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Interleukin-10 (IL-10) is a potent anti-inflammatory cytokine that suppresses the induction of proinflam-
matory cytokine genes, including the IL-12 p40 gene. Despite considerable effort examining the effect of IL-10
on specific transcription factors and signaling molecules, the mechanism by which IL-10 inhibits gene tran-
scription has remained elusive. To provide a different perspective to this problem, we examined the effect of
IL-10 on molecular events occurring at the endogenous IL-12 p40 locus in lipopolysaccharide-stimulated
peritoneal macrophages. IL-10 abolished recruitment of RNA polymerase II to the p40 promoter. However, it
only modestly reduced binding of C/EBP�, as monitored by genomic footprinting and chromatin immunopre-
cipitation. It also had little effect on NF-�B complexes that are critical for p40 induction. A substantial
reduction in nucleosome remodeling at the p40 promoter was observed, but the magnitude of this reduction
appeared insufficient to account for the strong inhibition of transcription. Finally, a lipopolysaccharide-
inducible DNase I hypersensitive site identified 10 kb upstream of the start site was unaffected by IL-10. Thus,
despite a dramatic reduction in p40 transcription, several events required for activation of the endogenous p40
gene occurred relatively normally. These findings suggest that IL-10 blocks one or more events that occur after
p40 locus decondensation and nucleosome remodeling and after, or in parallel with, the binding of a subset of
p40 transcriptional activators.

The inflammatory response is an essential component of the
host defense against microbial pathogens. However, when ex-
cessive or regulated improperly, inflammation can lead to
harmful and even fatal consequences. Among the many bio-
logical agents that suppress inflammatory responses, the cyto-
kine interleukin-10 (IL-10) is one of the most potent and
significant. Numerous studies have shown that IL-10 treatment
can decrease the severity of inflammatory processes in vivo
(34). For example, IL-10 protects mice against endotoxin-in-
duced lethality (19, 21, 32). Furthermore, IL-10�/� mice de-
velop an inflammatory Crohn’s-like disease and exhibit dys-
regulated inflammatory responses (25). These findings suggest
that key functions of IL-10 are to maintain homeostasis of the
immune system and to protect the host from excessive inflam-
mation.

IL-10 is secreted primarily by activated macrophages and T
cells and inhibits numerous events in macrophages and neu-
trophils, including major histocompatibility complex class II
expression, oxidative burst and nitric oxide production, phago-
cytosis, and the production of proinflammatory cytokines (9,
13, 34). IL-10 carries out these functions by interacting with the
IL-10 receptor, which induces signaling through the Janus ki-
nase/signal transducer and activator of transcription (Jak/Stat)
pathway (34). In Jak1�/� and Stat3�/� macrophages, IL-10
was unable to inhibit lipopolysaccharide (LPS)-induced gene
expression, demonstrating essential roles for these proteins
(40, 46). The suppressor of cytokine signaling-3 (SOCS3) pro-
tein has also been implicated in the IL-10 pathway (3), al-

though more recent studies with SOCS3-deficient mice have
demonstrated that this protein is not essential for the suppres-
sion of LPS-induced gene expression by IL-10 (26, 55).

Beyond the requirement for molecules that interact with the
IL-10 receptor, little is known about the mechanism by which
IL-10 inhibits the expression of proinflammatory cytokine
genes (13, 34). The suppression of cytokine genes in macro-
phages appears to be indirect, as Stat protein binding sites that
act in a negative manner have not been identified in the pro-
moters for these genes. Previous studies demonstrated that
IL-10 can both inhibit cytokine gene transcription and desta-
bilize cytokine mRNAs (1, 4, 6, 7, 11, 12, 14, 23, 29, 38, 41, 44,
45, 47, 51, 52). Some studies have suggested that IL-10 pre-
vents NF-�B activation by LPS and other stimuli (29, 38, 41,
44, 45, 52), but no effect on NF-�B was observed in other
studies (3, 10–12, 47). Variable effects on the activation of
AP-1 and mitogen-activated protein kinases have also been
reported (3, 11–13, 16, 18, 24, 38, 52), but IL-10 had no effect
on the activation of several other transcription factors (12, 47,
52). The variable effects on NF-�B, AP-1, and mitogen-acti-
vated protein kinases may in part be due to the use of macro-
phages from different sources, although in some cases conflict-
ing results have been obtained when using the same stimuli and
similar macrophage populations. Microarray experiments re-
vealed that a number of genes are upregulated by IL-10 in
macrophages, but few potential contributors to the inhibition
of cytokine gene transcription have emerged (7, 27). The tran-
scriptional coactivator c-Maf was identified in one study as an
IL-10-inducible protein that may contribute to the inhibition of
proinflammatory cytokine genes, but transcriptional inhibition
by IL-10 was unaffected in c-Maf�/� macrophages (7).

IL-12 is a proinflammatory cytokine that serves as a critical
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bridge between innate and adaptive immunity by stimulating
the development of T-helper 1 (Th1) cells (17, 48–50). Anti-
gen-stimulated Th1 cells secrete cytokines that contribute to
host defense against intracellular pathogens. The bioactive
IL-12 p70 heterodimer contains p35 and p40 subunits, which
are synthesized in macrophages and dendritic cells in response
to intracellular pathogens and bacterial products, including
LPS (48–50).

The murine IL-12 p40 promoter contains several transcrip-
tion factor binding sites that contribute to gene induction in
LPS-stimulated macrophages (31, 35, 36, 56). The three con-
trol elements that have been characterized most extensively
bind NF-�B, C/EBP, and AP-1 family members. An analysis of
mice lacking specific NF-�B family members revealed that
c-Rel is selectively required for p40 induction in macrophages
stimulated with LPS plus gamma interferon (IFN-�) (42). The
involvement of C/EBP� in p40 induction was supported by a
number of findings, including efficient association of C/EBP�
with the endogenous p40 promoter in chromatin immunopre-
cipitation (ChIP) experiments (5, 36). Transcription of the p40
gene is also regulated at the chromatin level. A positioned
nucleosome spans the transcription factor binding sites at the
p40 promoter and is selectively remodeled upon macrophage
activation (54). Remodeling of this nucleosome is independent
of c-Rel and may also be independent of C/EBP and AP-1
proteins, suggesting that remodeling complexes may be re-
cruited by other inducible factors (53).

A previous study provided compelling evidence that the in-
hibition of IL-12 p40 expression by IL-10 in human peripheral
blood mononuclear cells occurs at the level of transcription
initiation (1). However, efforts to elucidate the mechanism of
inhibition were unsuccessful, largely because inhibition of p40
promoter activity by IL-10 was not observed in transient- or
stable-transfection assays with p40 promoter-reporter plasmids
(1; L. Zhou and S. T. Smale, unpublished results). Another
technical hurdle that has slowed efforts to dissect the mecha-
nism of p40 inhibition by IL-10 is that the magnitude of inhi-
bition is significantly smaller in transformed macrophage lines
than in primary macrophages (Zhou and Smale, unpublished).

