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Abstract
IL-10 is an important immunoregulatory factor. However, our understanding of IL-10 gene regulation
remains very limited. In this study, following up on our previous novel finding that the protooncogene
c-Maf of the basic leucine zipper family of transcription factors is expressed in monocytes and
macrophages, we investigate the role of c-Maf in the transcriptional regulation of IL-10 and the
under-lying molecular mechanism in macrophages. c-Maf-null macrophages exhibit strongly
impaired IL-10 protein production and mRNA expression upon LPS stimulation. Ectopic expression
of c-Maf stimulates not only exogenously transfected IL-10 promoter-driven luciferase activity in a
dose-dependent manner but also enhances endogenous IL-10 gene expression stimulated by LPS.
Both in vitro and in vivo experiments identify a c-Maf response element localized to nucleotides
−196/−184 relative to the transcription initiation site in the IL-10 promoter. This site represents an
atypical 12-O-tetradecanoate-13-acetate-responsive element for musculoaponeurotic fibrosarcoma
recognition and functions as an enhancer element in a heterologous and orientation-independent
manner. Furthermore, c-Maf is expressed constitutively in resting monocytes/macrophages. IL-4 can
up-regulate c-Maf expression, its binding to IL-10 promoter, and dose dependently enhance IL-10
production induced by LPS; moreover, IL-4 failed to enhance LPS-induced IL-10 production in c-
Maf-null macrophages. Taken together, these data demonstrate that c-Maf is an indispensable yet
constitutive transcription factor for IL-10 gene expression in LPS-activated macrophages, and IL-4
modulates IL-10 production in inflammatory macrophages likely via its ability to induce c-Maf
expression. Thus, this study uncovers a novel and important function of c-Maf in macrophages and
elucidates its transcriptional mechanism in the regulation of IL-10 gene expression.

Insult by an invading pathogen induces both innate and adaptive immune responses. The innate
immune response pertains to those cells that are preprogrammed to respond to pathogen-
associated molecular patterns or danger signals (1), in which the monocyte/macrophage
lineage, as both the sentinels and the first line of defense against infection, plays a crucial role.
In contrast, the adaptive immune response involves the selection and expansion of immune
cells, such as T and B cells, with the development of immunologic memory. Cells of the innate
immune response not only serve as the first line of defense but, via providing signal 1 (Ag-
specific TCR triggering), signal 2 (costimulation), and signal 3 (polarization, e.g., cytokines),
shape the nature of the subsequent adaptive immune response by influencing the T cell cytokine
pattern (2).
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Although the inflammatory response is critical in controlling the growth of pathogenic
microorganisms, excessive cytokine production is harmful to the host and can even be fatal
(3). Thus, the challenge faced by the immune system of an infected host is to respond with
sufficient intensity and duration to control and eliminate the infection while minimizing
nonspecific injury to host tissues. Monocytes are recognized as one of the key promoters of
acute and chronic inflammatory responses. One intriguing feature of macrophage biology is
the ability of activated macrophage populations to initially produce proinflammatory
cytokines, such as TNF-α, IL-1β, IL-6, and IL-12 (4), and subsequently, the second phase of
the macrophage response involves the production of IL-10, a potent immunosuppressive
cytokine, which down-regulates the production of proinflammatory cytokines (5). The
equilibrium of pro- and anti-inflammatory cytokine expression is of central importance for
understanding how the immune system regulates responses to pathogenic infection (6).

IL-10 is one of the most potent and significant anti-inflammatory cytokines. It mediates the
down-regulation of Th1 responses by inhibiting the production of most immune-activating
cytokines (7,8), thereby limiting and ultimately terminating inflammatory responses (9). This
function is illustrated readily by the phenotype of IL-10-null mice, which acquires autoimmune
manifestations of colitis due to an overabundance of IL-12 and IFN-γ (9,10) and exhibits
increased resistance to microbial infection (11). The beneficial effect of IL-10 treatment for
inflammatory conditions in both animal models and clinical diseases (recent review; Ref. 9)
suggests that the key functions of IL-10 are to maintain homeostasis of the immune system
and to protect the host from excessive inflammation.

IL-10 gene regulation can occur both at the transcriptional and posttranscriptional levels (9,
12). However, current understanding of the mechanisms in IL-10 gene regulation remains
rudimentary. A recent study from our laboratory (13) revealed that IL-10 and the
protooncogene c-Maf induce their mutual expression in inflammatory macrophages, and c-
Maf is a strong suppressor of IL-12 p40 gene transcription. c-Maf is the cellular counterpart
of oncogenic v-Maf, which was identified originally in the genome of the acute transforming
avian retrovirus AS42 and induces musculoaponeurotic fibrosarcoma (Maf)3 in vivo and
transforms primary chicken embryo fibroblast in vitro (14). c-Maf belongs to the family of
basic region leucine zipper domain transcription factors, and the cell lineage-specific targets
of c-Maf have been identified; some examples include the following: IL-4 in Th2 cells (15),
the crystalline genes in lens fiber cells (16,17), insulin gene in islet β cells (18), p53 (19), and
L7 (20). In all these genes, c-Maf exerts its transcriptional role through binding to a Maf
recognition element (MARE) (21). There are two forms of human c-Maf mRNA, c-Maf-long
and c-Maf-short, as the result of differential splicing (22,23). The first direct in vivo
demonstration of a physiological role of c-Maf was provided by studies in c-Maf-null mice

3Abbreviations used in this paper

Maf musculoaponeurotic fibrosarcoma

MARE Maf recognition element

TK thymidine kinase

DNM dominant-negative mutant

EGFP enhanced green fluorescent protein

ChIP chromatin immunoprecipitation

EMSA electrophoretic mobility shift assay

RPA RNase protection assay

TRE 12-O-tetradecanoate-13-acetate-responsive element
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(16,17,24). Disruption of the c-Maf gene affected both intrauterine and postnatal survival
(17). In addition, it has been shown that c-Maf is one of the master regulators for Th2
differentiation (15,25), Therefore, c-Maf is both a developmentally and immunologically
important gene. In the present study, we further investigated the molecular mechanisms by
which c-Maf regulates IL-10 gene transcription in macrophages.

