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The Journal of Immunology

Macrophages Switch Their Phenotype by Regulating Maf
Expression during Different Phases of Inflammation

Kenta Kikuchi,* Mayumi Iida,* Naoki Ikeda,* Shigetaka Moriyama,* Michito Hamada,†

Satoru Takahashi,† Hiroshi Kitamura,‡ Takashi Watanabe,x Yoshinori Hasegawa,{

Koji Hase,‖ Takeshi Fukuhara,#,** Hideyo Sato,†† Eri H. Kobayashi,‡‡ Takafumi Suzuki,‡‡

Masayuki Yamamoto,‡‡ Masato Tanaka,* and Kenichi Asano*

Macrophages manifest distinct phenotype according to the organs in which they reside. In addition, they flexibly switch their char-

acter in adaptation to the changing environment. However, the molecular basis that explains the conversion of the macrophage

phenotype has so far been unexplored. We find that CD169+ macrophages change their phenotype by regulating the level of

a transcription factor Maf both in vitro and in vivo in C57BL/6J mice. When CD169+ macrophages were exposed to bacte-

rial components, they expressed an array of acute inflammatory response genes in Maf-dependent manner and simultaneously

start to downregulate Maf. This Maf suppression is dependent on accelerated degradation through proteasome pathway and

microRNA-mediated silencing. The downregulation of Maf unlocks the NF-E2–related factor 2–dominant, cytoprotective/

antioxidative program in the same macrophages. The present study provides new insights into the previously unanswered ques-

tion of how macrophages initiate proinflammatory responses while retaining their capacity to repair injured tissues during

inflammation. The Journal of Immunology, 2018, 201: 635–651.

T
issue macrophages are characterized by their re-
markable heterogeneity and versatility. A consider-
able amount of effort has been paid to classifying

macrophages according to their anatomic location, origin, and
surface markers (1–4). Recently, novel approaches to char-
acterizing tissue macrophages on the basis of the expression
pattern of cell type–specific transcription factors have been
proposed. For example, GATA6 is selectively expressed in
peritoneal macrophages and supports the expression of
subpopulation-specific gene clusters in these cells (5). In the
spleen, Spi-C is highly expressed in red pulp macrophages but
not in monocytes or dendritic cells (DCs). Its deficiency im-
pairs the efficient phagocytosis of RBCs by red pulp macro-
phages (6). These studies illustrate the critical role of cell

type–specific transcription factors in the differentiation and/
or polarization of tissue macrophages.
Acute inflammation is a beneficial host response directed toward

foreign Ags or tissue injury. However, in the late phase of in-
flammation, the program should be converted to one that promotes
tissue repair and regeneration. It is now determined that tissue
macrophages play a pivotal role in this process by switching their
phenotype during the different phases of inflammation (7, 8).
For example, in a model of liver injury and subsequent fibrosis,
Ly-6Chi inflammatory monocytes undergo phenotypic conversion
to cells exhibiting a tissue-reparative phenotype (9). The initial
influx of monocyte-derived macrophages aggravates ischemia-
induced kidney injury, but the in situ proliferation and differentia-
tion of these macrophages during the recovery phase from injury is
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beneficial for tubular repair (10). These findings highlight the plasticity
of tissue macrophages as a critical determinant of inflammatory reso-

lution; however, the molecular basis that enables their reversible adap-
tation to the changing environment has so far been unclarified.
CD169+ macrophages localize at the boundary between tissues

and circulating fluids. They capture particulate materials such as dead
cells (11–13), immune complexes (14), or viral particles (15) that

flow into the tissue and maintain tolerance or activate surrounding
immune cells. This line of evidence categorizes CD169+ cells as