Because the strategies used to elucidate the IL-10 inhibition
mechanism have thus far been unsuccessful, we used a differ-
ent strategy to gain mechanistic insight. Specifically, we mon-
itored the effect of IL-10 on events occurring at the endoge-
nous p40 promoter in LPS-stimulated peritoneal macrophages.
An attractive feature of this approach is that the experiments
can be performed in primary macrophages, which support
strong inhibition by IL-10 and yield results that may be more
physiological than those obtained in transformed cell lines.
Furthermore, by studying the endogenous p40 gene, the results
can reveal whether IL-10 makes the locus completely refrac-
tory to events associated with gene activation or, alternatively,
targets a later step in the activation pathway. The results de-
scribed here demonstrate that, in the presence of IL-10, re-
cruitment of RNA polymerase II to the p40 promoter is effi-
ciently blocked. However, IL-10 does not render the chromatin
associated with the p40 locus resistant to decondensation or
nucleosome remodeling and does not inhibit the activation or
in vivo binding of transcription factors that were studied. These
results suggest that IL-10 signaling inhibits one or more rela-

tively late events that are required for RNA polymerase II
recruitment to the p40 promoter.

MATERIALS AND METHODS

Cells. Macrophages were isolated from the peritoneal cavity of thioglycolate-
treated mice as described earlier (54) and were allowed to adhere to culture
plates for 24 to 36 h in Dulbecco’s modified Eagle’s medium (Gibco) supple-
mented with 10% low-endotoxin fetal bovine serum (Omega Scientific) and
penicillin/streptomycin (Omega Scientific). Nonadherent cells were removed by
washing with phosphate-buffered saline (PBS). Following the addition of fresh
complete medium, cells were left untreated or were activated for 4 h with either
100 ng or 10 �g of LPS (Sigma)/ml plus 10 U of recombinant murine IFN-�
(PharMingen)/ml, with or without 10 ng of IL-10 (PharMingen)/ml.

Bone marrow-derived macrophages were prepared from C57BL/6 mice. Cells
(n � 3.5 � 106) were plated in Dulbecco’s modified Eagle’s medium with 20%
fetal bovine serum, 30% L929-conditioned medium, 1% L-glutamine, 0.5% so-
dium pyruvate, 0.1% �-mercaptoethanol, and penicillin/streptomycin. The cells
were cultured for 7 days with fresh medium added as necessary and were then
stimulated under the same conditions employed for peritoneal macrophages.

ELISA. Peritoneal macrophages (n � 2 � 107) in 10 ml of culture medium
were left inactivated or were activated for 4 h. Combined concentrations of IL-12
p40 homodimer and p35/p40 (p70) heterodimer were determined by sandwich
enzyme-linked immunosorbent assay (ELISA) by using 100 �l of the superna-
tants and 10-fold serial dilutions as described elsewhere (5, 54).

Northern blot. Total RNA was extracted from peritoneal macrophages by
using TRI-reagent (MRC). Northern blot analysis was performed as described
earlier (2) by using 50 �g of total RNA. Briefly, after agarose/formaldehyde gel
electrophoresis, the RNA samples were transferred to Hybond-N� nylon mem-
brane (Amersham Pharmacia Biotech) and were cross-linked by UV irradiation.
Radiolabeled probes were prepared from p40 and �-actin cDNAs by using the
Prime-it II random primer labeling kit (Stratagene). The blots were hybridized at
42°C overnight, followed by extensive washes and autoradiography.

RT-PCR. RNA isolated by using TRI-reagent was treated with RNase-free
DNase I and was purified by phenol:chloroform extraction, followed by ethanol
precipitation. Reverse transcription (RT) was performed with p40 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) primers as previously described
(5). cDNAs derived from p40 primary transcripts and GAPDH mRNA were
amplified by PCR with the primers and under the reaction conditions described
previously (5). cDNA derived from p40 mRNA was amplified by using the
following primers: 5	-TTATGTTGTAGAGGTGGACTGG-3	 (exon 3) and 5	-
TTTCTTTGCACCAGCCATGAGC-3	 (exon 4). PCR conditions for this am-
plification were as follows: 94°C for 180 s; 19 cycles of 94°C for 60 s, 64°C for 60 s,
and 72°C for 60 s; and final elongation at 72°C for 10 min. PCR products were
resolved on a 1% agarose gel, followed by transfer to nylon membrane and
cross-linking by UV irradiation. Oligonucleotides derived from p40 exon 4 (5	-
ATTTGGTGCTTCACACTTCAGG-3	) and GAPDH cDNA (5	-GAAGACA
CCAGTAGACTCCACGAC-3	) were radiolabeled with [�-32P]ATP and T4
DNA kinase. Probes were incubated with the membrane at 42°C by using
ULTRAhyb (Ambion). The membranes were washed and were subjected to
autoradiography.

Restriction enzyme accessibility and DNase I genomic footprinting. The liga-
tion-mediated PCR (LM-PCR)-based restriction enzyme accessibility assay and
DNase I genomic footprinting assay were performed as described earlier (54).
For the Southern blot-based restriction enzyme assay, cell nuclei (n � 2 � 107)
were suspended in New England Biolabs Buffer 2 (50 �l). SpeI was added, and
reaction materials (in a total volume of 50 �l) were incubated at 37°C for 15 min.
Genomic DNA was prepared by using the DNeasy Tissue Kit (Qiagen). Purified
DNA was then digested in vitro with various restriction enzymes. Restriction
enzymes PstI and EcoRI were used to monitor nucleosome remodeling at the p40
promoter; KpnI and SphI were used to monitor remodeling at the DNase I
hypersensitivity region. The digested fragments were examined by Southern
blotting. Probes were generated by PCR and were 32P labeled by using the
Prime-it II kit (Stratagene). Primers for generating the promoter probe were as
follows: 5	-CTCTCCTCTTCCCTGTCGCTAACTC-3	 and 5	-CCTTTCTATCA
AATACACATCTGTCC-3	. Primers for generating the enhancer probe were as
follows: 5	-GGCTAGGTGTACATGTATGTGCATATATC-3	 and 5	-GAAAG
AAATGAATGAGTTCCCACC-3	.

Gel shift and Western blot assays. Nuclear extracts and gel shift probes were
prepared as described elsewhere (36). Gel shift probes for NF-�B and C/EBP
contained p40 promoter sequences from �142 to �107 and from �110 to �69,
respectively. Antibodies from Santa Cruz Biotechnology were p50 (D-17), p65
(A), and c-Rel (C). A second c-Rel antibody (no. 1266NR) was a gift from Nancy
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Rice. Gel shift assays were performed as described earlier (5, 42). A Western blot
assay was performed as described earlier (36).