Materials and Methods
Mice

c-Maf −/− mice were kindly provided by Dr. I. Cheng Ho of Harvard School of Public Health
(Boston, MA) (17). Fetal liver-derived macrophages were prepared from gestation day 14.5
embryos by intercrossing c-Maf +/− mice as described previously (13).

Cells and reagents
RAW264.7 murine macrophage cell line (ATCC TIB-71), human monocytes isolation, and
culturing were conducted as described previously (26). LPS (Escherichia coli serotype
0127:B8) was purchased from Sigma-Al-drich (catalog no. L-3129). The Abs were as follows:
c-Maf (catalog no. A300-613A; Bethyl Laboratories), c-Maf (M153, sc-7866x; Santa Cruz
Biotechnology), and c-fos (sc-52x; Santa Cruz Biotechnology). Recombinant human IL-4 and
IFN-γ were purchased from Genzyme.

Reporter plasmids
The human IL-10 promoter-luciferase construct (pIL-10 (−1044/+30)-luc) was generously
provided by Dr. L. Zaiegler-Heitbrock of University of Leicester (Leicester, U.K.) (27). For
generation of the 5′ successive deletion series, the upstream and downstream PCR primers
were designed to include BamHI and XhoI restriction sites, respectively. The PCR products
were ligated directly into pCR2.1 T/A vector and then subcloned into the same backbone of
pIL-10 (−1044/+30)-luc plasmid by using BamHI/XhoI digestion. For the substitution mutants,
an overlapping PCR procedure was used (28) by using a pair of overlapping internal primers
that contain the mutant sequences. All constructs are relative to the transcriptional initiation
site and confirmed by sequencing against the human IL-10 promoter (GenBank accession no.
Z30175; Ref. 29). The murine IL-4 promoter-driven luciferase construct, pIL-4 (−157/+68)-
luc, was kindly provided by Dr. Richard Flavell of Yale University (New Haven, CT) (15).
For the chimeric promoter constructs, the consensus MARE, 5′-
TGCTGACTCAGCAACATTGTTGCTGACTCAGCAC-3′; −203/−170 wild type, 5′-
TCATTTTTGCTTACGATGCAAAAATTGAAAACTA-3′; and −203/−170 mutant (M7), 5′-
TCATTTTGTAGGCATCGTACAAAATTGAAAACTA-3′ (core element underlined) were
ligated to the upstream of the minimal herpes simplex virus thymidine kinase (TK) promoter
(−109/+18)-luciferase vector, pTKluc (30), in both forward and reverse orientations. All
plasmids were isolated using the Qiagen EndoFree Maxi kit (Qiagen).

Expression vectors for transcription factors
c-Maf expression vector (pCEFL/c-Maf) and its control vector (pCEFL) have been described
before (23). There are two forms of c-Maf proteins as a result of alternative splicing: c-Maf-
long and c-Maf-short (22,23). The v-Maf dominant-negative mutant (DNM), Mxi-v-Maf, was
kindly provided by Dr. K. Katoka (Tokyo Institute of Technology, Tokyo, Japan). Mxi-v-Maf
is a fusion protein consisting of amino acids 1–70 of human Mxi1 that contains the Sin3
interaction domain fused to amino acids 19 –369 of v-Maf, and this chimeric protein can bind
to MARE sequence; however, Mxi1-Sin3 interaction domain masked the function of the Maf
transactivation domain, thus acting as a DNM (31,32). The Mxi-v-Maf is in the pGEM-4 vector
(31).
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Transient transfection and reporter assays
RAW264.7 cell transfections were performed by electroporation and followed by luciferase
assay as described before (13). Results are expressed generally as mean ± SD from two to three
independent experiments. All statistical analyses were performed with two-tailed Student’s t
tests. Data were considered significant if p was <0.05.

Adenovirus-based expression vectors
Adenoviruses harboring human c-Maf-internal ribosomal entry site-enhanced green
fluorescent protein (EGFP) or EGFP alone and their transduction of human monocyte-derived
macrophages were as described before (13).

Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed by following the protocol in the ChIP Assay kit (Upstate
Biotechnology). The presence of a selected DNA sequence of the human IL-10 gene was
assessed by PCR. The primers used were sense (−206/−188), 5′-
CAATCATTTTTGCTTACGA-3′, and antisense (−147/−132), 5′-
CCTTAGAGCTCCTCCT-3′ (65-bp product). As a negative control, a separate region of the
human IL-10 promoter was also included in the ChIP experiment. It is located between −3158
and −2947 upstream of the −206/−132 region. The pair of PCR primers used in this control
were sense, 5′-AGTGAGAAGGCAGGCACCTA-3′, and antisense, 5′-
ATCCCCCACTGGAAAAATTC-3′. The PCR cycles were as follows: 95°C for 3 min, 60°C
for 40 s, and 72°C for 30 s, 1 cycle; 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, 29 cycles;
and 72°C for 7 min, 1 cycle.

RNase protection assay (RPA)
Total RNA was purified using Ultraspec RNA isolation system (Biotecx Laboratories). RPA
was performed by using the Riboquant kit (BD Pharmingen), according to the manufacturer’s
instructions. The mCK-2b and hCK2 template sets were used. The respective cytokine mRNAs
were quantified by using the PhosphorImager and ImageQuant (ImageQuant 5.0; Molecular
Dynamics) and normalized to the corresponding L32 and GAPDH controls.