“perivascular sentinels” that survey the entry of particulate Ags in the
circulating fluids (16) and suggests the presence of a differentiation
program common to CD169+ macrophages residing in different or-

gans. In our previous study, we identified a chemokine CCL8 as a
signature for CD169+ macrophages in the colon. CCL8 is produced

selectively by the CD169+ subsets of colon macrophages and exacer-
bates experimental colitis by recruiting inflammatory monocytes (17).
In this study, we used the colon CD169+ macrophages to identify

transcription factors that regulate phenotypic conversion. We iden-
tified Maf as a key regulator of acute inflammatory responses in

the bone marrow (BM)–derived macrophages (BMDMs) and the
colon CD169+ macrophages. In the early stage of inflammation,

Maf inhibits the conversion of CD169+ macrophages to cells with
the tissue-protective phenotype by negatively regulating the

downstream targets of another transcription factor, NF-E2–related
factor 2 (Nrf2). Following acute inflammatory response, macro-

phages start to downregulate Maf both at a protein and an mRNA
level. This suppression was a result of accelerated degradation
through proteasome pathway and microRNA (miR)–mediated gene

silencing. The repression of Maf paves the way for an Nrf2-dominant
cytoprotective/antioxidative phenotype in these macrophages in vivo.

Collectively, we provided evidence that Maf serves as a molecular
switch that converts the macrophage phenotype during the early and

late phases of inflammation.

Materials and Methods
Reagents

LPS from Escherichia coli (O55:B5) and tert-butyl hydroperoxide
(tBHP) were purchased from Sigma-Aldrich. Mouse recombinant IFN-
g and IL-4 were from PeproTech. Diethyl maleate (DEM) was from
Wako Pure Chemical. CDDO-Im was from R&D Systems. Cell
Counting Kit was from Dojindo. MG132 was from Peptide Institute.
miRCURY LNA miR mimics were from Exiqon. Lipofectamine 3000
and FuGENE 6 were from Thermo Fisher Scientific and Promega,
respectively.

Animals

Six- to twelve-week-old CD45.2+ C57BL/6J female mice were purchased from
CLEA Japan. C57BL/6N mice maintained in a germ-free (GF) condition were
donated by K. Hase (Keio University) or purchased from CLEA Japan. Maf-
deficient mice (18) and Nrf2-deficient mice (19) with C57BL/6 background
have been described previously. CD169-Cre mice (20) were crossed with
Rosa26-YFP mice (21) or Rosa26-CAG-LSL-tandem Tomato mice (The
Jackson Laboratory) to generate CD169 fate-mapping mice. Specific pathogen-
free mice were maintained in the animal facilities of Tokyo University of
Pharmacy and Life Sciences. All experiments using mice were approved by the
Tokyo University of Pharmacy and Life Sciences Animal Care Committee
(L15-03, L16-14, L17-24, and L17-25) and performed in accordance with
applicable guidelines and regulations.

Generation of chimeric mice

Fetal liver and BM chimeric mice were generated according to a previously
reported protocol (22) with a slight modification. Recipient CD45.2+ C57BL/6J
mice were exposed to a lethal dose of x-ray irradiation (8 Gy) to prevent re-
covery of endogenous hematopoietic cells. Three million liver cells from
CD45.1+ Maf+/2 or Maf2/2 donor fetus (E14.5) were i.v. injected into irradiated
CD45.2+ recipients. Five million BM cells from the primary fetal liver chimeric
mice were transferred into irradiated CD45.2+ secondary recipients to generate

BM chimeric mice. Replacement of hematopoietic cells in the peripheral blood
(PB) of the recipient mice was analyzed by flow cytometry 8 wk after the
transplantation.

Preparation of BMDMs and BM-derived DCs

BM cells were cultured either in MEMa/10% FCS/10% M-CSF (CMG14-12
culture medium) or in RPMI 1640/10% FCS/10% GM-CSF (MGM-5 culture
medium) to generate BMDMs or BM-derived DCs (BMDCs), respectively.
Those cells were stimulated with 100 ng/ml LPS or 100 mM DEM. In some
experiments, BMDMs were pretreated with DEM for 5 h. After washing with
medium, those cells were further stimulated with LPS for 19 h. For cell via-
bility assay, BMDMs were treated with different concentrations of tBHP for
24 h. The viability was determined by Cell Counting Kit (Dojindo) according
to the manufacturer’s protocol. For the polarization of BMDMs to M1 or M2
activation states, BMDMs were stimulated either with medium alone, 10 ng/ml
LPS and 20 ng/ml IFN-g, or 20 ng/ml IL-4 for 24 h.