ChIP assay. Peritoneal macrophages were fixed at room temperature by add-
ing formaldehyde to the culture medium to a final concentration of 1%. After 10
min, cross-linking was stopped by addition of 1 M glycine to a final concentration
of 0.125 M, and the incubation was continued at room temperature for 5 min.
Cells were washed on plates with ice-cold PBS three times and were then
collected. Cells were lysed for 10 min on ice in cell lysis buffer [5 mM piperazine-
N,N	-bis(2-ethanesulfonic acid) (PIPES; pH 8.0), 85 mM KCl, 0.5% NP-40, and
protease inhibitors]. Nuclei were suspended in nuclear lysis buffer (50 mM
Tris-HCl [pH 8.1], 10 mM EDTA, 1% sodium dodecyl sulfate, and protease
inhibitors) and were incubated on ice for 10 min. Chromatin was sheared into
500- to 1,000-bp fragments by sonication and was then precleared with protein
A-Sepharose beads. The purified chromatin was diluted with ChIP dilution
buffer (0.01% sodium dodecyl sulfate, 1.1% Triton X-100, 1.2 mM EDTA, 16.7
mM Tris-HCl [pH 8.1], 167 mM NaCl, and protease inhibitors) and was immu-
noprecipitated overnight at 4°C by using antibodies directed against C/EBP�
(SC-150�, 10 �g; Santa Cruz), RNA polymerase II (SC-899, 2 �g; Santa Cruz),
or glutathione S-transferase (GST) (5 �l). Immune complexes were collected
with protein A-Sepharose beads and were washed and eluted. The protein-DNA
cross-links were then reversed. Following DNA purification, the presence of
selected DNA sequences was assessed by PCR. Primer pairs for monitoring
C/EBP� binding to the p40 promoter were described elsewhere (5). Primer pairs
for monitoring the C/EBP� binding to the DNase I hypersensitive region were as
follows: fragment A, 5	-ATGTCTCTCACATTGGTCATCTGC-3	 and 5	-AAC
TTTTTCTTTCTGTGTGACATAATTTATG-3	; and fragment B, 5	-AACTGT
TACGGTCTTAGGCATGGTCTGG-3	 and 5	-TAGCCATGGGCAGGTGAT
TTAAAC-3	. PCR conditions were described elsewhere (5).

Real-time quantitative PCR. Eluted DNA samples from ChIP experiments
were analyzed by real-time quantitative PCR in triplicate by using iQ SYBR
Green Supermix (Bio-Rad) and the iCycler Sequence Detection System (Bio-
Rad). The starting quantity (SQ) of the initial DNA template input for each
ChIP sample was calculated from primer-specific standard curves by using the
iCycler Data Analysis Software. The enrichment (n-fold) of C/EBP� or
RNA polymerase II was determined as {[IL-12 (mean of SQ)]/[TdT (mean of
SQ)]}

LPS/IFN-� 
 IL-10
/{[IL-12 (mean of SQ)]/[TdT (mean of SQ)]}inactivated. The

primer sets for real-time PCR were as follows: IL-12 p40, 5	-TAGTATCTCTG
CCTCCTTCC-3	 and 5	-GAACTTTCTGATGGAAACCC-3	; and TdT, 5	-AC
CAAGACTGACAACCCACGTT-3	 and 5	-GTGGCAGTCAGAGGCATCTT
T-3	.

DNase I hypersensitivity assay. After one ice-cold PBS wash on culture dishes,
peritoneal macrophages were collected and lysed for 5 min on ice in NP-40 lysis
buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, 0.15
mM spermine, and 0.5 mM spermidine). Nuclei were then washed in buffer A
(100 mM NaCl, 50 mM Tris-HCl [pH 8.0], 3 mM MgCl2, 0.15 mM spermine, and
0.5 mM spermidine) plus 1 mM CaCl2. After centrifugation, nuclear pellets were
resuspended in buffer A plus 1 mM CaCl2. Then 50-�l aliquots of nuclei (2.0 �
107 to 2.5 � 107 cells) were mixed with increasing amounts of DNase I (0, 0.2, 0.4,
0.8, and 1.2 �g), followed by incubation at 37°C for 2 min. The reactions were
terminated by addition of Stop solution (2 �l of 0.5 M EDTA, 20 �l of 20-mg/ml

protease K solution, and 150 �l of 1� PBS). Genomic DNA was extracted by
using DNeasy Tissue Kit (Qiagen), according to the manufacturer’s protocol.
Purified DNA (20 �g) was then digested with AseI (New England Biolabs). DNA
samples were purified by phenol:chloroform extraction followed by ethanol pre-
cipitation and were then separated on a 0.7% agarose gel. Southern blots were
performed by using a standard procedure (2). The radiolabeled probe was gen-
erated by PCR with the Prime-it II kit (Stratagene). The primer sequences were
as follows: 5	-CTCAATTCGTAAAGTGAGCAGGATTGC-3	 and 5	-TAGCT
CAGGCTAGCCTCAACTCTTC-3	.

RESULTS

IL-10 inhibits IL-12 p40 gene transcription in peritoneal
macrophages. The goal of this study was to gain insight into the
mechanism by which IL-10 inhibits IL-12 p40 expression in
murine macrophages. Most experiments focused on events oc-
curring at the endogenous p40 locus. Furthermore, primary
peritoneal macrophages were used for most experiments be-
cause of the potential for increased physiological relevance and
because the extent of inhibition was consistently greater than
in macrophage cell lines (data not shown). In peritoneal mac-
rophages stimulated for 4 h with LPS plus IFN-�, addition of
IL-10 at the time of stimulation routinely inhibited the accu-
mulation of p40 protein by 90 to 95%, as determined by
ELISA. The results obtained in a representative experiment
are shown in Fig. 1A. The effect of IL-10 on steady-state p40
mRNA levels was determined by Northern blotting. p40
mRNA was greatly enhanced in peritoneal macrophages stim-
ulated with LPS plus IFN-� for 4 h, but this enhancement was
strongly suppressed in the presence of IL-10 (Fig. 1B).

Previously, a nuclear run-on assay was used to show that
IL-10 inhibits p40 expression at the level of transcription ini-
tiation in human peripheral blood mononuclear cells (1). To
determine whether IL-10 also acts at the level of transcription
initiation in murine peritoneal macrophages, primary p40 tran-
scripts and mature p40 mRNA were monitored by semiquan-
titative RT-PCR. Primary transcripts were monitored by using
a primer that hybridizes to intron 3 and a reverse primer that
hybridizes to exon 4. Because introns are often rapidly excised
and degraded, an analysis of primary transcripts provides an
approximate measure of transcription initiation frequency,
similar to the information provided by nuclear run-on assays

FIG. 1. IL-10 inhibits IL-12 p40 gene transcription in peritoneal macrophages. Peritoneal macrophages were left untreated (UN) or were
treated for 4 h with IL-10, LPS plus IFN-�, or IL-10 and LPS plus IFN-�. (A) IL-12 p40/p70 concentrations in culture supernatants were measured
by ELISA. (B) p40 mRNA was detected by Northern blot by using 50 �g of total RNA. As a control, �-actin mRNA was monitored on the same
blot. (C) Primary p40 transcripts, p40 mRNA, and GAPDH mRNA were analyzed by semiquantitative RT-PCR (lanes 1 to 4). To determine the
extent of inhibition by IL-10, RT-PCR was used to analyze a twofold serial dilution of first-strand cDNA prepared from cells treated with LPS plus
IFN-� (lanes 5 to 9). The first sample in this dilution series (lane 5) contained half of the cDNA used for the reaction shown in lane 3.
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(30, 39). Interestingly, p40 primary transcripts and the mature
mRNA were reduced by similar magnitudes when cells were
activated in the presence of IL-10 (Fig. 1C, lanes 3 and 4). The
approximate linearity of the PCR was demonstrated by analy-
sis of twofold serial dilutions of an input cDNA sample pre-
pared from cells stimulated with LPS plus IFN-� (lanes 5 to 9).
Consistent with the ELISA results (Fig. 1A), the abundance of
primary transcripts was reduced by approximately 16-fold (Fig.
1C, top panel, compare lanes 4 and 8). For each of the exper-
iments described below, the extent to which IL-10 inhibited
p40 expression was monitored by ELISA. p40 protein concen-
trations were reduced by greater than 90% in each experiment
(data not shown).