Cytokine production by ELISA
BD Pharmingen OptEIA sets for mouse IL10, human IL-10, and human IL-12p40 were used.

Nuclear extract and recombinant human c-Maf
Nuclear extracts were isolated as described previously (33). The recombinant human c-Maf
protein was synthesized by using pTNT Quick Coupled transcription/Translation System
(Promega). In brief, both human c-Maf-long and -short form cDNA were cloned individually
into pTNT vector under the T7 promoter and named pTNT/c-Maf and then proceeded to the
pTNT reaction following the instruction.

EMSA
EMSA, competitive EMSA, and supershifts were performed as described previously (34). The
following oligonucleotides were used as probes: MARE consensus, 5′-
GGAATTGCTGACTCAGCATTACT-3′; −203/−170, 5′-
TCATTTTTGCTTACGATGCAAAAATTGAAAACTA-3′ (core element underlined); and
NF-κB consensus, 5′-ATGTGAGGGGACTTTCCCAGGC-3′.
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Computational analysis of the IL-10 promoter region
Human IL-10 promoter region −1044/+30 was analyzed by the MatIn-spector V2.2
professional program (35) to predict transcription factor binding sites.

RT-PCR analysis of gene expression
Reverse transcription reactions were performed as previously described (13), and the following
primers were used for PCR: human IL-10 (GenBank accession no. M57627) forward (position
104 –129), 5′-AGTCTGAGAACAGCTGCACCCACTTC-3′, and reverse (position 297–318),
5′-GGGCATCACCTCCTCCAGGTAA-3′ (215-bp product, annealing temperature 60°C, 30
cycles). Because the cDNA sequences of c-Maf-short and c-Maf-long are identical until the
position 1925 (22), the same up-stream PCR primer for the two forms of c-Maf was used: sense
(position 1571–1592), 5′-TGCACTTCGACGACCGCTTCTC-3′; antisense-short form
(position 1957–1938), 5′-GGTGGCTAGCTGGAATCGCG-3′ (Gen-Bank accession no.
AF055376, 386-bp product, annealing temperature 60°C, ~30 cycles); and antisense-long form
(position 2040 –2011), 5′- TGTACAGCTCTCACACAAATTTCATTTTGT-3′ (GenBank
accession no. AF055377, 469-bp product, annealing temperature 60°C, 30 cycles). Human
GAPDH (GenBank accession no. M33197) was used as an internal control: sense (position
80–99), 5′-GAGTCAACGGATTTGGTCGT-3′; and antisense (position 298 –317), 5′-
TTGATTTTGGAGGGATCTCG-3′ (238-bp product, annealing temperature 60°C, ~28
cycles).

Results
IL-10 gene expression in c-Maf −/− macrophages is greatly impaired

To characterize the role of c-Maf in the IL-10 gene expression in macrophages, we first
examined the IL-10 mRNA expression in c-Maf −/− macrophages stimulated with LPS over a
time course from 0 to 8 h. c-Maf mutant macrophages showed significantly impaired IL-10
mRNA expression relative to wild-type littermate macrophages after LPS stimulation
throughout the time course (Fig. 1A), confirming our previous reporting (13). To address the
question of whether c-Maf can activate the transcription of endogenous IL-10 gene in
macrophages, a c-Maf overexpression approach was used. Human monocyte-derived
macrophages were transduced with adenovirus-expressing human c-Maf or EGFP (as control).

Twenty-four h after the transduction, the macrophages were treated with LPS for4hor primed
with human IFN-γ for 16 h, then treated with LPS for 4 h. The endogenous IL-10 mRNA
expression was detected by RT-PCR (Fig. 1B) and RPA (Fig. 1C). Compared with the control
adenovirus, c-Maf transduction of primary macrophages significantly enhanced LPS- or IFN-
γ/LPS-stimulated IL-10 mRNA expression (compare lanes 2 and 3 to 4 and 5, respectively, in
Fig. 1, B and C). c-Maf adenovirus transduction alone did not induce the endogenous IL-10
gene transcription (Fig. 1A, lane 1).

Ectopic c-Maf expression can activate IL-10 gene transcription
Additionally, to demonstrate the transcriptional role of c-Maf in the regulation of IL-10 gene
expression, the human IL-10 promoter (−1044/+30)-driven luciferase reporter was
cotransfected with the human c-Maf expression plasmid into the mouse macrophage cell line
RAW264.7, which has been used extensively to study macrophage cytokine gene expression
(36,37). The result shows that ectopically introduced c-Maf dose dependently up-regulated the
IL-10 promoter activity (Fig. 2A). The short and long forms of c-Maf worked at similar
efficiencies in activating the IL-10 promoter activity (Fig. 2B). Thus, the c-Maf-long form was
used for all subsequent experiments. Next, we wanted to define the role of the endogenous c-
Maf in IL-10 transcription. To address this issue, we used the well-characterized v-Maf-DNM
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(38). Protein blast analysis (⟨www.ncbi.nlm.nih.gov/BLAST/⟩) indicated that the bZIP-Maf
identity between v-Maf (GenBank accession no. NP062191) and mouse c-Maf (GenBank
accession no. I57555) or human c-Maf-short form (GenBank accession no. AAC27037) or
human c-Maf-long form (GenBank accession no. AAC27038) is 98, 99, and 98%, respectively.
These high degrees of homology suggest that v-Maf-DNM may be able to functionally block
mammalian c-Maf. To verify whether the v-Maf-DNM, Mxi-v-Maf, could block the function
of mammalian c-Maf, we first tested its activity on a mouse IL-4 promoter-driven luciferase
reporter that has been shown to respond to c-Maf (15). The cotransfection of pIL-4 (−157/+68)-
luc with c-Maf or c-Maf plus Mxi-v-Maf into RAW264.7 cells showed that Mxi-v-Maf strongly
blocked the c-Maf-induced IL-4 transcription (data not shown), confirming its cross-species
efficacy. We then cotransfected the pIL-10(−1044/+30)-luc with c-Maf or c-Maf plus Mxi-v-
Maf. As shown in Fig. 2C, Mxi-v-Maf completely blocked ectopic c-Maf-induced IL-10
transcription. Moreover, when we cotransfected pIL-10(−1044/+30)-luc with Mxi-v-Maf into
RAW264.7 cells, it also completely inhibited the constitutive as well as LPS-induced IL-10
promoter activity (Fig. 2D), suggesting that the endogenous c-Maf present in RAW264.7 cells
(13) is not only required for LPS-induced IL-10 gene expression but also contributes to the
basal level of IL-10 transcription.

