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STAT3 regulates NF-�B recruitment to the IL-12p40 promoter in dendritic cells
Frank Hoentjen, R. Balfour Sartor, Michitaka Ozaki, and Christian Jobin

Interleukin-10–deficient (IL-10�/�) mice de-
velop an IL-12–mediated intestinal inflam-
mation in the absence of endogenous
IL-10. The molecular mechanisms of the
dysregulated IL-12 responses in IL-10�/�

mice are poorly understood. In this study,
we investigated the role of nuclear fac-
tor–� B (NF-�B) and signal transducers
and activators of transcription 3 (STAT3)
in lipopolysaccharide (LPS)–induced IL-
12p40 gene expression in bone marrow
derived–dendritic cells (BMDCs) isolated
from wild-type (WT) and IL-10�/� mice. We
report higher IL-12p40 mRNA accumu-
lation and protein secretion in LPS-

stimulated BMDCs isolated from IL-10�/�

compared with WT mice. LPS-induced
NF-�B signaling is similar in IL-10�/� and
WT BMDCs as measured by I�B� phos-
phorylation and degradation, RelA phos-
phorylation and nuclear translocation, and
NF-�B transcriptional activity, with no
down-regulatory effects of exogenous IL-
10. Chromatin immunoprecipitation dem-
onstrated enhanced NF-�B (cRel, RelA)
binding to the IL-12p40 promoter in IL-
10�/� but not WT BMDCs. Interestingly,
LPS induced STAT3 phosphorylation in
WT but not IL-10�/� BMDCs, a process
blocked by IL-10 receptor blocking anti-

body. Adenoviral gene delivery of a consti-
tutively active STAT3 but not control green
fluorescence protein (GFP) virus blocked
LPS-induced IL-12p40 gene expression
and cRel recruitment to the IL-12p40 pro-
moter. In conclusion, dysregulated LPS-
induced IL-12p40 gene expression in IL-
10�/� mice is due to enhanced NF-�B
recruitment to the IL-12p40 promoter in
the absence of activated STAT3. (Blood.
2005;105:689-696)

© 2005 by The American Society of Hematology

Introduction

Interleukin-10–deficient (IL-10�/�) mice develop spontaneous
T-helper 1 (Th-1)–mediated colitis when housed under specific
pathogen-free (SPF) conditions.1-3 In this experimental model,
enhanced IL-12p40 production by immune cells represents a key
feature of intestinal inflammation, as demonstrated by the preven-
tion and partial treatment of colitis by anti–IL-12 antibodies.4,5 This
suggests that in absence of IL-10, the host mounts a dysregulated
innate response to the commensal intestinal microflora. Dendritic
cells (DCs) are at the interface of innate and adaptive immunity by
virtue of their ability to secrete various cytokines including tumor
necrosis factor � (TNF�), IL-12p40, and IL-23.6,7 For instance,
IL-12p40–producing DCs skewed T-cell differentiation toward a
Th-1 profile, a hallmark in the IL-10�/� experimental mouse
model.8,9 However, the molecular mechanisms of dysregulated
IL-12p40 gene expression in IL-10�/� mice following SPF transfer
are still poorly understood.

IL-10 is a potent immunoregulatory cytokine with numerous
effects, such as down-regulation of proinflammatory cytokines,
chemokines, and costimulatory molecules.10 Several mechanisms
have been proposed for the IL-10–mediated inhibition of lipopoly-
saccharide (LPS)–induced proinflammatory gene expression, includ-
ing activation of the heme oxygenase (HO)/carbon monoxide
pathway,11 inhibition of the nuclear factor–� B (NF-�B) path-
way12-14 and mitogen-activated protein (MAP) kinase activity,15

mRNA stability,16 signal transducers and activators of transcription
3 (STAT3) activation,17 and induction of B-cell/lymphoma 3
(Bcl3).18 However, the molecular mechanisms for dysregulated
host innate responses in the IL-10�/� mouse model are still
unknown. IL-10 mediates its inhibitory effects through binding to
its receptor complex, which induces activation of the cytoplasmic
receptor–associated Janus kinase 1 (JAK1) and tyrosine kinase-2
(Tyk2).10 This is followed by STAT3 phosphorylation, homodimer-
ization, and translocation to the nucleus where it binds to STAT-
binding elements in the promoters of various IL-10–inducible
genes, including suppressor of cytokine signaling 3 (SOCS3) and
Bcl3.10,18 The pivotal role of STAT3 in maintaining host homeosta-
sis is clearly demonstrated by studies using genetic deletion. For
example, STAT3 deletion is embryogenically lethal,19 and myeloid
cell–specific STAT3-deficient mice develop severe enterocolitis.20

STAT3 deletion in bone marrow cells leads to overly activated
innate immune responses21 and interferes with the adaptive
immune system by inhibiting the induction of antigen-specific
T-cell tolerance.22 Moreover, STAT3 gene inactivation leads to
an aggressive and fatal form of enterocolitis mediated by
IL-12.23 These data highlight the pivotal role of STAT3 in
controlling innate immunity. The absence of endogenous IL-10
in IL-10�/� mice provides a powerful means to investigate the
immunoregulatory mechanisms of this cytokine. To date, the
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intracellular mechanisms of dysregulated IL-12 responses in
IL-10�/� mice have not been revealed. In this study, we
demonstrate that the increased IL-12p40 gene expression in
IL-10�/� mice is due to enhanced NF-�B recruitment to the gene
promoter caused by defective STAT3 activation. This data
indicates that STAT3 plays a critical role in the resolution of
LPS-induced proinflammatory gene expression and may repre-
sent a potential target for the treatment of inflammatory bowel
diseases (IBDs).