IL-10 disrupts RNA polymerase II recruitment. To deter-
mine whether IL-10 inhibits transcription by acting before or
after the recruitment of RNA polymerase II, a ChIP assay was
used to monitor polymerase association with the endogenous
p40 promoter in peritoneal macrophages. Sheared genomic
DNA precipitated with antibodies directed against RNA poly-
merase II was analyzed by PCR with two primer pairs. One
primer pair amplified the p40 promoter, and the second pair
amplified an intron of the lymphocyte-specific TdT gene, which
is not expressed in macrophages. In the DNA sample prepared
from macrophages stimulated with LPS plus IFN-�, the p40
promoter product was substantially enriched relative to the
TdT product (Fig. 2A, lane 2). Interestingly, in the sample
prepared from macrophages treated simultaneously with IL-10
and LPS plus IFN-�, the p40 product was not enriched (Fig.
2A, lane 3). Quantitative real-time PCR analysis of the DNA
samples revealed that the IL-12 p40 promoter was 1.6-fold
enriched in the stimulated cells and confirmed that IL-10 pre-
vented this enrichment (Fig. 2B). These results provide strong
support for a model in which IL-10 inhibits p40 expression by
blocking the recruitment of RNA polymerase II to the pro-
moter. The results also confirm that IL-10 blocks transcription
initiation at the p40 gene.

Effect of IL-10 on C/EBP� binding to the endogenous p40
promoter. To gain insight into the mechanism by which IL-10
inhibits RNA polymerase II recruitment, we first monitored
the effect of IL-10 on a central regulator of p40 transcription,
C/EBP�. Two isoforms of C/EBP� are expressed in peritoneal
macrophages (5): LAP, which contains transactivation do-
mains and the basic leucine zipper DNA-binding and dimer-
ization domain, and LIP, which lacks the transactivation do-
mains. We recently showed that the concentrations of both
LAP and LIP increase in peritoneal macrophages stimulated
with LPS plus IFN-� (5). However, the results suggested that
the increased concentrations were unimportant for p40 induc-
tion (5). Western blot assays revealed that IL-10 did not pre-
vent the upregulation of LAP and LIP in peritoneal macro-
phages stimulated with LPS plus IFN-� for 4 h (Fig. 3A). In
fact, slight enhancements in LAP and LIP concentrations were
consistently observed in the presence of IL-10 (Fig. 3A, lanes
3 and 4; data not shown). Similarly, in gel shift experiments
performed with nuclear extracts from unstimulated and stim-
ulated peritoneal macrophages, the DNA-binding activities of
LAP homodimers and LAP/LIP heterodimers were slightly
enhanced when IL-10 was added simultaneously with the LPS
plus IFN-� (Fig. 3B). Previous studies showed that these com-
plexes, which form on a radiolabeled probe containing the

C/EBP site from the p40 promoter, interact with C/EBP� an-
tibodies (5).

To determine whether IL-10 affects the association of
C/EBP� with the endogenous p40 promoter, DNase I genomic
footprinting assays were first performed. As previously re-
ported (54), the C/EBP site and adjacent AP-1 site were
strongly protected following stimulation for 4 h with LPS plus
IFN-� (Fig. 3C, lane 2). Other characteristic changes in the
DNase I digestion pattern were apparent, which may be due to
remodeling of the nucleosome encompassing this region (ref-
erence 54 and see below). Importantly, IL-10 only slightly
diminished protection of the C/EBP and AP-1 sites and had no
significant effect on the overall pattern of DNase I digestion
(Fig. 3C, lanes 2 and 4). The minimal effect on occupancy of
the AP-1 site is consistent with published evidence that IL-10
does not inhibit AP-1 activity (38, 52). We have also found that
IL-10 does not inhibit AP-1 binding in gel shift assays per-
formed with extracts from peritoneal macrophages stimulated
in the absence and presence of IL-10 (data not shown).

FIG. 2. IL-10 inhibits RNA polymerase II recruitment to the p40
promoter. (A) Binding of RNA polymerase II to the endogenous p40
promoter was measured by ChIP. Formaldehyde-cross-linked chroma-
tin samples prepared from untreated peritoneal macrophages (lane 1)
or peritoneal macrophages treated for 4 h with LPS plus IFN-� (lane
2), or IL-10 and LPS plus IFN-� (lane 3) were immunoprecipitated
with RNA polymerase II antibodies (top panel) or control GST anti-
bodies (middle panel). The presence of p40 promoter and TdT in-
tronic DNAs was determined by semiquantitative PCR. Input samples
are shown in the bottom panel. (B) Quantitative real-time PCR was
performed with the same precipitated DNA samples analyzed in panel
A. The bar graph shows the enrichment (n-fold) of RNA polymerase
II at the p40 promoter in cells stimulated in the absence and presence
of IL-10, relative to the amount observed in unstimulated (UN) cells.
Mean values and standard errors of the mean from triplicate PCR
experiments are shown.
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To monitor more specifically the association of C/EBP� with
the endogenous p40 promoter, a ChIP assay was employed that
used C/EBP� antibodies. In cells stimulated with LPS plus
IFN-�, association of C/EBP� with the p40 promoter was dem-
onstrated by the increased abundance of the p40 promoter
PCR product relative to the TdT product (Fig. 3D, lanes 1 and
2). The p40/TdT ratio was moderately reduced in cells that
were treated simultaneously with IL-10 (Fig. 3D, lane 3). How-
ever, substantial enrichment of the p40 promoter product rel-
ative to the input sample was still apparent (Fig. 3D, lane 3,
compare top and bottom panels). Quantitative real-time PCR
analysis revealed that the IL-12 p40 promoter fragment was
enriched by 3.8-fold in the stimulated cells and that IL-10
reduced this enrichment by 40% (Fig. 3E). Although the re-
duced association of C/EBP� revealed by genomic footprinting
and ChIP may contribute to the inhibition of p40 transcription
by IL-10, the modest magnitudes of the reductions suggest that
C/EBP� inhibition is not a primary cause of the more dramatic
inhibition of transcription and RNA polymerase II recruit-
ment. Instead, the severe defect in transcription is likely to be
caused by another mechanism, which may, as a secondary
effect, result in the destabilization of C/EBP� binding. This
hypothesis is consistent with published evidence that eukary-

otic regulatory proteins bind promoters cooperatively with
components of the basal transcription machinery (15, 28, 43).