Localization of the c-Maf response region in human IL-10 promoter
To identify the c-Maf response element(s) in the IL-10 promoter, a series of the 5′ deletion
mutants of IL-10 promoter-driven luciferase constructs were cotransfected with the c-Maf
expression plasmid into RAW264.7 cells, and the luciferase activities were plotted relative to
the activity of the full-length promoter (−1044/+30), which was set arbitrarily as 100%. Two
constructs, −408 (no. 8) and −171 (no. 12) (Fig. 3), showed considerable decrease in their
response to c-Maf, suggesting that the regions −511/−408 and −206/−171 may harbor c-Maf-
responsive element(s). The complete loss of promoter activity in the −61 construct (no. 16)
was likely due to the fact that the truncation was in the proximity of TATA-box, which is
located at −59/−54 (see Fig. 5A for details).

c-Maf binds to the −206/−171 region in the IL-10 promoter in vitro
The above 5′ deletion mutants have narrowed down the c-Maf-responsive elements to two
possible regions on the IL-10 promoter. We then localized the exact c-Maf binding site on the
IL-10 promoter by EMSA. Kataoka et al. have identified two types of DNA consensus
sequences that are bound by v/c-Maf homodimers, a 13-bp TRE-type MARE and a 14-bp cyclic
AMP-responsive element-type MARE. The former MARE contains an AP-1
(TGCTGACTCAGCA) binding site, whereas the latter harbors a cyclic AMP-responsive
element (TGCTGACGTCAGCA) site (core element underlined). Computational analysis with
the MatInspector V2.2 program (35) indicated that there is a putative Maf binding site located
at −196/−184. To determine whether c-Maf could bind to the −206/−171 region, recombinant
c-Maf protein (long form) was synthesized using the pTNT system, and it has been reported
that the synthesized c-Maf protein from homodimers (15). A reciprocal competitive EMSA
was used, i.e., by using 32P-labeled double-strand oligos in IL-10 promoter as probes and
competed by the MARE consensus sequence, or the other way around, using the 32P-labeled
MARE consensus sequence as the probe, then competed with the double-strand oligos derived
from the IL-10 promoter. Three sets of double-strand oligos (−490/−470, −467/−435, and −430/
−402) were used to cover the first c-Maf-responsive region (−511/−408) and one set of oligos
to cover the second responsive region (−203/−170) based on the computational analysis. The
three pairs of oligos (−490/−470, −467/−435, and −430/−402) that cover the first potential
region (−511/−408) didn’t show any specific binding that could be competed off by cold MARE
competitor, nor could they compete for binding to the MARE sequence (data not shown).
However, for the second region, the −203/−170 probe formed a specific complex with
recombinant c-Maf (Fig. 4A, lane 2, indicated by a black arrow), which could be efficiently
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competed off by an excess of cold −203/−170 sequence (Fig. 4A, lane 3, “self”) or the consensus
MARE sequence (Fig. 4A, lane 4, “non-self”) but not by an irrelevant sequence (NF-κB
consensus; Fig. 4A, lane 5). Conversely, the MARE consensus sequence probe displayed very
similar binding properties (Fig. 4B), indicating that the binding activities to the −203/−170 in
human IL-10 promoter were comparable to the MARE consensus sequences. To further
corroborate that this 13-bp (−196/−184) was a c-Maf-specific binding element, a series of 4-
or 5-bp substitution mutants (M1–M6) or the entire 13-bp (−196/−184) substitution mutant
(M7) were used as competitors against the wild-type −203/−170 probe for EMSA (Fig. 4C).
As shown in Fig. 4D, M1 and M3–M6 oligos were able to compete off the majority of the c-
Maf-binding activity against the wild-type probe, whereas M2 and the more extensive M7
oligos completely lost their ability to bind c-Maf. To verify the identity of the binding activity
to the −203/−170 probe, a supershift assay was conducted using two sources of anti-c-Maf
Abs. A c-Maf Ab (Bethyl Laboratories) strongly supershifted the complex (Fig. 4E, lane3),
whereas the second c-Maf Ab (Santa Cruz Biotechnology) completely ablated this binding
(Fig. 4E, lane 4), consistent with the reported behavior of these Abs (22). However, an anti-c-
fos Ab did not have any effect on this complex (Fig. 4E, lane 5). Thus, these results confirm
that c-Maf binds to the 13-bp MARE-like sequence located at −196/−184 of the IL-10 promoter
with the most critical sequence motif of CTTAC. Similar results were obtained in the reciprocal
competitive EMSA using RAW264.7 or human monocyte nuclear exact (data not shown).
However, supershift with the nuclear extracts did not yield a clear confirmation (data not
shown). We reasoned that this failure might be due to the low levels of endogenous c-Maf.
Indeed, when we used nuclear extracts from RAW264.7 cells transiently transfected with the
c-Maf expression vector to overexpress c-Maf, we did see a clear supershift (Fig. 4F, lane 3,
indicated by the asterisk) or diminished the binding (Fig. 4F, lane 4). When we used nuclear
extracts from HEK293 cells transduced with c-Maf-expressing adenovirus, which could render
much higher gene expression in target cells, a very clear supershift or abrogation was observed
by two anti-c-Maf Abs (Bethyl Laboratories and Santa Cruz Biotechnology; Fig. 4G, lanes 2
and 3, respectively) but not of anti-c-fos Ab (Fig. 4G, lane 4).

