
pared with the control groups

important regulator of NOD2-induced signal transduction
[14], we propose that IL-1 decreases the NOD2-induced
immune response by upregulating A20. However, in this
study, IL-1 upregulated A20, but the IL-1 pre-treatment did
not inhibit and instead increased MDP-induced cytokine
production. Additionally, A20 overexpression did not
inhibit MDP-induced cytokine production. Thus, IL-1-
induced A20 expression does not regulate NOD2-elicited
immune responses.

NOD?2 is reported to be expressed in all tested mouse
tissues, including the spleen, liver, brain, thymus, heart, lung,
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Fig. 6 IL-1a/p enhance MDP-induced signal transduction. a Western
blot analysis of the phosphorylation of the MAPKs ERK, JNK, and
P38, as well as NF-kB P65 in THP1 cells that were treated with 10 pg/
ml MDP for the indicated time periods. b Western blot analysis of the
phosphorylation of the MAPKs ERK, JNK, and P38, as well as NF-xB
P65 in THPI cells that were treated with the indicated concentrations
of MDP for 1 h. ¢ Quantitative RT-PCR analysis of cytokine mRNA
levels in THP1 cells that were pre-treated with the ERK inhibitor
U0126 (U, 10 uM), JNK inhibitor SP600125 (SP, 10 uM), P38 inhi-
bitor SB202190 (SB, 10 uM), or NF-kB inhibitor Bay 11-7082 (Bay,
10 uM) for 1 h, and re-treated with 10 ug/ml MDP for 3 h. d ELISA of
levels of the IL-8 protein in the supernatants from THP1 cells that were
pre-treated with the ERK inhibitor U0126 (U, 10 uM), JNK inhibitor
SP600125 (SP, 10 uM), P38 inhibitor SB202190 (SB, 10 uM), or NF-
kB inhibitor Bay 11-7082 (Bay, 10 uM) for 1h, and re-treated with
10 pg/ml MDP for 24 h. e Western blot analysis of the phosphorylation
of the MAPKs ERK, JNK, and P38, as well as NF-xB P65 in
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THP1 cells that were pre-treated with the indicated concentrations of
IL-1B for 24 h and re-treated with 10 ug/ml MDP for 1h. f Western
blot analysis of the phosphorylation of the MAPKs ERK, JNK, and
P38, as well as NF-kB P65 in mouse spleen cells that were pre-treated
with the indicated concentrations of IL-1a for 24 h and re-treated with
10 pg/ml MDP for 1 h. g Western blot analysis of the phosphorylation
of the MAPKSs ERK, JNK, and P38, as well as NF-kB P65 in mouse
spleen cells that were pre-treated with the indicated concentrations of
IL-1p for 24 h and re-treated with 10 ug/ml MDP for 1 h. h, i Western
blot analysis of the phosphorylated protein levels of NF-kB P65 in
THP1 cells, pre-treated with the indicated concentrations of NF-xB
inhibitor Bay 11-7082 (B82) (h), or Bay 11-7085 (B85) (i) for 1 h, and
re-treated with 10 ug/ml MDP for 1h. j, k Quantitative RT-PCR
analysis of IL-8 mRNA levels in THPI cells, pre-treated with the
indicated concentrations of NF-kB inhibitor Bay 11-7082 (B82) (h), or
Bay 11-7085 (B85) (i) for 1 h, and re-treated with 10 ug/ml MDP for
3h. ¥*P<0.05 compared with groups treated with MDP alone
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Fig. 7 IL-1p and MDP induce a
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testicle, ovary, kidney, and embryo, with high levels detected
in the spleen, thymus, and lung [24]. In humans, NOD2 is
expressed by multiple cell types, such as neutrophils [25],
macrophages [26], monocytes [27], eosinophils [28], baso-
phils [28], B lymphocytes [29], T lymphocytes [30], mast
cells [31], dendritic cells [32], stem cells [33], Paneth cells
[34], and intestinal epithelial cells [35]. NOD2 expression is
regulated by numerous factors. TNFa alone or in combina-
tion with IFNy up-regulates NOD2 expression in epithelial
cells [24, 36]. The NOD?2 level increases in response to
lipopolysaccharide and lipoteichoic acid [24, 37]. Resistin, a
type of adipokine, has been reported to upregulate NOD2
expression in mouse monocytes [37]. Levels of the NOD2
protein are increased in response to Aspergillus fumigatus
conidia both in vitro and in vivo [38]. In addition, NOD2
expression has been reported to be downregulated by several
factors, such as ghrelin [39], cigarette smoke extract [40],
baicalin [41], and microRNAs such as miR-192, miR-495,
miR-512, and miR-671 [42]. However, the effects of the
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proinflammatory cytokine IL-1 on NOD2 expression and
functions are not completely understood. In the present
study, IL-1 upregulated the expression of NOD2 and its
downstream adaptor RIP2 at both the mRNA and protein
levels, resulting in increased MDP-induced signal transduc-
tion and ultimately an increase in cytokine production
induced by NOD?2 activation.