Plasmids

To construct the mouse Ccl8 gene promoter–luciferase reporter plasmid
(CCL8-pGL4), an ∼0.3-kb DNA fragment of the mouse Ccl8 gene pro-
moter was amplified by PCR using mouse genomic DNA as template and
the following primers: forward, 59-ATA GGT ACC TTC ATT TCT ATG
TTT CAG AAT CCC TG-39; reverse, 59-TAATCT CGA GTG TTG AAG
GCA AAG ATT TTG GAG TGA AG-39. The amplified DNA fragment
was digested with KpnI and XhoI and then subcloned into the pGL4.10
vector (Promega). The Maf recognition element (MARE) mutant reporter
plasmid (CCL8 mut1-, mut2-, mut3-, or mut4-pGL4) was generated by
site-directed mutagenesis using the following primer pairs: forward, 59-
CCA GTG GGA CTG CTT CCT CCA GAA GAG AGG TTT CAG ATG
CTT GCC C-39; reverse, 59-GGG CAA GCA TCT GAA ACC TCT CTT
CTG GAG GAA GCA GTC CCA CTG G-39; forward, 59-AGATTT TAG
CAT CTTATT CTG AAG AGA CTG CCT TCC AGC TGC CGG GA-39;
reverse, 59-TCC CGG CAG CTG GAA GGC AGT CTC TTC AGA ATA
AGA TGC TAA AAT CT-39; and forward, 59-ATC TCA TGA TCT GAT
GAC TAT CTC TTC TAA CAA AGATCT TGC TTT CA-39; reverse, 59-
TGA AAG CAA GAT CTT TGT TAG AAG AGA TAG TCA GAT CAT
GAG AT-39. To construct the mouse Slpi gene promoter–luciferase reporter
plasmid (SLPI-pGL4), an ∼0.8-kb DNA fragment of mouse Slpi gene
promoter was amplified by PCR using the following primers: forward, 59-
AGC AGG TAC CAG GAC ACC ACA GCT CCA CGC-39; reverse, 59-
TAA TCT CGA GCA GGG GAG CTC TGA CCA-39. The PCR product
was digested with KpnI and XhoI and cloned into pGL4.10 vector
(Promega). The mouse Slc7a11 gene promoter was cut out from pGL3-0.7
plasmid (23) to pGL4.17 vector (Promega) to generate xCT luciferase
reporter plasmid (xCT-0.7-pGL4). To construct the Maf expression plas-
mid (Maf-BOS-EX), Maf cDNA (18) was subcloned into an EcoRI- and
NheI-digested BOS-EX plasmid. To generate the Nrf2 expression plasmid
(Nrf2-BOS-EX), Nrf2 cDNAwas amplified by PCR using mouse genomic
DNA as template and the following primers: forward, 59-ATA GGT ACC
CGC CCT CAG CAT GAT GGA CT-39; reverse, 59-GGC CGC TAG CCT
AGT TTT TCT TTG TAT CTG-39. The PCR product was digested with
KpnI and NheI and then subcloned into BOS-EX plasmid. To construct the
luciferase–Maf 39-untranslated region (UTR) reporter plasmid (Maf 39-
UTR-psiCHECK2), an ∼2.5-kbp DNA fragment of Maf 39-UTR region
was amplified by PCR using following primers: forward, 59-GTC CGG
AAT TCG ACG CCTACA AGG AGA AATACG AG-39; reverse, 59-ATA
AGA ATG CGG CCG TCA CGC GTG GTT AGT TAG TA-39. PCR
fragment was digested with EcoRI and NotI and then 2.2-kbp restriction
fragment was cloned into the pBluescript II SK(+). The plasmid was digested
with XhoI and NotI, and the restriction fragment was cloned into the down-
stream of Renilla luciferase cDNA of a psiCHECK2 Vector (Promega).