Specific in vivo c-Maf binding to the IL-10 promoter in human macrophages
To determine whether c-Maf could bind to the MARE-like sequence in the IL-10 promoter in
vivo, ChIP assay was performed. This technique can establish whether a known transcription
factor binds in the vicinity of a known regulatory element in living cells (39). As Fig. 5
demonstrates, in primary human monocyte-derived macrophages, c-Maf specifically bound to
the IL-10 promoter in this region in vivo between −206 and −132 (Fig. 5B) but not to a separate
region 3 kb upstream (Fig. 5C). Surprisingly, the binding was not inducible by LPS stimulation
over a period of 30 h (Fig. 5D). The above data collectively suggest that c-Maf can bind to the
−203/−170 sequence both in vitro and in vivo, and the core element for this binding resides in
the 13-bp region at −196 to −184 in human IL-10 promoter.

The −196/−184 sequence acts as an enhancer
The above results provided evidence that −196/−184 in human IL-10 promoter is a MARE-
like sequence. To test the function of this element in the induction of IL-10 promoter activity
by c-Maf, a reporter construct with a 13-bp substitution (M7) was constructed on the backbone
of −206/+30 of the IL-10 promoter. Compared with pIL-10 (−206)-luc, the response of pIL-10
(−206)M7-luc to c-Maf was decreased by >50% and down to the level of the −171/+30
construct (Fig. 6A). Additionally, to characterize the function of this c-Maf response element,
chimeric promoters were generated (Fig. 6B). Transient transfection of these constructs with
c-Maf expression plasmid was performed in RAW264.7 cells. As shown in Fig. 6B, in the
forward orientation, although the wild-type −206/−170 sequence, which contains the MARE-
like element, was less potent in the response to c-Maf than that of the consensus MARE-
containing TK promoter, the 13-bp M7 mutation resulted in a complete loss of its c-Maf

Cao et al. Page 7

J Immunol. Author manuscript; available in PMC 2010 October 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



response, decreasing to the basal level (Fig. 6B, upper panel). In the reverse orientation,
although wild-type −206/−170 TK chimeric promoter showed an even greater response to c-
Maf, the M7 mutant was still nonresponsive (Fig. 6B, lower panel). Taken together, these data
additionally demonstrate that the 13-bp MARE-like sequence is a functional c-Maf response
element; moreover, because it works in an orientation-independent manner, it may act as an
enhancer element for IL-10 transcription.

IL-4 enhances c-Maf expression and IL-10 production
Additionally, we explored the physiological relevance of this transcription regulation, i.e.,
under what circumstance(s) is this c-Maf-mediated transcriptional regulation invoked? It is
well known that inflammatory macrophages can be deactivated by IL-4 or IL-13 and play
important roles in humoral immunity, homeostasis, and tissue injury repair (40,41). On the
basis of the established role of IL-4 in transcriptional regulation of c-Maf in Th cells (42,43),
we asked the two following questions: 1) Does IL-4 influence IL-10 production in human
monocytes/macrophages? 2) Does IL-4 modulate c-Maf expression in human monocytes/
macrophages?

To address the first question, human monocytes were treated with LPS or LPS + IL-4 and
added at different time points relative to LPS. There was a differential impact of the IL-4
exposure on LPS-induced IL-10 and IL-12 p40 production. Addition of IL-4 together or 2 h
after LPS stimulation enhanced IL-10 production (Fig. 7A) while strongly inhibiting IL-12 p40
production (Fig. 7B). IL-4 added at 16 h before LPS strongly enhanced IL-12 p40 and p70
(data not shown) synthesis, which is consistent with our previous report of the priming effect
of IL-4 on IL-12 production (44). Furthermore, IL-4 added at +2 h dose dependently enhanced
LPS-induced IL-10 production (Fig. 7C) while strongly suppressing IL-12 p40 production (Fig.
7D). These results are consistent with the reported effects of IL-4 on endotoxin-induced IL-10
production in murine macrophages (45). To address the second question, we examined the
effect of IL-4 on the regulation of c-Maf mRNA expression. Human monocytes were treated
with IL-4 in different doses for 2 h, and the total RNA was isolated for RT-PCR. Fig. 7E shows
that IL-4 dose dependently stimulated c-Maf expression (both short and long forms) in resting
monocytes, indicating that, as with Th cells (42,43), IL-4 regulates c-Maf transcription also in
macrophages. Control experiments in the nonadherent portion of the human PBMC with the
same treatment indicated that the c-Maf mRNA expression observed was derived
predominantly from monocytes and not from lymphocytes (data not shown). Additionally, we
characterized the effect of LPS, IL-4, and LPS + IL-4 on the c-Maf mRNA expression. Human
monocytes were treated with LPS, IL-4, or LPS + IL-4 for 8 h (at this time point, IL-10 mRNA
reaches its peak (data not shown)). The total RNA was isolated for RT-PCR. Fig. 7F shows
the following: 1) c-Maf was expressed constitutively in resting monocytes; 2) at 8 h, LPS did
not stimulate an enhancement in c-Maf mRNA expression; and 3) IL-4 treatment enhanced
and IL-4 + LPS further augmented c-Maf expression. ChIP assay in human monocytes also
showed that IL-4 could by itself induce endogenous c-Maf binding to the IL-10 promoter at
the MARE, even to a greater extent than LPS (compare lane 3 to lane 2 of Fig. 7G), and the
LPS + IL-4 combination had an additive effect (Fig. 7G, lane 4). An important point to note
is that although IL-4 alone stimulates high c-Maf expression, it is insufficient to induce IL-10
production by itself, and LPS treatment is required (Fig. 7A). This observation is consistent
with the data shown in Fig. 1B, where we found that c-Maf adenovirus-mediated c-Maf
overexpression alone did not induce IL-10 gene expression. Only by working together with
LPS can the endogenous IL-10 gene be turned on. Furthermore, to investigate the role of c-
Maf in IL-4-enhanced IL-10 expression, c-Maf-null macrophages were treated with LPS, IL-4,
or LPS + IL-4. As shown in Fig. 7H, LPS-induced IL-10 production was enhanced strongly
by IL-4 in cells heterozygous for c-Maf ( p = 0.0086) but not in c-Maf−/− littermate-derived
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cells ( p = 0.1453), demonstrating that c-Maf is at least partially required for IL-4-enhancement
of LPS-induced IL-10 production.