NOD2 recognizes MDP and triggers downstream signal-
ing pathways, including activation of NF-xB [43, 44] and
MAPKSs [45, 46], which leads to the activation of inflam-
matory immune responses. NOD2 has been reported to
induce TLR2-mediated IL-23 expression via NF-kB in
Paneth cell-like cells [47]. Z-100, an extract from Myco-
bacterium tuberculosis, increases the production of the
proinflammatory cytokine TNFo via a NOD2-dependent NF-
kB signaling pathway [44]. By activating NF-xB pathways,
NOD?2 has been reported to induce the production of the CC
chemokine CCL5 [48]. Therefore, the inhibition of NOD2-
mediated NF-xkB activation reduces the inflammatory
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Fig. 8 Model of the pathways by which IL-1a/p up-regulate MDP-
induced cytokines. IL-1o and IL-1f activate IL-1R1, resulting in the
upregulation of intracellular MDP receptor NOD2 and its signaling

response [49]. NOD2 has been reported to induce IL-8
expression via an NF-kB-independent pathway [45]. In
addition, NOD2 exerts its non-inflammatory functions via
NF-kB-independent pathways. Following the activation of
ERK signaling in subjects with diabetic nephropathy, NOD2
increases the endothelial-to-mesenchymal transition of glo-
merular endothelial cells [50]. Both NOD1 and NOD2 have
been reported to control the invasiveness of trophoblast cells
via the MAPK/P38 signaling pathway [45]. In the present
study, the activation of NOD2 induced cytokine production
via the ERK, JNK, and P38 pathways, but not the NF-xB
pathway. IL-1 promoted NOD2-induced cytokine production
by increasing NOD2-induced signal transduction through
ERK, JNK, and P38.

The association of NOD2 mutations with a number of
inflammatory pathologies, including Crohn’s disease (CD)
[51], graft-versus-host disease (GVHD) [52, 53], and Blau
syndrome [54], highlights its pivotal role in host-pathogen
interactions and inflammatory responses. NOD2 has also
been reported to be associated with cardiovascular diseases.
In a Caucasian population, NOD2/CARD15 polymorph-
isms influenced the development of clinically evident and
angiographically documented coronary artery disease [55].
NOD2-mediated innate immune signaling regulates the
eicosanoid levels in subjects with atherosclerosis [56].
NOD?2 deletion promotes cardiac hypertrophy and fibrosis
induced by pressure overload [57]. Furthermore, NOD2 has
been reported to be associated with ischemia/reperfusion
injury by regulating apoptosis and inflammation
[41, 58, 59]. Downregulation of NOD2 decreases injury
[38, 41, 60]. In the present study, IL-1 induced the
expression of NOD2 and RIP2, and increased cytokine
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adaptor RIP2 via NF-kB pathway. The upregulation of NOD2 and
RIP2 increases the activation of ERK and P38 induced by MDP, and
thus promotes the production of cytokines

production, indicating that IL-1 might enhance the injury
induced by NOD?2 activation.

The results presented in this study are compatible with
the model outlined in Fig. 8. IL-1R1, expressed on the cell
surface, is activated by IL-la and IL-1p, resulting in the
activation of signal pathways, including MAPKs (ERK,
JNK, and P38) and NF-kB. NF-xB activation contributes to
the upregulation of NOD2 and RIP2, leading to the upre-
gulation of the signal transduction elicited by MDP acti-
vation of NOD2. Thus, IL-la and IL-1f enhance the
cytokine production induced by NOD?2.
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