Materials and methods

Cell isolation and stimulation

Wild-type (WT) and IL-10�/� mice (129 SvEv background) between 6 and
10 weeks of age were used to isolate bone marrow cells from femora and
tibiae. Red blood cells (RBCs) were lysed using RBC lysing buffer (Sigma,
St Louis, MO), and cells were cultured in 24-well low-adherence plates
(Costar, Corning, NY) in complete medium containing RPMI 1640 plus
10% heat-inactivated fetal calf serum (HyClone, Logan, UT), 2 mM
L-glutamine, 1 mM sodium pyruvate, 5 � 10�5 M 2-mecaptoethanol, and
50 �g/mL gentamicin in the presence of recombinant murine granulocyte-
macrophage colony-stimulating factor (GM-CSF) and IL-4 (both 10
ng/mL; Peprotech, Rocky Hill, NJ). Floating cells were gently removed and
medium was refreshed at day 3, and cells were collected at day 6. The cells
were then washed twice and incubated overnight in regular medium without
IL-4/GM-CSF. Flow cytometry analysis demonstrated a homogenous cell
population with greater than 85% CD11c� cells and less than 2% T cells.
Additionally, major histocompatibility complex (MHC) class II, CD80,
CD86, and OX40-L cell surface expression were similar between WT and
IL-10�/� bone marrow–derived DCs (BMDCs), ruling against a possible
phenotypic difference between the cells (data not shown). For cell
stimulation, 1 � 105 cells (cytokine measurement) or 2 � 106 to 4 � 106

cells (proteins, RNA) were plated in a 96-well or 12-well plate, respec-
tively. The cells were then stimulated with LPS (5 �g/mL, serotype 055:B5;
Sigma) in the presence or absence of recombinant murine IL-10 (12-h
preincubation, 10 ng/mL; Peprotech).

Reagents

Purified rat anti–mouse IL-10 receptor antibody and purified rat immuno-
globulin G (IgG) isotype control antibody were purchased from BD
Pharmingen (San Diego, CA). The JAK2 inhibitor AG490 was purchased
from Upstate Biotechnology (Lake Placid, NY).

Adenoviral vectors and viral infections

The constitutively active STAT3 adenovirus (Ad5STAT3C) was engineered
by substituting the cysteine residues for A661 and N663, allowing STAT3
dimerization and activation without phosphorylation at Y705.24 The
STAT3C contained an extra 24–base pair DNA nucleotide encoding for the
FLAG peptide (DYLDDDDL). The NF-�B superrepressor (Ad5I�BAA)25

and the �B-luciferase adenoviral vector (Ad5�BLUC)26 have been charac-
terized and described previously. The Ad5GFP virus containing the green
fluorescent protein (GFP) was used as a control viral vector throughout the
study.27 The optimal multiplicity of infection (MOI) for maximal infection
rate was determined by flow cytometry of Ad5GFP-infected BMDCs,
showing an infection rate of more than 80% at an MOI of 50 after 2 days of
infection. Viability of adenoviral-infected BMDCs was comparable to
uninfected cells as measured by 7-amino-actinomycin D (7-AAD) labeling
and flow cytometry analysis.

Western immunoblots

BMDCs were stimulated with LPS (5 �g/mL) at various time points in
12-well plates (Costar), collected, and lysed in 1 � Laemmli buffer, and the
protein concentration was measured using Bio-Rad quantification assay
(Bio-Rad Laboratories, Hercules, CA). Fifteen micrograms of protein
extracts was subjected to electrophoresis on 10% sodium dodecyl sulfate

(SDS)–polyacrylamide gels and transferred to nitrocellulose membranes.
Antibodies against phospho-I�B, phospho-RelA, phospho-p38, p38, phos-
pho-STAT3, STAT3 (Cell Signaling, Beverly, MA); FLAG (Sigma); and
I�B, RelA, and cRel (Santa Cruz Biotechnology, Santa Cruz, CA) were all
used at a 1:1000 dilution. The specific immunoreactive proteins were
detected using the enhanced chemoluminescence (ECL) kit (Perkin Elmer,
Shelton, CT) as described previously.28

RNA extraction and reverse transcriptase–polymerase chain
reaction (RT-PCR) analysis

RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA), reverse
transcribed (1 �g RNA), and amplified as previously described.28 The PCR
products (7 �L) were subjected to electrophoresis on 2% agarose gels
containing gel Star fluorescent dye (FMC, Philadelphia, PA). Fluorescence
staining was captured using an Alpha Imager 2000 (AlphaInnotech,
San Leandro, CA). Sequences of primers used for IL-12p40 were
5�-GGAAGCACGGCAGCAGAATA-3� sense, 5�-AACTTGAGGGAG-
AAGTAGGAATGG-3� antisense; IL-10, 5�-CTCTTACTGACTGGCAT-
GAGGATC-3� sense, 5�-CTATGCAGTTGATGAAGATGTCAAATT-3�
antisense; and TNF�, 5�-ATGAGCACAGAAAGCATGATC-3� sense, 5�-
TACAGGCTTGTCACTCGAATT-3� antisense. The size of the amplified
products is 180 base pair (bp) (IL-12p40), 475 bp (IL-10), and 175 bp (TNF�).