Effect of IL-10 on IL-12 p40 expression and C/EBP� binding
in bone marrow-derived macrophages. To determine whether
the results obtained with peritoneal macrophages are relevant
to the mechanism by which IL-10 inhibits IL-12 p40 expression
in other macrophage populations, bone marrow-derived mac-
rophages were analyzed. ELISA results revealed that IL-10
inhibited the production of IL-12 p40 protein following
LPS-plus-IFN-� stimulation by approximately eightfold
(Fig. 4A), which was slightly less inhibition than typically
observed with peritoneal macrophages. Strikingly, ChIP ex-
periments analyzing the association of C/EBP� with the p40
promoter following stimulation of the bone marrow-derived
macrophages in the presence and absence of IL-10 yielded
results that were virtually identical to those obtained with
peritoneal macrophages (compare Fig. 4B and C with 3D
and E). In the quantitative experiments (Fig. 4C and 3E),
IL-10 reduced C/EBP� association by 33% in the bone mar-
row-derived cells, in comparison to the 40% reduction ob-
served in the peritoneal macrophages. Although we have not
performed a complete analysis of IL-10 inhibition in the
bone marrow-derived macrophages, these results suggest

FIG. 3. Effect of IL-10 on C/EBP� binding to the endogenous p40 promoter. (A) C/EBP� isoforms LAP and LIP were visualized by Western
blotting by using nuclear extracts from untreated (UN) peritoneal macrophages (lane 1) or peritoneal macrophages treated for 4 h with IL-10 (lane
2), LPS plus IFN-� (lane 3), or IL-10 and LPS plus IFN-� (lane 4). A nonspecific protein recognized by the antibody (*) was used for the purpose
of normalization. (B) The DNA-binding activities of LAP-LAP homodimers and LAP-LIP heterodimers were monitored by gel shift with a
32P-labeled probe containing the C/EBP site from the p40 promoter. The relevant complexes were identified on the basis of antibody supershift
experiments and other criteria described previously (5). (C) DNase I genomic footprinting assays were performed with peritoneal macrophages
that were left unstimulated or were stimulated for 4 h as described above. LM-PCR was performed by using primers specific to the p40 promoter
region. The locations of the Rel, C/EBP, and AP-1 sites within the p40 promoter are indicated. Additional sites that exhibit hypersensitivity to
DNase I cleavage in stimulated cells are also indicated (*). (D) Binding of C/EBP� to the endogenous p40 promoter was monitored by ChIP and
semiquantitative PCR by using C/EBP� and GST antibodies and chromatin samples as described in the legend to Fig. 2. (E) Quantitative real-time
PCR was performed with the precipitated DNA samples analyzed for panel D. The bar graph shows the enrichment (n-fold) of C/EBP� at the p40
promoter in cells stimulated in the absence and presence of IL-10, relative to the amount observed in unstimulated cells. Mean values and standard
errors of the mean from triplicate PCR experiments are shown. Similar results were obtained in two additional independent experiments by using
peritoneal macrophages isolated from different mice.
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that the inhibition mechanism may be similar to the mech-
anism employed by peritoneal macrophages.

Effect of IL-10 on NF-�B DNA-binding activity. As de-
scribed above, another critical control element in the p40 pro-
moter binds NF-�B complexes (35, 36). The NF-�B family
member c-Rel is required for p40 induction in peritoneal mac-
rophages stimulated with LPS plus IFN-� (42), and more re-
cent studies suggest that the c-Rel requirement is due to se-
lective binding of c-Rel to the p40 promoter (Shomyseh
Sanjabi, Kevin Williams, and Smale, unpublished results). Un-
fortunately, we have been unable to detect direct binding of
c-Rel to the p40 promoter in peritoneal macrophages by using
genomic footprinting (Fig. 3C) or ChIP assays (data not
shown). In the genomic footprinting experiments, cleavage at
one position near the center of the NF-�B recognition se-
quence was actually enhanced in nuclei from cells stimulated
with LPS plus IFN-�, with or without IL-10 (Fig. 3C, lanes 2
and 4). The reason for this change in DNase I digestion pattern
in the vicinity of the NF-�B site is not known, but a favored
hypothesis is that it is the result of nucleosome remodeling
rather than of NF-�B binding. Our inability to detect clear
protection of an NF-�B site that is important for p40 promoter
function in transient- and stable-transfection assays suggests
that NF-�B binding may be relatively transient, as has been
demonstrated for binding of the glucocorticoid receptor to the
mouse mammary tumor virus long terminal repeat (33).

Although we have been unable to monitor the binding of
NF-�B to the endogenous p40 promoter, gel shift experiments
were performed with the goal of determining whether the
activation of c-Rel-containing complexes might specifically be
inhibited by IL-10. As previously described (42), stimulation of
peritoneal macrophages for 4 h with LPS plus IFN-� resulted
in the induction of two protein-DNA complexes when a probe
containing the NF-�B site from the p40 promoter was used
(Fig. 5A, lanes 1 to 3). Neither complex was noticeably affected
when IL-10 was added with the LPS-plus-IFN-� stimulus (Fig.
5A, lane 8). Previous studies demonstrated that the lower
complex contains p50 homodimers, whereas the upper com-
plex contains a mixture of p65/p50 and c-Rel/p50 heterodimers
(42). Consistent with these assignments, p50 antibodies super-

shifted both complexes and p65 antibodies eliminated a sub-
stantial fraction of the upper complex, leaving behind a diffuse
band that is characteristic of the p50/c-Rel heterodimer (Fig.
5A, lanes 4 and 5; see reference 42). In the presence of a c-Rel
antibody that disrupts protein-DNA interactions by c-Rel, little
effect was apparent (Fig. 5A, lane 6). However, simultaneous
addition of the p65 and c-Rel antibodies led to a complete loss
of the upper complex (Fig. 5A, lane 7). Importantly, activation
of the cells in the presence of IL-10 had little effect on any of
the complexes detected when these antibodies were added
(Fig. 5A, lanes 9 to 12). To determine more conclusively
whether IL-10 inhibits the induction of the p50/c-Rel complex,
an antibody was used that selectively supershifts c-Rel-contain-
ing complexes. Supershifted complexes of comparable abun-
dance were detected with extracts from cells stimulated in the
absence or presence of IL-10 (Fig. 5B, lanes 6 and 8), confirm-
ing that IL-10 does not prevent induction of the p50/c-Rel
complex.

Effect of IL-10 on nucleosome remodeling at the IL-12 p40
promoter. Induction of the p40 gene is accompanied by the
remodeling of a single nucleosome at the p40 promoter, called
nucleosome 1 (54). To determine whether IL-10 inhibits this
remodeling event, a restriction enzyme accessibility assay was
used. With this assay, inducible remodeling at the p40 pro-
moter is revealed by an increased cleavage efficiency when a
restriction enzyme is added to nuclei from peritoneal macro-
phages stimulated with LPS plus IFN-�, in comparison to the
cleavage efficiency in nuclei from unstimulated cells. The re-
striction endonuclease SpeI was used for these experiments
because it cleaves at two sites within nucleosome 1 (Fig. 6A)
(54).