Discussion
Upon LPS stimulation, the kinetics of cytokine production in macrophages is characterized by
rapid induction of proinflammatory cytokines and followed by the production of anti-
inflammatory cytokines, e.g., IL-10, hence, dampening the exaggeration of proinflammatory
cytokine production and associated pathology. This kinetic cytokine production pattern is
illustrated in the sepsis syndrome in vivo (46). IL-10, as a potent anti-inflammatory cytokine,
inhibits the expression of a number of inducible genes in macrophages, including several
proinflammatory cytokines (47). Despite its biological importance, relatively little is known
about the IL-10 gene regulation. In the present study, we report that protooncogene c-Maf is
an essential transcription factor for IL-10 gene expression in macrophages. There are four sets
of experiments that point to this conclusion. First, c-Maf-null macrophages exhibit impaired
IL-10 production upon LPS stimulation. Second, c-Maf up-regulates both the exogenous IL-10
promoter activity, as well as the endogenous IL-10 gene transcription stimulated by LPS. Third,
a c-Maf binding site is localized in the IL-10 promoter to −196/−184, which resembles a TRE-
type MARE, demonstrated by both in vitro (EMSA) and in vivo (ChIP assay) experiments.
Fourth, functional studies reveal that this site is operational in the response to c-Maf induction
by mutagenesis and chimeric promoter approaches. All of these results indicate that c-Maf is
a nonredundant transcription factor and regulates IL-10 gene expression through physically
binding to the IL-10 promoter. Transcriptional regulation is dependent on the interaction
among transcription factors and cis-elements. In addition, the cis-elements are wrapped by
histones and not always accessible by the transcription factors or transcription factor
complexes. Therefore, modification of histones determines their state—loose or condense—
and then determines the accessibility of these cis-elements and then determines the gene
transcription state (histone codon theory). The observation that c-Maf is expressed
constitutively in resting macrophages initially prompted us to postulate that c-Maf may not
bind the MARE-like site in IL-10 promoter until later time points after LPS stimulation, which
is known to induce chromatin changes (48). The ChIP analyses surprisingly revealed
constitutive c-Maf binding to the MARE sequence in both the resting state and LPS-activated
human macrophages (Fig. 5, B and C). There are a few possible explanations: firstly, c-Maf is
constantly present and active, and LPS stimulation induces additional factors that, together
with c-Maf, contribute to transcriptional activation of IL-10 in macrophages. Secondly, c-Maf
may undergo posttranslational modifications. It is reported that c-Maf activity is regulated
negatively by the protein kinase A-, protein kinase C-, and MAPK/ERK-signaling cascades;
however, mutation of the two most likely phosphorylation sites didn’t change its transactivation
ability (49). Thirdly, c-Maf can interact with transcriptional coactivators CREB-binding
protein/p300, as shown in the case of αA-crystallin promoter. The coactivation of c-Maf by
CREB-binding protein/p300 requires histone acetyltransferase activity for crystalline gene
expression (50), and their recruitment could modulate the chromatin structure, exposing the
cis-elements for access by LPS-induced transcription factors and then turn on the IL-10 gene.

Gene regulation is a complex process that involves the coordinated integration of distinct signal
transduction pathways. Although c-Maf is essential for IL-10 transcription, c-Maf itself is not
enough, and its ability to do so still requires LPS stimulation. This situation is analogous to
many other factors that have been shown to be involved in the transcription of IL-10, e.g.,
CREB-1, activating transcription factor-1 (51,52), C/EBP (53), SV40 promoter 1 (6,54), SV40
promoter (55), and STAT3 (27). All these factors require an accompanying LPS stimulation,
suggesting that multiple signal transduction pathways are involved in the activation of IL-10
expression (56). Furthermore, LPS-induced IL-10 gene transcription requires de novo protein
synthesis because cycloheximide treatment before LPS stimulation can completely block IL-10
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gene induction (6). Thus, we think that c-Maf works in concert with LPS-induced, yet-to-be-
identified factors to activate the IL-10 gene. In support of this hypothesis, blocking AP-1 or
CREB by AP-1-specific DNM (A-Fos) or CREB-DNM (57) strongly interfered with the
capacity of c-Maf to activate IL-10 transcription (data not shown).