Immunofluorescence

For FLAG expression, WT and IL-10�/� BMDCs were infected for 48
hours with Ad5STAT3C or left uninfected. For cRel nuclear translocation,
cells were stimulated with LPS (5 �g/mL) for 30 minutes. Subsequently,
cells were fixed with 100% ice-cold methanol and permeabilized with 0.3%
saponin for 10 minutes. Cells were blocked with 10% nonimmune goat
serum (NGS; Sigma) for 30 minutes, then probed with rabbit anti-cRel
antibody (Santa Cruz Biotechnology) diluted 1:200 in 10% NGS for 30
minutes, followed by rhodamine isothiocyanate–conjugated goat anti–
rabbit IgG antibody (Jackson ImmunoResearch, West Grove, PA) diluted
1:100 in 10% NGS for 30 minutes. FLAG expression was detected using
mouse anti-FLAG antibody (Ab; Sigma) 1:250 diluted in 10% NGS for 30
minutes, followed by a fluorescein isothiocyanate (FITC)–conjugated goat
anti–mouse IgG antibody (Jackson ImmunoResearch) diluted 1:100 in 10%
NGS for 30 minutes. Slides were mounted in glycerol-based mounting
medium before microscopic analysis. FLAG-STAT3C- and cRel expression
were imaged using an Olympus IX70 inverted microscope (Olympus,
Melville, NY) fitted with Rhodamine or FITC specific filters. Images were
captured using a digital SPOTM camera (Diagnostic Instruments, McHenry,
IL) and processed with the SPOT advance software. Identical exposure
times were used for each data point within an individual experiment.
Original magnification set at 400�.

Chromatin immunoprecipitation (ChIP) analysis

WT and IL-10�/� BMDCs were stimulated with LPS (5 �g/mL) for 0, 4,
and 8 hours, and ChIP assays were performed using a ChIP assay Kit
(Upstate) according to the manufacturer’s specification according to the
Upstate protocol. Briefly, proteins/DNA were cross-linked with 1% formal-
dehyde for 10 minutes and then cross-linking was blocked with 125 mM
glycine. Cells were then lysed in L1 lysis buffer (50 mM Tris [tris(hydroxy-
methyl)aminomethane], pH 8.0; 2 mM EDTA [ethylene dinitrilo tetraacetic
acid]; 0.1% Nonidet P-40; and 10% glycerol) supplemented with protease
inhibitors, and chromatin was sheared by sonication (3 times for 35 sec-
onds, 1.0 seconds on, 0.8 seconds off). The extracts were precleared for 1
hour with salmon sperm–saturated protein A/G-agarose (Upstate Biotech-
nology). Immunoprecipitation was carried out overnight at 4°C using 3 �g
of anti-RelA or cRel Ab (Santa Cruz Biotechnology). Immune complexes
were collected with salmon sperm–saturated protein A/G-agarose for 2
hours and washed twice in high-salt buffer (20 mM Tris, pH 8.0; 0.1% SDS;
0.5 M NaCl; 1% Nonidet P-40; 2 mM EDTA), followed by 2 washes with
no-salt buffer (Tris-EDTA 1 �), and 2 washes in 0.5M LiCL buffer.
Samples were rotated for 5 minutes at 4°C in between every washing step.
Immune complexes were extracted 2 times with 250 �L of freshly prepared
extraction buffer (1% SDS, 0.1 M NaHCO2). DNA cross-links were
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reverted by heating for 8 hours at 65°C. After proteinase K (100 �g for 1 h
at 45°C) digestion, DNA was extracted with phenol/chloroform and
precipitated in ethanol. DNA isolated from an aliquot of the total nuclear
extract was used as a loading control for the PCR (input control). PCR was
performed with total DNA (2 �L, input control) and immunoprecipitated
DNA (2 �L) using IL-12p40 promoter–specific primers as described
previously.29 The PCR products (8 �L) were subjected to electrophoresis on
2% agarose gels containing gel Star fluorescent dye (FMC). Fluorescent
staining was captured using an AlphaImager 2000 (AlphaInnotech).

Cytokine measurement

Cells were stimulated for 7 to 24 hours with LPS (5 �g/mL), and
supernatants were collected and cytokine levels were measured using
commercially available kits specific for TNF� (R&D Systems, Minneapo-
lis, MN) and IL-12p40 (Pharmingen/BD Biosciences), according to the
manufacturers’ instructions. Cytokine levels were determined in triplicate
culture supernatants in each separate experiment.

Statistical analysis

Statistical significance was evaluated by the 2-tailed Student t test for paired
data. A P value of less than .05 was considered statistically significant.

Results

Enhanced IL-12p40 and TNF� gene expression
in LPS-stimulated IL-10�/� BMDCs

Since IL-10�/� mice develop spontaneous colitis accompanied by
increased IL-12p40 production when housed under SPF condi-
tions,1,5 we first sought to evaluate the profile of Th-1 cytokine
production in BMDCs isolated from both IL-10�/� and WT mice.
As seen in Figure 1A-B, LPS induced higher IL-12p40 and TNF�
secretion (approximately 2 fold) in LPS-stimulated IL-10�/�

compared with WT BMDCs. Similarly, IL-12p40 mRNA accumu-
lation was higher in LPS-stimulated IL-10�/� compared with WT
BMDCs (Figure 1C). This indicates that lack of endogenous IL-10
is associated with enhanced IL-12p40 gene expression in BMDCs.
Interestingly, LPS induced IL-10 mRNA accumulation (Figure 1C) in WT BMDCs. As expected, IL-10 mRNA remained undetectable

in IL-10�/� BMDCs (Figure 1C). Addition of exogenous IL-10
efficiently down-regulated LPS-induced IL-12p40 mRNA accu-
mulation and TNF� protein secretion (Figure 1A-C). This effect
was blocked by IL-10 receptor blockade but not by the isotype
control IgG Ab (Figure 1C). This clearly indicates that lack of
IL-10–mediated signaling leads to dysregulated IL-12p40 and
TNF� gene expression.