For the initial experiments, SpeI cleavage efficiency was
monitored by LM-PCR. Genomic DNA was purified from
SpeI-treated nuclei and was then cleaved to completion in vitro
with a second restriction enzyme, AatII. The relative cleavage
efficiencies at the SpeI and AatII sites were determined by
standard LM-PCR by using gene-specific primers that hybrid-
ize in the vicinity of the p40 transcription start site (Fig. 6A).
The in vitro AatII cleavage products are used for the purpose
of normalization. The results of this analysis confirmed that

FIG. 4. Effect of IL-10 on IL-12 p40 expression and C/EBP� binding in bone marrow-derived macrophages. Murine bone marrow-derived
macrophages were left untreated (UN) or were treated for 4 h with IL-10, LPS plus IFN-�, or IL-10 and LPS plus IFN-�. (A) IL-12 p40/p70
concentrations in culture supernatants were measured by ELISA. (B) Binding of C/EBP� to the endogenous p40 promoter was monitored by ChIP
and semiquantitative PCR by using C/EBP� antibodies and chromatin samples prepared from bone marrow-derived macrophages. (C) Quanti-
tative real-time PCR was performed with the precipitated DNA samples analyzed for panel B. The bar graph shows the enrichment (n-fold) of
C/EBP� at the p40 promoter in cells stimulated in the absence and presence of IL-10, relative to the amount observed in unstimulated cells. Mean
values and standard errors of the mean from triplicate PCR experiments are shown.
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stimulation of peritoneal macrophages with LPS plus IFN-�
results in a dramatic increase in cleavage at the two SpeI sites
(Fig. 6B, lanes 1 and 2; see reference 54), consistent with the
hypothesis that gene activation is accompanied by nucleosome
remodeling. However, stimulation in the presence of IL-10
only slightly reduced the abundance of the SpeI cleavage prod-
ucts (Fig. 6B, lane 4). Overall, the approximate percentage of
genomic DNA cleaved by SpeI in the absence and presence of
IL-10 decreased from 90 to 61% (Fig. 6B).

One potential limitation of the LM-PCR assay is that the
nonlinear PCR amplification step may mask true differences in
cleavage efficiency. Because of this limitation, SpeI cleavage
efficiencies were quantified by direct Southern blot analysis of
the genomic DNA. For this analysis, purified DNA that had
been cleaved in nuclei with limiting concentrations of SpeI was
digested to completion in vitro with EcoRI and PstI, prior to
gel electrophoresis and Southern blotting. When a radiola-
beled probe derived from the p40 coding region was used, in
vitro cleavage with EcoRI and PstI yielded a 1,280-bp frag-
ment, whereas additional cleavages at the SpeI sites yielded
fragments of 1,028 or 1,053 bp (Fig. 6A). The two SpeI cleav-
age products are indistinguishable on the Southern blot im-
ages.

Figure 6C shows the results obtained with three independent
samples derived from unstimulated peritoneal macrophages
(lanes 1 to 3), three samples derived from macrophages stim-
ulated with LPS plus IFN-� (lanes 4 to 6), and three samples
derived from macrophages stimulated with LPS plus IFN-� in
the presence of IL-10 (lanes 7 to 9). On average, 0.8% of the
genomic DNA was cleaved by SpeI in the unstimulated cells,
and an average of 8.8% of the genomic DNA was cleaved
following stimulation with LPS plus IFN-� (Fig. 6D). In the
presence of IL-10, an average of 3.2% of the genomic DNA

was cleaved, representing a decrease of 70%. These results
suggest that the inhibition of p40 transcription by IL-10 is
accompanied by a threefold decrease in nucleosome remodel-
ing at the p40 promoter. It is not clear from these data whether
the decrease is due to stable remodeling in a smaller percent-
age of the cells within a macrophage population or to the
existence of a remodeled state that is less stable in all of the
cells. This threefold decrease appears comparable to the de-
crease in C/EBP� binding, as monitored by genomic footprint-
ing and ChIP (Fig. 3). In both cases, the decreases appear to be
significant, but the magnitudes are modest in comparison to
the much more dramatic decreases in transcription and RNA
polymerase II recruitment. The results therefore suggest that
reduced remodeling and C/EBP� binding are not causes but
are likelier to be effects of the block in RNA polymerase II
recruitment.

Identification of a distal DNase I hypersensitivity site and
the effect of IL-10. The above results demonstrate that the
inhibition of p40 transcription by IL-10 is accompanied by a
severe reduction in the recruitment of RNA polymerase II.
However, the genomic footprinting, ChIP, and restriction en-
zyme accessibility assays revealed only modest reductions in
transcription factor binding and nucleosome remodeling at the
p40 promoter. One possibility is that IL-10 blocks the activity
of a distant enhancer within the p40 locus and that inhibition
of this enhancer is primarily responsible for inhibiting p40
transcription and polymerase recruitment. Because distant
control regions have not previously been described in the mu-
rine or human p40 loci, a systematic search was initiated by
using a DNase I hypersensitivity assay. Briefly, nuclei isolated
from peritoneal macrophages were incubated with increasing
amounts of DNase I. Genomic DNA was purified from each
sample and was cleaved to completion in vitro with appropriate

FIG. 5. Effect of IL-10 on NF-�B DNA-binding activity. (A) Gel shift and supershift assays were performed with a 32P-labeled probe containing
the NF-�B site from the p40 promoter and nuclear extracts from untreated peritoneal macrophages (lane 1) or peritoneal macrophages treated
for 4 h with IL-10 (lane 2), LPS plus IFN-� (lanes 3 to 7), or IL-10 and LPS plus IFN-� (lanes 8 to 12). Specific antibodies (Ab) and locations of
protein-DNA complexes are indicated. (B) The effect of IL-10 on the induction of c-Rel-containing protein–DNA complexes was determined by
using a c-Rel antibody that supershifts c-Rel complexes with a high degree of specificity.
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restriction enzymes. Southern blots were then performed to
determine whether specific regions of the p40 locus could be
identified that were hypersensitive to DNase I cleavage. DNase
I hypersensitivity indicates the presence of a disrupted nucleo-
somal array, which often corresponds to a transcriptional con-
trol region (8).

This search led to the identification of one DNase I hyper-
sensitive site that is detectable only in stimulated peritoneal
macrophages. This hypersensitive site, HSS1, is located ap-
proximately 10 kb upstream of the p40 transcription start site
(�1) and was detected with genomic DNA cleaved in vitro
with AseI (Fig. 7A). In genomic DNA samples prepared from
peritoneal macrophages stimulated with LPS plus IFN-� but
not in samples prepared from unstimulated macrophages, a
DNase I-dependent 4-kb band cleaved at HSS1 was detected
below the 5.6-kb AseI-AseI band (Fig. 7B, lanes 1 to 10). Im-
portantly, the efficiency of DNase I cleavage at HSS1 was

similar in cells stimulated in the presence and absence of IL-10
(Fig. 7B, lanes 6 to 15, and C).