There is increasing evidence indicating that macrophages are a diverse and dynamic population
of cells that can be activated through a number of distinct pathways and participate in a wide
range of critical functions (41). In this study, we demonstrated that the IL-10-enhancing effect
of IL-4 in LPS-activated human monocytes (Fig. 7, A and C) is similar to that shown in mouse
macrophages (45). Then we investigated the modulation of c-Maf by IL-4 in human monocytes
because it was reported that IL-4 could up-regulate c-Maf through Stat6 in Th cells (42). Our
data demonstrates that IL-4 can regulate c-Maf expression and its binding to IL-10 promoter
in human macrophages. Moreover, the characteristics of IL-4-enhanced IL-10 production (Fig.
7C) not only correlate well with its ability to stimulate c-Maf expression (Fig. 7E) in human
monocytes but also show direct dependency on c-Maf (Fig. 7H). Considering that c-Maf is an
essential transcription activator for IL-10 gene transcription, our data suggests that IL-4, which
is derived mainly from activated Th2 cells, may exert its macrophage-regulating activity
through stimulation of c-Maf. This idea is supported by the c-Maf overexpression experiment
in human monocyte-derived macrophages, in which c-Maf overexpression enhanced LPS-
induced IL-10 expression (Fig. 1, B and C), and by the study in c-Maf-null macrophages where
rIL-4 failed to enhance LPS-induced IL-10 production (Fig. 7H).