IL-12p40 secretion in IL-10�/� BMDCs is NF-�B mediated

LPS signals to the Toll-like receptor 4 (TLR4) to activate numerous
signaling cascades including the NF-�B pathway and its subunits.
For example, cRel is important for LPS-induced IL-12p40 transcrip-
tion in macrophages and in BMDCs derived from cRel�/� p50�/�

mice.30,31 However, this subunit is not required for IL-12p40 gene
expression in splenic dendritic cells.32 We next determined the role
and function of cRel in driving LPS-induced IL-12p40 expression
in IL-10�/� BMDCs.

Immunofluorescence analysis demonstrated that cRel distribu-
tion is mainly cytoplasmic in unstimulated BMDCs but clearly
translocates to the nucleus in LPS-stimulated cells (Figure 2A). To
investigate the role of NF-�B in LPS-induced IL-12p40 gene
expression, we then used adenoviral vector–mediated gene deliv-
ery to selectively block this signaling pathway using the I�B
superrepressor (Ad5I�BAA). As seen in Figure 2, LPS-induced

Figure 1. IL-10–mediated inhibition of increased IL-12p40 and TNF� mRNA
accumulation and protein secretion in BMDCs. BMDCs from WT and IL-10�/�

mice were stimulated with LPS (5 �g/mL) in the presence or absence of IL-10 (10
ng/mL). (A) IL-12p40 secretion at 24 hours, (B) TNF� secretion at 24 hours as
measured in triplicate supernatants by enzyme-linked immunosorbent assay (ELISA).
Error bars represent standard error of the mean (SEM). (C) IL-12p40 and IL-10
mRNA levels as determined by RT-PCR in RNA isolated from 12-hour LPS-
stimulated BMDCs. In some samples, IL-10 receptor antibody or isotype control IgG
(30 �g/mL) was used for blockade of the IL-10 receptor. The results are representa-
tive of 3 independent experiments.

Figure 2. IL-12p40 mRNA accumulation and protein secretion in LPS-
stimulated BMDCs is NF-�B dependent. (A) IL-10�/� BMDCs were stimulated with
LPS (5 �g/mL) for 30 minutes, and immunofluorescence detecting cRel was
performed as described in “Materials and methods.” (B) BMDCs from IL-10�/� mice
were infected with the I�B super repressor (Ad5I�BAA) or Ad5GFP (control) and
subsequently stimulated with LPS (5 �g/mL). Cells were collected, RNA was isolated,
and IL-12p40 mRNA was determined by RT-PCR. (C) IL-12p40 secretion by
Ad5I�BAA- and Ad5GFP-infected IL-10�/� BMDCs, stimulated by LPS (5 �g/mL) for
7 hours, as measured in triplicate supernatants by ELISA. All results are representa-
tive of 3 independent experiments. Error bars represent SEM; **P � .1.
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IL-12p40 mRNA accumulation (Figure 2B) and protein secretion
(Figure 2C) was blocked in Ad5I�BAA-infected but not control
Ad5GFP-infected IL-10�/� BMDCs. Therefore, we conclude that
NF-�B activation is essential for LPS-induced IL-12p40 gene
expression in IL-10�/� BMDCs.

IL-10 has been identified as a negative regulator of NF-�B
activities in different cell systems.12-14 Thus, we hypothesized that
in the absence of endogenous IL-10, NF-�B signaling is enhanced
and leads to increased LPS-induced IL-12p40 gene induction. To
test this hypothesis, we compared NF-�B signaling between WT
and IL-10�/� BMDCs. As shown in Figure 3A, LPS-induced I�B
degradation and phosphorylation were similar between WT and
IL-10�/� BMDCs. Interestingly, although exogenous IL-10 blocked
LPS-induced IL-12p40 gene expression, no effect was noticed on
I�B degradation or phosphorylation (Figure 3A). We recently
showed that LPS-induced RelA phosphorylation at serine residue
536 is critical for IL-6 gene expression.26 Similarly, LPS-induced
RelA S536 phosphorylation is comparable between WT and
IL-10�/� BMDCs and is not inhibited by exogenous IL-10 (Figure
3A). Additionally, LPS-induced �B-luciferase activity is similar
between WT and IL-10�/� BMDCs (data not shown). In summary,
activation of the proximal NF-�B signaling pathway is similar in
WT and IL-10�/� BMDCs stimulated with LPS.

TLR4 activates numerous signaling cascades including the
MAP pathways, which also contribute to the regulation of down-
stream gene targets.33 Since IL-10 modulates p38 activity that
impacted gene expression,11,15 we investigated whether other

TLR4-mediated p38 and c-Jun N-terminal kinase (JNK) signaling
events are affected in IL-10�/� cells. Therefore, we evaluated
phosphorylation of the MAP kinase (MAPK) p38 and JNK in
LPS-stimulated BMDCs. As seen in Figure 3B, p38 and JNK
phosphorylation is induced in LPS-stimulated cells with no differ-
ence between WT and IL-10�/� BMDCs. IL-10 preincubation
failed to block LPS-induced p38 and JNK phosphorylation in
BMDCs, showing that this immunosuppressive cytokine is not
targeting these MAPKs. However, blocking p38 activity with
SB203580 slightly impaired LPS-induced IL-12p40 secretion (data
not shown). Together, these findings suggest that although the
MAPK pathway may participate with NF-�B in regulating IL-12p40
gene expression, lack of endogenous IL-10 does not lead to
dysregulated MAPK signaling. Additionally, although NF-�B
signaling is critical for LPS-induced IL-12p40 gene expression,
enhanced IL-12p40 gene expression is not accompanied by in-
creased proximal NF-�B signaling in IL-10�/� BMDCs.