To analyze in greater depth the effect of IL-10 on the
changes in chromatin structure that result in DNase I hyper-
sensitivity, the restriction enzyme accessibility-Southern blot
assay was used. This assay provides a means of directly com-
paring changes in chromatin structure at this putative enhancer
with those occurring at the p40 promoter. This direct compar-
ison is possible because an SpeI site is located near HSS1 (Fig.
8A). Because this same enzyme was used to monitor restriction
enzyme accessibility at the p40 promoter, the same SpeI-
cleaved genomic DNA samples used for the experiment de-
picted in Fig. 6C can be used to monitor accessibility at the
putative enhancer, after in vitro cleavage with appropriate
restriction enzymes.

The results of this analysis revealed efficient SpeI cleavage in
macrophages stimulated with LPS plus IFN-� but not in un-

FIG. 6. Effect of IL-10 on nucleosome remodeling at the IL-12 p40 promoter. (A) The locations of nucleosome 1 and of relevant restriction
enzyme recognition sites are shown on a diagram of the p40 promoter region. Gene specific primer A used for LM-PCR and the 3	 probe used
for the Southern blot assay are also indicated. The p40 transcription start site is depicted by a bent arrow. (B) Remodeling at nucleosome 1 was
monitored by using a restriction enzyme accessibility/LM-PCR assay and nuclei from untreated peritoneal macrophages (lane 1) or peritoneal
macrophages treated for 4 h with LPS plus IFN-� (lane 2), IL-10 (lane 3), or IL-10 and LPS plus IFN-� (lane 4). Digestion with SpeI was performed
in isolated nuclei to monitor accessibility within nucleosome 1. Genomic DNA was then purified and cleaved to completion with AatII for the
purpose of normalization. After quantification of the SpeI and AatII cleavage products by phosphorimager analysis, the total SpeI cleavage signal
was divided by the total SpeI and AatII cleavage signals, yielding the percentage of DNA cleaved by SpeI (bottom). The accuracy of these values
is limited by the poor linearity of the LM-PCR assay (see text). (C) Remodeling at nucleosome 1 was monitored by using a restriction enzyme
accessibility/Southern blot assay and nuclei from three independent samples of untreated peritoneal macrophages (lanes 1 to 3) or peritoneal
macrophages treated for 4 h with LPS plus IFN-� (lane 4 to 6) or IL-10 and LPS plus IFN-� (lane 7 to 9). Purified SpeI-cleaved DNA was digested
to completion with PstI and EcoRI. The digested DNA fragments were visualized by Southern blotting with the 32P-labeled 3	 probe. The
PstI-EcoRI fragment corresponds to the in vitro cleavage product. The SpeI-EcoRI fragments reveal the efficiency of SpeI cleavage in the isolated
nuclei. An unrelated hybridization product is also apparent (*). (D) The results shown in panel C were quantified by phosphorimager analysis. The
percentage of genomic DNA cleaved by SpeI was calculated as described in the legend to panel B. The bar graph shows the mean values and
standard error of the mean from the three independent samples shown in panel C.
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stimulated macrophages (Fig. 8B, lanes 1 to 5). This result
confirms that the SpeI site is within the region that undergoes
changes in chromatin structure during macrophage stimula-
tion. Interestingly, a comparison of the results in Fig. 8B with
those in Fig. 6C revealed that SpeI cleaves much more effi-
ciently within HSS1 than within the p40 promoter. That is, the
same samples that yielded an average cleavage efficiency of
8.8% at the promoter yielded an average cleavage efficiency of
approximately 50% at the distant enhancer. The reason for this
difference is not known. Most importantly, the efficiency of
SpeI cleavage at HSS1 in the presence of IL-10 was reduced by
an average of only 19% (Fig. 8B, lanes 3 to 8). Since these
same samples showed a 70% decrease in cleavage efficiency at
the p40 promoter in the IL-10-treated samples, the results
increase confidence that the 70% decrease is significant and
does not reflect a global change in chromatin structure in
IL-10-treated macrophages.

Because the results shown above establish that in vivo bind-
ing of C/EBP� can readily be monitored by using a ChIP assay
(see above), this assay was used to determine whether C/EBP�
might bind in the vicinity of HSS1. Sheared genomic DNA
precipitated with C/EBP� antibodies was analyzed by PCR by
using a primer pair that amplifies a DNA sequence near HSS1
and a second primer pair that amplifies a sequence 2.4 kb
downstream of HSS1 (Fig. 8A, primer pairs A and B). The
results revealed that C/EBP� associates with one or more
elements in the vicinity of HSS1 (Fig. 8C). Association was

observed in cells stimulated with LPS plus IFN-� but not in
unstimulated cells (Fig. 8C). C/EBP� binding was not detected
2.4 kb downstream of HSS1 (Fig. 8C), which provides evidence
that C/EBP� interacts independently with HSS1 and with the
promoter. Importantly, IL-10 had no effect on C/EBP� binding
to HSS1 (Fig. 8C).

DISCUSSION

IL-10 is a potent anti-inflammatory cytokine that inhibits the
expression of a number of inducible genes in macrophages,
including several proinflammatory cytokine genes (13). De-
spite the biological importance of IL-10, little is known about
the mechanism by which it inhibits transcription. Previous ef-
forts to elucidate the inhibition mechanism have focused on
common activators of proinflammatory cytokine genes, with
inconsistent findings (see the introduction). More recently,
microarray studies have been used to identify proteins that may
contribute to IL-10-mediated inhibition of transcription (7,
27). As an alternative approach, we examined the effect of
IL-10 on molecular events occurring at the endogenous murine
IL-12 p40 locus during activation by LPS plus IFN-�. The
results revealed that IL-10 is a potent inhibitor of RNA poly-
merase II recruitment to the p40 promoter, which confirms
that IL-10 inhibits transcription initiation and demonstrates
that it strongly inhibits at least one discrete event in the acti-
vation pathway. Surprisingly, despite the strong inhibition of

FIG. 7. Effect of IL-10 on an inducible DNase I hypersensitivity site within the IL-12 p40 locus. (A) The positions of the DNase I hypersensitive
site (HSS1 site), the AseI recognition sites, and the Southern blot probe are shown. The transcription start site is depicted by a bent arrow (�1).
The distance from the transcription start site to the first AseI site is approximately 5.9 kb, and the distance between the two AseI sites is
approximately 5.6 kb. (B) Aliquots of nuclei isolated from untreated peritoneal macrophages (lanes 1 to 5) and peritoneal macrophages treated
for 4 h with LPS plus IFN-� (lanes 6 to 10) or IL-10 and LPS plus IFN-� (lanes 11 to 15) were incubated with different amounts of DNase I (0,
0.2, 0.4, 0.8, and 1.2 �g). Purified DNAs were digested in vitro with AseI. Cleavage products were visualized by Southern blot. The AseI-AseI
fragment and the fragment extending from HSS1 to the proximal AseI site are indicated. (C) The results in panel B were quantified by
phosphorimager analysis and are depicted on the bar graph as the percentage of total genomic DNA cleaved at HSS1 versus the amount of DNase
I added to the sample. The results shown are representative of two independent experiments.
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RNA polymerase II recruitment, IL-10 had no effect or only a
modest effect on other molecular events that were examined,
including nucleosome remodeling at the p40 promoter, nucleo-
some remodeling at a putative p40 enhancer, and C/EBP�
binding to the endogenous promoter and enhancer. In perito-
neal macrophages, IL-10 also had no effect on the activation of
c-Rel-containing complexes that are known to be critical for
p40 induction. These results demonstrate that IL-10 does not
render the chromatin associated with the p40 locus resistant to
activation. Instead, a number of events occur reasonably nor-
mally, suggesting that a specific event that acts at a relatively
late stage of the activation pathway blocks RNA polymerase II
recruitment and transcription.