Retrovirus transfection

Puromycin resistance gene in a pMSCVpuro vector (TaKaRa Bio) was
replaced by Venus cDNA using the GeneArt Seamless Cloning and As-
sembly Kit (Thermo Fisher Scientific) according to the manufacturer’s
protocol. The protruding ends of an EcoRV- and SacI-digested Maf cDNA
(18) fragment were converted to blunting end with DNA Blunting Kit
(TaKaRa Bio) and then ligated into an HpaI-digested Venus-pMSCV
vector. Packaging cell line PLAT-E cells (24) were grown in culture
flask (Corning) and transiently transfected with Maf-Venus-pMSCV (Maf
retrovirus vector) or Venus-pMSCV (Empty retrovirus vector) using the
FuGENE 6 Reagent (Promega) according to the manufacturer’s protocol.
Forty-eight hours after the transfection, the culture supernatant was harvested
and filtrated through a 0.45-nm pore syringe-driven filter unit (Millipore).
BM cells (1.8 3 105 cells per well in a 48-well plate) were cultured in the
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presence of GM-CSF for 2 d and then subjected to retrovirus infection using
the polybrene. Sixteen hours postinfection, the medium was replaced with
fresh medium, and the cells were cultured for 2 more days. Forty hours
postinfection, BMDCs were stimulated with 100 ng/ml of LPS for 5 h. For the
forced expression of Maf in BMDMs, BM cells were cultured in the presence
of M-CSF. Those cells were seeded on a 48-well plate at the concentration of
5 3 104 cells per well on day 4. On the next day, BMDMs were subjected to
retrovirus infection without using the polybrene. Forty hours postinfection,
BMDMs were treated with or without 100 mM DEM for 5 h, followed by
stimulation with LPS for 19 h.

Enzymatic digestion of the lymph node

Lymph node (LN)macrophages andDCswere prepared as described previously
(11). In short, peripheral LNs were digested with a mixture of Collagenase
IIs (750 mg/ml; Sigma-Aldrich) and DNase I (10 mg/ml; Sigma-Aldrich) in
13 HBSS containing Ca2+ and Mg2+ for 25 min at 37˚C.

Enzymatic digestion of the colon lamina propria

Colon lamina propria (LP) cells were prepared as described previously (17)
with a slight modification. The entire colon was removed, flushed several
times with PBS to remove feces, and opened longitudinally. Two- to three-
centimeter pieces of colon were incubated in HBSS not containing Ca2+ or
Mg2+/2% FBS/20 mM EDTA (pH 7.2) for 15 min at 37˚C. The tissue was
washed in PBS to remove EDTA, and the residual epithelial layer was removed
by gently sliding curved forceps. The tissue was minced into ,5 mm-long
pieces followed by digestion in RPMI 1640/2% FCS/150 mg ml21 Liberase
TL/500 mg ml21 DNase I (Roche or Worthington)/1% Dispase (BD Biosci-
ences)/10 mM HEPES (Nacalai)/1% penicillin and streptomycin (Wako Pure
Chemical) for 40 min at 37˚C.