Inflammation is a complex response, and it is an attempt to restore homeostasis (58).
Macrophages are one of the main players in inflammatory immune responses. In this study,
we demonstrated that c-Maf is an essential transcription factor for IL-10 production in
inflammatory macrophages. This observation, together with our previous report that c-Maf is
an inhibitor of IL-12 production, suggests that it may be an important factor in the homeostatic
regulation. Our findings are one step further to understanding the intriguing and complex
mechanisms of macrophage-gene regulation.
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FIGURE 1.
Impaired IL-10 production by c-Maf−/− macrophages upon LPS stimulation. A, Fetal liver-
derived macrophages from c-Maf−/− and wild-type littermate embryos of gestation day 14.5
were plated into 24-well plates at a density of 0.5 × 106 cells/ml/well. Cells were stimulated
with 1 μg/ml LPS. At different time points as indicated, IL-10 mRNA level was analyzed by
RPA. One representative of five embryos for each group (n = 5) in two independent experiments
with similar results is shown. B and C, Human monocyte-derived macrophages were
transduced with adenovirus-expressing c-Maf or EGFP 24 h after the transduction cells were
treated with LPS (1 μg/ml) for4hor primed with rhIFN-γ (10 ng/ml) for 16 h, followed by LPS
for 4 h. Total RNA was isolated for analysis by RT-PCR (B) or by RPA (C) to detect IL-10
mRNA expression. hIL, human IL; hGAPDH, human GAPDH.
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FIGURE 2.
Ectopic c-Maf expression activates IL-10 gene transcription. A, RAW264.7 cells were
transfected by electroporation using 6.5 μg of pIL-10 (−1044/+30)-luc reporter construct
together with indicated amounts of expression vector c-Maf (long form) or its control vector
pCEFL. The total amount of the effector plasmids (pCEFL/c-Maf) was maintained at 1.8 μg
with pCEFL. The result shown here is the summary of two independent experiments (mean ±
SD). B, The long and short forms of c-Maf were cotransfected with the IL-10 promoter as
described in A. Their respective luciferase activities were expressed as fold induction compared
with the activity of pCEFL plus IL-10 promoter, which was set as 1. C, RAW264.7 cells were
cotransfected with 6.5 μg of pIL-10 (−1044/ +30)-luc with control vectors or pIL-10 (−1044/
+30)-luc plus 1.8 μgof c-Maf expression vector (reporter:effector = 1:1/4 in molarity) or pIL-10
(−1044/+30)-luc and c-Maf expression vector plus v-Maf-DNM (reporter:effector:Mxi-v-Maf
= 1:1/4:1 in molarity). Luciferase activity was expressed as fold induction (relative luciferase
activity) by arbitrarily setting the activity of pIL-10 (−1044/+30)-luc as 1. Statistical analysis
indicated that c-Maf significantly up-regulated IL-10 promoter-driven luciferase activity (p <
0.001, lane 1 vs 2), and Mxi-v-Maf completely blocked the exogenously transfected c-Maf on
the induction of pIL-10(−1044/+30)-luc (p < 0.001, lane 2 vs 3; p > 0.05, lane 1 vs 3). D,
RAW264.7 cells were cotransfected with 6.5 μg of pIL-10 (−1044/+30)-luc with control vector
or with Mxi-v-Maf. Transfected cells were either left alone (medium) or treated with 1 μg/ml
LPS for 20 h. Statistical analysis indicated that Mxi-v-Maf significantly blocked the
endogenous c-Maf-induced basal (p < 0.05, lane 1 vs 2) and the LPS-induced luciferase activity
of pIL-10(−1044/+30)-luc (p < 0.05, lane 3 vs 4). One representative of three independent
experiments is shown.
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FIGURE 3.
Identification of c-Maf-responsive regions in the IL-10 promoter. The full-length (−1044/+30)
and a series of 5′ deletion mutants of the human IL-10 promoter-luciferase constructs were
cotransfected with c-Maf expression vector into RAW264.7 cells at a molar ratio of 1:1/4
(reporter:effector). The relative luciferase activities were plotted against that of the −1044/+30
promoter, which is set as 100%. A representative of two experiments with similar results are
shown.
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FIGURE 4.
Binding of c-Maf to IL-10 promoter in vitro. A and B, Recombinant human c-Maf-long protein,
generated by the PTNT system, was used in EMSA with 32P-labeled −203/−170 sequence from
the IL-10 promoter (A) or the MARE consensus (B). Competition for c-Maf binding was done
by adding cold −203/−170 or MARE or the NF-κB consensus sequences in 50× molar excess.
The terms “self” and “non-self” refer reciprocally to −203/−170 and MARE, respectively.
Lane 6 in A and B is mock transcription-translation controls. C, A series of consecutive mutant
probes of every 4- to 5-bp mutations (M1–M6) or a 13-bp mutation (M7) of the predicted c-
MARE were generated in the context of the −203/−170 sequence (mutated sequences are in
boldface and underlined). D, The mutant oligos described in C were used as cold competitors
(50× molar excess) in competitive EMSA with the wild-type −203/−170 probe and
recombinant human c-Maf protein. E, Supershift EMSA was conducted with the −203/−170
probe and recombinant human c-Maf protein. Anti-c-Maf Abs (Bethyl Laboratories or Santa
Cruz Biotechnology (SC)), control rabbit IgG, and anti-c-fos Ab were used. F and G, Supershift
EMSA was conducted using the −203/−170 probe and the nuclear extract isolated from
RAW264.7 cells, which had been transfected with the c-Maf expression vector for 48 h,
followed by4hof LPS stimulation (1 μg/ml; F) or nuclear extract isolated from HEK 293 cells
transduced with c-Maf-expressing adenovirus (G). The same Abs were used as in E. The
supershifted bands are indicated by an asterisk (lane 3 in E; lane 2 in F).
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FIGURE 5.
Binding of c-Maf to IL-10 promoter in vivo. A, Partial sequence of the human IL-10 promoter
that covers the c-Maf binding site (−196/−184, boldfaced and underlined). The region from
−206 to −132 amplified by PCR in the ChIP assay is marked by the two directional arrows.
B and C, Human monocyte-derived macrophages, either unstimulated or treated, with LPS (1
μg/ml) for different times as indicated and then subjected to the ChIP procedure with anti-c-
Maf Ab (Santa Cruz Biotechnology) or its isotype control (normal rabbit IgG). Two pairs of
primers were used to amplify the −203/−132 region (B) and a separate region 3 kb upstream
(C). The PCR amplified a 75-bp product in B and a 211-bp product in C. D, Kinetics of c-Maf
binding to the IL-10 promoter in LPS-activated human macrophages.
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FIGURE 6.
Enhancer activity of the MARE-like sequence. A, RAW264.7 cells were cotransfected with
pIL-10(−206/+30)-luc, pIL-10(−206/+30)M4-luc, or pIL-10(−171/+30)-luc with the c-Maf
expression vector (reporter:effector is 1:1/4 in molarity). The crosses in the M4 construct
denote the 13-bp mutations. Statistic analysis indicates that, compared with pIL-10(−206/+30)-
luc, pIL-10 (−206/+30)M4-luc significantly lost its response to c-Maf induction (p < 0.001)
and decreased to the level comparable with the downstream deletion mutant reporter pIL-10
(−171/+30)-luc (p > 0.05). Mean values ± SD of three experiments are shown. B, The sequences
of −206/−170, −206/−171M4 (mutant), and MARE consensus were cloned into a minimal TK
promoter in both orientations (forward and reverse indicated by directional arrows).
RAW264.7 cells were cotransfected with these chimeric reporter constructs or the parental
pTK-luc, with c-Maf expression vector (reporter:effector = 1:1/4 in molarity). Luciferase
activity was expressed as relative stimulation to that of the minimal pTK-luc reporter, which
is arbitrarily set as 1. Compared with the minimal pTK-luc reporter, c-Maf significantly
induced the response of p(MARE)-TK-luc and p(−206/−170)-TK-luc (p < 0.01 and p < 0.05,
respectively) in both forward and reverse orientations; however, p(−206/−170)M4-TK-luc lost
its response to c-Maf induction in both orientations (p > 0.05 and p > 0.05, respectively). Mean
values ± SD of three experiments are shown.
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FIGURE 7.
Modulation of LPS-induced IL-10, IL-12 p40, and c-Maf expression by IL-4. A and B, Primary
human monocytes were treated with LPS (1 μg/ ml) alone or recombinant human IL (hIL)-4
(1 ng/ml at +2 h) alone or LPS plus IL-4 added at different times relative to LPS. Twelve hours
later, cell culture supernatants were collected for IL-10 (A) or IL-12 p40 (B) production by
ELISA. *, A value of p < 0.05 compared with LPS treatment alone. C and D, Human monocytes
were treated with different doses of rhIL-4 and added 2 h after LPS stimulation. Cell culture
supernatants were collected 12 h after LPS stimulation for IL-10 and IL-12 p40 secretion by
ELISA. *, A value of p < 0.05 and , p < 0.01, compared with LPS treatment alone. E, Human
monocytes were treated with different concentrations of IL-4 as indicated for 2 h, and total
RNA was isolated for RT-PCR analysis of c-Maf expression (both short and long forms).
GAPDH was analyzed as the internal control. F, Human monocytes were treated with IL-4 (1
ng/ml) or LPS (1 μg/ml) or both (IL-4 was added together with LPS) for 8 h, and total RNA
was isolated for RT-PCR to examine the long- and short-form c-Maf mRNA expression.
GAPDH was analyzed as the internal control. G, Human monocytes were treated with
recombinant murine IL-4 (1 ng/ml) or LPS (1 μg/ml) or both (IL-4 was added at +2h) for 8 h,
and ChIP assay was conducted as described in Fig. 5B. H, Fetal liver-derived macrophages
from c-Maf−/− and c-Maf+/− littermate embryos of gestation day 14.5 were plated into 48-well
plates at a density of 0.2 × 106 cells/ml/well. Cells were stimulated with 1 μg/ml LPS, murine
IL-4 (1 ng/ml), or LPS + IL-4 (added at +2 h). Supernatants were collected 24 h after LPS
treatment for ELISA. Results shown are the summary of four heterozygous and three
homozygous knockout embryos. ND, nondetectable.
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