Although the results of this study will help to direct future
studies of the IL-10 inhibition mechanism, it is important to
note that the results are consistent with several potential mech-
anisms. One possibility is that IL-10 induces the expression of
a DNA-binding repressor protein, which binds directly to the
promoter or enhancer. Such a protein could inhibit polymerase
recruitment and could lead to a modest destabilization of the
remodeled state at the promoter. The DNase I genomic foot-
printing studies failed to reveal an IL-10-dependent footprint
at the p40 promoter. However, genomic footprinting studies
generally reveal only a subset of the protein-DNA interactions

at a control region, due to a variety of technical limitations of
the assay (8).

A second possibility is that IL-10 inhibits the posttransla-
tional modification of one of the transcription factors analyzed
in this study, i.e., NF-�B, C/EBP�, or AP-1. Although the
DNA-binding activities of these factors were unaffected by
IL-10, their abilities to stimulate transcription are known to
depend on posttranslational modifications (20, 22, 37). A third
possibility is that IL-10 blocks the induction of an as-yet-un-
discovered DNA-binding protein that is critical for p40 gene
activation in macrophages. The previous studies that led to the
identification of NF-�B, C/EBP�, and AP-1 as activators of
p40 transcription relied on transient-transfection experiments,
leaving open the strong possibility that other proteins required
for activation of the endogenous murine p40 gene remain to be
identified. It also remains possible, if not likely, that distant
enhancers other than the putative enhancer identified in this
study will be required for induction of the endogenous p40
gene. A final possibility is that IL-10 inhibits the activity of a
critical non-DNA-binding coactivator or stimulates the activity
of a corepressor of the endogenous p40 gene.

Because the results of this analysis are compatible with sev-
eral mechanisms of inhibition, a central question that emerges
is how to proceed to elucidate the relevant mechanism. Im-

FIG. 8. Nucleosome remodeling and C/EBP� binding at HSS1. (A) The positions of HSS1, relevant restriction enzyme recognition sites, the
Southern blot probe used for the restriction enzyme accessibility assay, and PCR primer pairs used for the ChIP assay (arrowheads labeled A and
B) are indicated on a diagram of the p40 5	 flanking region extending from �5.9 kb to �11.5 kb relative to the transcription start site.
(B) Nucleosome remodeling in the vicinity of HSS1 was monitored with a restriction enzyme accessibility-Southern blot assay. The same
SpeI-cleaved genomic DNA samples used for the experiment in Fig. 6C were digested in vitro with KpnI and SphI. Cleavage products were
visualized by Southern blot. The results were quantified by phosphorimager analysis. The percentage of total genomic DNA cleaved at the SpeI
site near HSS1 is shown at the bottom of each lane. (C) C/EBP� binding to the HSS1 region was monitored by ChIP with antibodies against
C/EBP� (lanes 1 to 3) or GST (lanes 4 to 6). PCR was used to analyze the DNA fragments present in the immunoprecipitates. Primer pair A
amplifies a sequence within HSS1, whereas primer pair B amplifies a sequence located 2.4 kb downstream of HSS1.
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proved microarray screens may yield attractive candidates that
can be pursued. In addition, further studies of the basic mech-
anism by which LPS plus IFN-� stimulates p40 transcription
may lead to the discovery of novel activators or coactivators,
which may be targets of the IL-10 inhibition pathway. One
valuable tool would be a functional assay employing p40 con-
trol regions that recapitulates the transcriptional inhibition by
IL-10 observed at the endogenous p40 gene. Previous efforts to
develop a functional assay have failed, as IL-10 inhibition was
not faithfully recapitulated in transient- and stable-transfection
assays that used p40 promoter-reporter plasmids (1; Zhou and
Smale, unpublished). In addition, transformed macrophage
lines do not support IL-10 inhibition at the same efficiency
observed in peritoneal macrophages (Zhou and Smale, unpub-
lished). Even if the mechanism responsible for the modest
inhibition observed in macrophage cell lines could be eluci-
dated, its relevance to the mechanism of inhibition in primary
cells would remain uncertain. Thus, a functional assay in pri-
mary cells, involving either transient or stable transfection of
p40 promoter-reporter plasmids, is likely to be required. In-
clusion of the putative enhancer identified in this study and of
other enhancers identified in the future may also be helpful. If
a functional assay can be developed, promoter or enhancer
mutant studies can be performed to determine whether IL-10
inhibition requires a specific repression element. If a system-
atic analysis fails to identify a dedicated repression element,
the results would suggest that IL-10 inhibits transcription by
targeting a critical activator or coactivator.

Although some studies have suggested that IL-10 inhibits
common activators of proinflammatory cytokine genes, such as
NF-�B and AP-1, other studies, including this study, have
failed to detect an effect on these factors (3, 10–12, 29, 38, 41,
44, 45, 47, 52). One possibility is that IL-10 inhibits transcrip-
tion via different mechanisms in different species, in different
macrophage populations, and in response to different stimuli.
However, even in those cell populations in which IL-10 ap-
pears to diminish activation of NF-�B and AP-1, experiments
are needed to rigorously test whether those proteins are the
principal targets that are responsible for the downregulation of
proinflammatory cytokine genes by IL-10. In this study, IL-10
resulted in a modest decrease in nucleosome remodeling and
C/EBP� binding at the p40 promoter. It is possible that these
events are direct targets of the IL-10 signaling pathways and
are critical events leading to the inactivation of p40 transcrip-
tion. However, the modest magnitudes of the effects relative to
the more dramatic inhibition of p40 transcription and RNA
polymerase II recruitment lead us to favor a model in which
these events are not the primary targets of IL-10 signaling. It
remains possible that IL-10 signaling modestly, yet directly,
inhibits a number of specific events involved in p40 activation
that, when combined, result in a dramatic decrease in poly-
merase recruitment and transcription. However, until strong
support for such a model is obtained, it seems most appropri-
ate to focus on the possibility that IL-10 is a potent inhibitor of
a specific step in the activation pathway that remains to be
elucidated.
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