Flow cytometry

For flow cytometric analysis, cells were preincubated with Fc blocker
(clone: 2.4G2, 2.5 mg ml21; Tonbo Biosciences) and then stained with
combinations of following Abs: anti-CD8a (clone: 53-6.7, 0.5 mg ml21),
anti-CD36 (clone: 72-1, 1.0 mg ml21), anti–MHC class II (MHC II) (clone:
M5/114, 0.3 mg ml21; eBioscience), anti–MHC class I (clone: AF6-88.5,
2 mg ml21; BD Biosciences), anti-CD3e (clone: 145-2C11, 2.0 mg ml21),
anti-CD11b (clone: M1/70, 0.5 mg ml21), anti-CD11c (clone: N418,
1.25 mg ml21), anti-CD19 (clone: 6D5, 2 mg ml21), anti-CD45.2 (clone:
104, 2.0 mg ml21), anti-CD64 (clone: X54-5/7, 2.0 mg ml21), anti-CD115
(clone: AFS98, 2.0 mg ml21), anti-CD206 (clone: C068C2, 2.0 mg ml21),
anti-F4/80 (clone: CI:A3-1, 2.0 mg ml21), anti–Ly-6C (clone: HK1.4,
0.8 mg ml21), anti–Ly-6G (clone: 1A8, 2.0 mg ml21), anti–Siglec F (clone:
E50-2440, 2.0 mg ml21; BioLegend), biotinylated anti-CD169 [clone: M7,
4 mg ml21 generated and biotinylated in our laboratory (17)], anti-CD204
(clone: REA148, 310; Miltenyi), or anti-CD45.1 (clone: A20, 2.5 mg ml21;
BioLegend or Tonbo Biosciences). Biotinylated rat IgG2b (clone: RTK4530,
4 mg ml21; BioLegend) or REA Control (clone: REA293, 310; Miltenyi)
was used as an isotype control for biotinylated anti-CD169 or anti-CD204, re-
spectively. Alexa Fluor 488 streptavidin (Invitrogen) or PE streptavidin (Bio-
Legend) was used to detect biotinylated Abs. We used 7-aminoactinomycin D
(7AAD) (Tonbo Biosciences or BioLegend) or DAPI (Dojindo) to exclude dead
cells. Stained cells were analyzed by FACSVerse (BD Biosciences) or sorted
using FACSAria II (BD Biosciences) or SH800 (Sony).

Quantitative RT-PCR

Total RNA of sorted CD169+ and CD1692 cells was extracted with RNeasy
Micro Kit (Qiagen) or FavorPrep Total RNA Extraction Column (Favorgen)
according to the manufacturer’s protocol. When extracting RNA from 10,000 or
fewer cells, cells were sorted directly into TRIzol LS (Thermo Fisher Scientific).
Total RNA from those cells was prepared by phenol/chloroform extraction
followed by purification using FavorPrep Total RNA Extraction Column. cDNA
was synthesized using ReverTra Ace (TOYOBO). Quantitative RT-PCR (qRT-
PCR) was performed on cDNA with THUNDERBIRD SYBR qPCR Mix
(TOYOBO). Expression levels were normalized to 18S rRNA and were ana-
lyzed using the comparative threshold cycle method. The primer sequences are
presented in Supplemental Table I. For the quantitation of miR expression levels,
RNA was extracted with miRNeasy Mini Kit (Qiagen). TaqMan MicroRNA
Assays (Applied Biosystems) were used for cDNA synthesis and qRT-PCR
of miR-129 and miR-155. Sno135 served as housekeeping RNA.

DNA microarray

CD11b+ and/or CD11c+ cells of the LN and colon LP were enriched by
AutoMACS Pro (Miltenyi) prior to sorting by a cell sorter to minimize the
contamination of lymphocytes and epithelial cells. CD169+ and CD1692 cells

were further purified by a cell sorter (FACSAria II; BD Biosciences) based on
criteria described in our previous publications (11, 17). The purity (typically
90%) of the fractionated cells was verified by flow cytometry. Total RNA
extracted from FACS-purified LN cells was labeled with GeneChip Two-Cycle
Target Labeling and Control Reagents (Affymetrix) and was hybridized to
Affymetrix Mouse Genome 430 2.0 Array chip. From total RNA extracted
from FACS-purified colon LP cells, cDNA was first amplified using Ovation
RNA Amplification System V2 kit (NuGEN). The amplified cDNA was
fragmented and labeled for Mouse Genome 430 2.0 GeneChip (Affymetrix)
expression array analysis using FL-Ovation cDNA Biotin Module V2 kit. Total
RNA extracted from LPS-stimulated BMDMs was labeled with Low-Input
QuickAmp Labeling Kit (Agilent Technologies) and was hybridized to Agilent
SurePrint G3 Mouse Gene Expression Microarrays using a Gene Expression
Hybridization Kit (Agilent Technologies). Array raw data were digitized and
further analyzed using GeneSpring software. DAVID Bioinformatics Resources
6.8 was used for an ontology analysis.