Enhanced recruitment of cRel to the IL-12p40 promoter
in IL-10�/� BMDCs

The recruitment of transcription factors as well as duration of
binding to various gene promoters profoundly affects transcrip-
tional activity.34 cRel played a pivotal role in LPS-induced
IL-12p40 transcription in macrophages31 and in BMDCs derived
from cRel�/� p50�/� mice30 but is dispensable in spleen-derived
dendritic cells.32 Since we observed enhanced cRel nuclear translo-
cation (Figure 2A) in LPS-stimulated BMDCs, we next compared
cRel recruitment to the IL-12p40 gene promoter in WT and
IL-10�/� BMDCs. As seen in Figure 3C, cRel is strongly recruited
to the IL-12p40 promoter in LPS-stimulated IL-10�/� BMDCs,
whereas minimal loading is observed in WT cells. Moreover, cRel
is still loaded on the IL-12p40 promoter 8 hours after LPS
stimulation, whereas no such recruitment is observed in WT
BMDCs (Figure 3C). Interestingly, the NF-�B transcriptional
subunit RelA is also strongly recruited to the IL-12p40 gene
promoter in LPS-stimulated IL-10�/� BMDCs (Figure 3C middle
panels). This suggests that enhanced IL-12p40 gene expression in
the absence of endogenous IL-10 is likely due to both enhanced
binding of NF-�B (cRel/RelA) to the IL-12p40 promoter as well as
a defect in terminating gene expression rather than increased
proximal NF-�B signaling.

STAT3 is activated by LPS-induced IL-10 in WT but not
in IL-10�/� BMDCs

The lack of suppressive effect of IL-10 on LPS-mediated proximal
NF-�B signaling, in conjunction with a similar activation profile
for various signaling events, suggests that defective negative
signaling pathways may be associated with enhanced IL-12p40
gene expression. The STAT3 pathway is required for IL-10–
mediated down-regulation of LPS-induced gene expression in
monocytes.35,36 Thus, we investigated STAT3 phosphorylation in
LPS-stimulated WT and IL-10�/� BMDCs. Interestingly, STAT3 is
clearly phosphorylated between 4 and 14 hours in LPS-stimulated
WT but not in IL-10�/� BMDCs (Figure 4A). The absence of
phospho-STAT3 in LPS-stimulated IL-10�/� BMDCs is not due to
an absence of STAT3 protein, as shown in the right panel of Figure
4A. Moreover, LPS-induced STAT3 phosphorylation in WT BMDCs
is blocked by IL-10 receptor Ab but not by control IgG Ab (Figure
4B). This suggests that STAT3 activation is likely due to LPS-
induced IL-10 secretion in WT BMDCs.

Figure 3. NF-�B signaling and MAP kinase activation in LPS-stimulated BMDCs
from WT and IL-10�/� mice. WT and IL-10�/� BMDCs were stimulated with LPS
(5 �g/mL) in the presence or absence of IL-10 (10 ng/mL); harvested at 0, 30, and 60
minutes; and Western blot analysis was performed for (A) phospho-I�B (P-I�B) and
I�B, phospho-RelA and RelA, and (B) phospho-p38, p38, and phospho-JNK. The
results are representative of 4 independent experiments. (C) WT and IL-10�/�

BMDCs were stimulated with LPS (5 �g/mL) for 0, 4, and 8 hours. ChIP analysis was
performed as described in “Materials and methods.” Briefly, DNA was immunoprecipi-
tated (IP) with cRel or RelA antibody, and PCR was performed with primers specific
for the IL-12p40 gene promoter. Input samples show equal loading. Results shown
are representative of 3 independent experiments.
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STAT3 overexpression reduced cRel recruitment to the
IL-12p40 gene promoter in IL-10�/� BMDCs

To investigate the impact of STAT3 on LPS-induced IL-12p40 gene
expression in IL-10�/� BMDCs, we artificially activated this
pathway by delivering a constitutively active STAT3 through
adenoviral vector gene delivery (Ad5STAT3C). This adenoviral
vector has been shown to trigger STAT3 signaling independently of
an exogenous ligand.24 As seen in Figure 5A, FLAG-tagged
STAT3C is highly expressed in Ad5STAT3C-infected BMDCs
compared with uninfected or control Ad5GFP-infected cells.
Moreover, immunofluorescence staining clearly demonstrated
STAT3C expression in more than 75% of Ad5STAT3C-infected but
not in uninfected cells (Figure 5B). The pattern of staining revealed
a partial nuclear STAT3 localization in infected cells (Figure 5B).

Interestingly, LPS-induced IL-12p40 mRNA accumulation is
strongly blocked in Ad5STAT3C-infected but not in Ad5GFP-
infected IL-10�/� BMDCs (Figure 6A). Additionally, LPS-induced
TNF� mRNA accumulation was unaffected in Ad5STAT3C-

infected cells, suggesting a selective effect of the STAT3 signaling
pathway on IL-12p40 gene expression. Similarly, Ad5STAT3C but
not control Ad5GFP strongly prevented LPS-induced IL-12p40
secretion in BMDCs (Figure 6B). Conversely, we used the selective
JAK2 inhibitor AG490 to inhibit the JAK/STAT pathway in WT
BMDCs. This blockade increased IL-12p40 secretion by 64% 	 2%
(P � .01), confirming the importance of STAT3 in regulating
IL-12p40 responses (data not shown).