miR sequencing

The quality and concentration of the RNA was verified with the Agilent 2100
Bioanalyzer and Quantus Fluorometer (Promega), respectively. All samples
showed highest RNA integrity number value of 10. Sequencing libraries were
prepared according to the manufacturer’s instructions for the NEBNext Multi-
plex Small RNA Library Prep Set for Illumina (New England BioLabs). The
amplified libraries were size-selected on a BluePippin (Sage Science) using a 3%
dye-free agarose cassette. The resulting purified libraries were sequenced on an
Illumina HiSeq 1500 platform. After adapter trimming, the reads were mapped
to the mm10 genome using Strand NGS software (version 2.9; Agilent Tech-
nologies) following small RNA analysis pipeline. After quantile normalization,
significant differentially expressed miRs were identified in a scatter plot.

ELISA

IL-6, IL-10, and TNF-a concentrations were quantitated by ELISA MAX
(BioLegend), according to the manufacturer’s protocols. To establish
CCL8 ELISA, we first generated mAbs against CCL8 by immunizing
FLAG-conjugated mouse CCL8 (17) to Armenian hamsters (The Jackson
Laboratory). The LN cells from those hamsters were fused with NSO bcl2
myeloma cells (25) by the PEG (Roche) method. Two clones of hybridoma
cell line (clone: 2G6 and 1D5) that produce mouse CCL8-specific Ab were
selected. Hamster IgG in the culture supernatant was purified by nProtein
A Sepharose 4 Fast Flow (GE Healthcare). A half-area ELISA plate
(Greiner) was coated with capture Ab (clone: 2G6, 5 mg ml21) in 0.1 M
sodium bicarbonate buffer (pH 9.6) for overnight at 4˚C. All the following
reactions were performed at room temperature. After incubation with blocking
buffer (Assay Diluent [BD Biosciences] or PBS/0.2% Tween 20/5% skim milk
[Yukijirushi]) for 1 h, the plate was incubated with appropriately diluted
samples for 2 h. Then, the plate was incubated with biotinylated detection Ab
(clone:1D5, 0.8 mg ml21, biotinylated in our laboratory) for 1 h followed by
incubation with HRP streptavidin (BioLegend) for 30 min. Enzyme reaction
was promoted by incubating the plate with TMB substrate (KPL) up to 30 min.
After stopping the reaction with 2 N H2SO4, OD at 450 nm was measured by
microplate reader (Bio-Rad).

Immunohistochemistry

Immunohistochemistry of the colon was performed as described previously,
with a slight modification (17). Ten micrometer–thick frozen sections were
air dried for 1 h at room temperature. Endogenous biotin was blocked using
the Biotin Blocking System (Dako). The sections were further blocked
with TN blocking buffer (PerkinElmer) followed by incubation with
biotinylated anti-F4/80 (clone: CI:A3-1; BioLegend) and/or rabbit-IgG
anti-aSMA (clone: ab5694; Abcam). The first Abs were visualized with
Cy3 streptavidin (The Jackson Laboratory) and/or Alexa Fluor 488 anti-
rabbit IgG (Invitrogen), respectively. For the detection of CD169, endog-
enous peroxidase activity was quenched with 0.5% hydroperoxide/
methanol before the biotin blockade. The sections were incubated
with biotinylated anti-CD169 (clone: M7) using TSA Biotin System
(PerkinElmer). For the detection of tandem Tomato, tissue was fixed in 4%
PFA/0.1 M phosphate buffer (pH 7), sequentially submerged in 10 and
20% sucrose and 50% OCT/PBS, and then snap frozen in OCT. Sections
were mounted in FluorSave (Calbiochem) with DAPI (Dojindo) and ob-
served under a fluorescent microscope (BZ-X700; KEYENCE).