We next investigated whether STAT3 interferes with LPS-
induced NF-�B signaling and thus IL-12p40 gene expression.
LPS-induced I�B degradation and RelA phosphorylation were not
blocked in Ad5STAT3C-infected cells (Figure 7A). This suggests
that STAT3 blocks LPS-induced IL-12p40 gene expression indepen-
dently of the proximal NF-�B signaling cascade. Because NF-�B
recruitment to the IL-12p40 gene promoter is increased in IL-10�/�

BMDCs (Figure 3C), we hypothesized that STAT3 signaling
interferes with recruitment of cRel to this gene promoter. To
investigate this possibility, IL-10�/� BMDCs were infected with
Ad5STAT3C or Ad5GFP virus, stimulated with LPS for 4 hours,
and cRel recruitment to the IL-12p40 gene promoter was analyzed
by ChIP assays. As seen in Figure 7B, Ad5STAT3C, but not
Ad5GFP, blocked cRel recruitment to the IL-12p40 gene promoter
(Figure 7B). Moreover, IL-10 pretreatment inhibited LPS-induced
cRel loading to the IL-12p40 gene promoter (Figure 7B). Alto-
gether, these findings indicate that STAT3 controls LPS-induced
IL-12p40 gene expression by inhibiting recruitment of NF-�B
subunits to the gene promoter, a process absent in IL-10�/� BMDCs.

Discussion

Innate immune responses are induced by the presence of patho-
genic and nonpathogenic microorganisms and lead to the activation

Figure 4. IL-10–dependent LPS-induced STAT3 activation in WT but not IL-10�/�

BMDCs. BMDCs from WT and IL-10�/� mice were stimulated with LPS (5 �g/mL) in
the presence or absence of IL-10 receptor antibody (30 �g/mL) or an isotype control
Ab (30 �g/mL). Subsequently, cells were harvested at various time points and
Western blot analysis was performed for (A) phospho-STAT3 and STAT3, (B) phospho-
STAT3 and STAT 3 with or without IL-10 receptor blockade. The results are
representative of 3 independent experiments.

Figure 5. Overexpression of constitutively active STAT3 in IL-10�/� BMDCs.
IL-10�/� BMDCs were infected with the constitutively active, FLAG-tagged STAT3
adenovirus (Ad5STAT3C) or Ad5GFP as a negative control. (A) After infection,
BMDCs were collected and protein extracts from these cells were subjected to
Western blot analysis using FLAG antibody. (B) After infection, cells were fixed with
100% methanol and FLAG expression was detected by immunofluorescence using
FLAG antibody, followed by FITC-conjugated goat anti–mouse IgG antibody. The
results are representative of 3 independent experiments.

Figure 6. Adenoviral delivery of constitutively active STAT3 in IL-10�/� BMDCs
inhibits IL-12p40 mRNA accumulation and protein secretion. IL-10�/� BMDCs
were infected with the constitutively active STAT3 adenovirus (Ad5STAT3C) or the
control Ad5GFP and subsequently stimulated with LPS (5 �g/mL). (A) Cells were
collected at 4 hours, RNA was isolated, and IL-12p40 and TNF� mRNA accumulation
was analyzed by RT-PCR. (B) BMDCs were infected as described in Figure 6,
stimulated with LPS (5 �g/mL) for 7 hours, and IL-12p40 secretion was measured by
ELISA in triplicate supernatants. ***P � .005. Results are representative of 2
independent experiments. Error bars represent SEM.
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of a complex gene program aimed at re-establishing host homeosta-
sis. Although initiation of innate immunity is a critical feature of
host homeostasis, failure to regulate and/or terminate this response
can have deleterious consequences for the host. For example, IBDs,
which include Crohn disease and ulcerative colitis, are associated
with dysregulated innate and adaptive immune responses to
luminal nonpathogenic bacteria.37-40

The immunosuppressive cytokine IL-10 exerts numerous immu-
noregulatory functions and plays a pivotal role in maintaining
intestinal homeostasis and controlling innate responses.39 This is
shown in IL-10�/� mice that develop spontaneous intestinal
inflammation when housed under SPF conditions.1,3 However,
these mice remain healthy and disease free when born and raised
under gnotobiotic conditions, suggesting that IL-10 is involved in
regulating innate host responses to the luminal intestinal flora.1

Despite numerous attempts, the molecular mechanisms of IL-10–
mediated regulation of innate immune responses have not been
clearly elucidated.

In this study, we investigated the molecular mechanism of
dysregulated innate responses in BMDCs isolated from IL-10�/�

mice. We report that LPS induced a stronger IL-12p40 and TNF�
gene expression in BMDCs derived from IL-10�/� compared with
WT mice. This indicates that in the absence of endogenous IL-10,
LPS responsiveness is enhanced in BMDCs, leading to higher
IL-12p40 and TNF� gene expression. Importantly, administration
of neutralizing IL-12 antibody prevents the early onset of colitis in
IL-10�/� mice.5 Thus, our finding that LPS induced higher
IL-12p40 gene expression in BMDCs isolated from IL-10�/� mice
correlates with the key role for IL-12p40 in this model of
experimental colitis.

LPS-induced IL-12p40 gene expression is regulated by various
signaling cascades and transcription factors.31,41,42 Among them,
the NF-�B transcriptional system has been shown to play a
preponderant role in IL-12p40 gene expression. In an effort
to understand the dysregulated IL-12p40 gene expression in
IL-10�/� BMDCs, we carefully investigated LPS signal transduc-
tion in both WT and IL-10�/� mice. We found that LPS-induced
IL-12p40 gene expression is strongly inhibited in BMDCs

expressing an I�B superrepressor, showing the critical role for
NF-�B in regulating this cytokine in BMDCs. The negative
effect of IL-10 on NF-�B signaling is controversial and may
reflect cell type specificity. Interestingly, a new report showed
that IL-10 blocked LPS-induced I �B kinase (IKK) activity and
RelA phosphorylation in BMDCs.14 Surprisingly, using similar
DCs, we found that LPS-induced proximal NF-�B signaling is
similar between WT and IL-10�/� BMDCs, whereas IL-12p40
gene expression is stronger in IL-10�/� cells. Indeed, levels of
I�B� degradation/phosphorylation, RelA phosphorylation, and
NF-�B transcriptional activity were comparable between LPS-
stimulated WT and IL-10�/� cells in our study. Thus, although
NF-�B activity is essential for LPS-induced IL-12p40 gene
expression, this signaling cascade is not excessively activated in
IL-10�/� BMDCs. The discrepancy between results in these
studies may be related to the supraphysiologic dose of IL-10
used (50 ng/mL) by Bhattacharyya et al.14 For example, we
found that low amounts of exogenous IL-10 in the physiologic
range (1 ng/mL compared with 0.7 ng/mL secreted by LPS-
induced BMDCs; Figure 1B) totally blocked LPS-induced
IL-12p40 and TNF secretion without inhibiting NF-�B activity
(not shown in present study). In addition, our study used cells
lacking endogenous IL-10, which allowed physiologic analysis
of gene expression in the absence of the endogenous immuno-
regulatory IL-10 molecule. Also LPS-induced JNK and p38
phosphorylation is similar in WT and IL-10�/� BMDCs, suggest-
ing that LPS-induced TLR4 signal transduction is not impaired
in either WT or IL-10�/� BMDCs.

IL-10 has been shown to directly inhibit NF-�B activity
through transient blockade of I�B degradation and IKK activity
as well as impaired NF-�B DNA-binding activity in LPS-
stimulated monocyte cell lines.13 Interestingly, we found no
evidence of IL-10–mediated inhibition of I�B degradation and
phosphorylation, suggesting that this immunosuppressive cyto-
kine acts through a different mechanism in murine BMDCs.
This is in agreement with previous studies showing no effect of
IL-10 on NF-�B activation43 or MAP kinases44 in human
macrophages. This data suggests that the positive signaling
cascade leading to increased IL-12p40 gene expression is not
dysregulated in IL-10�/� BMDCs. Thus, impaired activation of
inhibitory signaling cascades in IL-10�/� cells may lead to
dysregulated innate host responses in these mice.

Persistent and sustained recruitment of transcription factors to
selective gene promoters is responsible for prolonged gene expres-
sion. Indeed, kinetics of NF-�B–dependent gene transcription
directly correlates with the extent and duration of recruitment of
various subunits to gene promoters.34 Of considerable interest, we
showed for the first time enhanced recruitment of cRel to the
IL-12p40 promoter in LPS-stimulated IL-10�/� BMDCs but not
WT cells. Moreover, cRel was still associated with the IL-12p40
promoter at 8 hours following LPS stimulation in IL-10�/�

BMDCs, whereas no such binding was observed in WT BMDCs.
Thus, although proximal NF-�B signaling is similar between
IL-10�/� and WT BMDCs, recruitment of NF-�B to the IL-12p40
gene promoter is clearly different. Therefore, both enhanced initial
binding of cRel and failure to remove NF-�B from the IL-12p40
promoter rather than excessive proximal signaling are responsible
for enhanced gene expression.

Negative regulators of LPS signaling play a pivotal role in
controlling innate responses in numerous immune cells.39 Interest-
ingly, we found that STAT3, a negative regulator of LPS signaling,
is strongly phosphorylated in endotoxin-stimulated WT but not in

Figure 7. Adenoviral delivery of constitutively active STAT3 in IL-10�/� BMDCs
inhibits cRel recruitment to the IL-12p40 gene promoter without affecting the
NF-�B pathway. IL-10�/� BMDCs were infected with either Ad5STAT3C or Ad5GFP,
or preincubated with IL-10 (10 ng/mL) for 12 hours, and then stimulated with LPS (5
�g/mL) for 1 or 4 hours. (A) Protein extracts from infected BMDCs were collected
after 1 hour, and Western blot analysis was performed using antibodies for I�B,
phospho-RelA, and RelA. (B) Cells were treated for 4 hours as described and cRel
recruitment to the IL-12p40 promoter was analyzed by ChIP, as described in
“Materials and methods.” The results are representative of 2 independent
experiments.
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IL-10�/� BMDCs. This prolonged and strong STAT3 phosphoryla-
tion in WT BMDCs is likely due to increased IL-10 production.
First, LPS induced both IL-10 gene expression and strong STAT3
phosphorylation in WT but not in IL-10�/� BMDCs. Second, IL-10
receptor blocking antibody prevented LPS-induced STAT3 phos-
phorylation in WT BMDCs. Thus, STAT3 phosphorylation is
mediated by LPS-induced IL-10 in WT BMDCs. The lack of
STAT3 phosphorylation in IL-10�/� cells is functionally linked to
enhanced IL-12p40 gene expression. This is clearly illustrated in
the experiment where we delivered a constitutively active STAT3
in IL-10�/� BMDCs using an adenoviral vector. Using this
approach, we demonstrated that LPS-induced IL-12p40 but not
TNF� gene expression is strongly inhibited in IL-10�/� BMDCs.
Conversely, blocking JAK/STAT signaling in WT BMDCs en-
hanced LPS-induced IL-12p40 protein secretion. Thus, STAT3 has
a critical role in down-regulating LPS-induced IL-12p40 gene
expression. This is a selective inhibition so this mechanism is not
responsible for suppressing other proinflammatory cytokines in-
duced by LPS, such as TNF�.

In this study, we provide clear evidence that the STAT3 pathway
controlled cRel recruitment to the IL-12p40 gene promoter, thereby
providing a mean to selectively terminate gene transcription. First,
we showed that Ad5STAT3C prevents cRel loading to the IL-12p40
gene promoter without interfering with LPS-induced proximal
NF-�B signaling. Second, IL-10–mediated blockade of LPS-
induced IL-12p40 gene expression occurs independently of
proximal NF-�B signaling but rather involves decreased cRel
recruitment to the gene promoter. How can STAT3 activation
prevent NF-�B recruitment to the IL-12p40 gene promoter
independently of proximal signal transduction? One possible
scenario is that activated STAT3 migrates to the nucleus and
interferes with a molecule involved in the regulation of IL-
12p40 gene expression. This would be consistent with the partial
nuclear localization of activated STAT3 in Ad5STAT3C-
infected IL-10�/� BMDCs. Interestingly, STAT3 directly inter-
acted with RelA and suppressed IL-1
 and LPS/interferon-�–
induced inducible nitric oxide synthase (iNOS) gene expression
in mesangial cells.45 However, using coimmunoprecipitation
analysis, we were unable to detect STAT3/NF-�B interaction in
WT or IL-10�/� BMDCs. Another potential mechanism could
involve STAT3 signaling interference with chromatin remodel-
ing through alteration of histone acetylation and/or phosphoryla-
tion. Nucleosome remodeling of nucleosome 1, which contains
the Rel and CCAAT/enhancer-binding protein (C/EBP) cis-
elements, is a critical event for signal-induced IL-12p40 gene
expression.46 We have previously reported that the transforming
growth factor 
 (TGF
)/Sma- and Mad-related protein (Smad)
pathway blocked LPS-induced histone phosphorylation/acetyla-
tion in intestinal epithelial cells.26 It is interesting to speculate
that IL-10 activates an event through STAT3 that leads to
impaired chromatin remodeling and decreased recruitment of
essential transcription factors such as cRel and C/EPB. How-
ever, Zhou et al47 demonstrated that IL-10 induced only slight
changes in chromatin remodeling and C/EPB recruitment to the
IL-12p40 promoter in LPS-stimulated peritoneal macrophages.
Moreover, IL-10 failed to block LPS-induced histone-3 phosphor-
ylation (Ser10) in the present study (data not shown). Whether
other histone modifications are affected by IL-10 is currently
under investigation. The impact of STAT3 signaling events on
chromatin remodeling in BMDCs remains to be determined.
Nevertheless, activation of the IL-10/STAT3 pathway likely
controls the initial recruitment of transcription factors (cRel,
RelA, and probably others) and/or stability of protein/DNA

interaction, which ultimately dictate the amount of IL-12 being
transcribed by BMDCs.

It is interesting to note that STAT3 blocks LPS-induced
IL-12p40 but not TNF� gene expression. Such a specific effect has
been previously reported for Bcl3 that is required for inhibition of
LPS-induced TNF� but not IL-6 secretion in macrophages.18

Moreover, IL-10–induced NF-�B p50 DNA-binding activity is
responsible for blockade of TNF�-induced IL-6 and macrophage
inflammatory protein 2� (MIP2�) gene expression48 in peritoneal
macrophages. Thus, the molecular mechanism of IL-10–mediated
gene inhibition is diverse and cell type specific. This also indicates
that STAT3 selectively altered a critical component of the transcrip-
tional machinery involved in IL-12p40 expression.

The recently discovered cytokine IL-23 consists of the IL-
12p40 and p19 subunits and is secreted by immune cells including
DCs.6 This cytokine has the ability to skew T-cell differentiation
toward a Th-1 profile. Interestingly, IL-23p19 mRNA levels are
increased in experimental colitis49 and in Crohn disease patients.50

Moreover, mice overexpressing IL-23p19 develop multiple organ
failure and systemic inflammation and die before 3 months of
age.51 Since LPS-induced IL-12p40 gene expression is reduced by
Ad5STAT3C, the decreased production of this subunit may not
only impair IL-12 secretion but also reduce the production of IL-23
in BMDCs. Further studies will be necessary to understand the
impact of STAT3 and IL-23 expression on inflammatory diseases.

Our study highlights the complex network of regulatory cas-
cades involved in controlling LPS-induced signaling in immune
cells. Clearly, malfunction in these regulatory pathways impairs
host homeostasis. First, tissue-specific disruption of STAT3 in bone
marrow cells during hematopoiesis led to overly activated innate
immune responses and Crohn disease–like intestinal inflamma-
tion.21 The in vivo relevance is shown by the severe intestinal
inflammation caused by deletion of STAT320,21 or IL-10.2 Con-
versely, intestinal bacteria52 and regulatory T cells53 engineered to
produce IL-10 prevent and treat inflammation in murine models of
experimental colitis.

In conclusion, we show that increased LPS-induced IL-12p40
gene expression in IL-10�/� BMDCs involves dysregulated recruit-
ment of cRel to the IL-12p40 promoter due to defective STAT3
activation. We propose a model where LPS-induced IL-10 produc-
tion leads to the activation of STAT3 and inhibition of IL-12p40
gene expression by preventing NF-�B access to the gene promoter.
This negative feedback mechanism is essential for the attenuation
of LPS-induced innate responses in immune cells. These data
provide a potential molecular mechanism for inflammation in
IL-10�/� mice. Therefore, enhancing STAT3 signaling may repre-
sent a potential therapeutic means to manipulating the innate
immune system and treating intestinal inflammation.
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