Immunoblotting

Five hundred thousand BMDMs were seeded in a six-well plate 48 h before
lysis. Whole cell lysates were prepared using 100 ml of RIPA buffer
supplemented with protease inhibitors 5–24 h after a DEM treatment. In
some experiments, BMDMs were treated with DEM in the presence of
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FIGURE 1. Maf is highly expressed in CD169+ macrophages in the colon and LNs. (A and B) Gene expression profiles of CD169+ and CD1692 cells

were globally compared by microarray analysis. CD169+ and CD1692 cells were purified from the colon (A) and LN (B). Genes whose expression level

showed more than 2-fold increase in CD169+ cells relative to CD1692 cells were extracted. Genes for transcription factors were further selected using the

Probe Annotator tool in Reference Database of Immune Cells package. (C–E) The mRNA expression of indicated genes in fractionated cells was validated

by qRT-PCR and was shown as fold change over doublet27AAD2CD11b+CD11c+CD169+ cells in the LN (C), doublet27AAD2CD11b+CD169+ cells

in the colon (D), or doublet27AAD2CD11b+CD642Ly-6C+ monocytes in the colon (E). (C–E) Average values of PCR triplicates are shown with SD.

*p , 0.05, one-way ANOVA.
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10 mMMG132 for 5 h. The amount of protein in the whole cell lysates was
quantified by BCA Protein Assay Kit (Thermo Fisher Scientific). Twenty
micrograms of the lysate was resolved in a 10% SDS-PAGE and blotted using
rabbit polyclonal anti–c-Maf Ab (Bethyl) and HRP-labeled anti-rabbit IgG
(Dako). Chemiluminescent signal was detected by SuperSignal West Pico
(Thermo Fisher Scientific). The membrane was incubated with Ab removal
buffer (2% SDS, 100 mM 2-ME, 62.5 mM Tris-HCl [pH 6.8]) and reprobed
using HRP-labeled anti-GAPDH Ab (MBL).

Inflammation models

For the induction of dextran sodium sulfate (DSS)–induced colitis, mice
were administered 3% DSS (MW 5000; Wako Pure Chemical) in drinking
water for 7 d or 2% DSS (MW 36,000–50,000; MP Biomedicals) for 5 d.
Body weight was monitored daily or every other day up to 16 d after the
administration of DSS. Blood samples were collected by postorbital
puncture. For the induction of acetic acid–induced colitis, mice were fasted
for more than 6 h and then administered with laxative by oral gavage to
clean up the colon. Twelve hours later, those mice were intrarectally ad-
ministered with 100 ml of 4% acetic acid through a polytetrafluoroethylene
catheter (Fuchigami, Japan). After 10 s, the acetic acid was washed out
three times with 500 ml of 0.9% normal saline. For the induction of
cytoprotective/antioxidant genes in the colon macrophages, 30 mmol/kg
body weight of CDDO-Im in 200 ml of PBS/10% DMSO/10%
Chlemophor-EL (Nacalai) was i.p. injected into mice.

Luciferase reporter assay

The murine macrophage cell line RAW264.7 or human hepatocellular
carcinoma HepG2 cells were grown in DMEM/10% FBS/1% penicillin–
streptomycin. Fifty thousand cells were seeded in a 24-well plate and incu-
bated for 24 h. The cells were transfected with Maf expression plasmid
(Maf-BOS-EX) and/or Nrf2 expression plasmid (Nrf2-BOS-EX) along with
reporter plasmids by FuGENE6 (Promega) according to the manufacturer’s
protocol. The luciferase assay was performed with Dual-Luciferase Reporter
Assay kit (Promega) according to the manufacturer’s protocol. Twenty-four
hours after the transfection, the luciferase activity was measured by a GloMax-
20/20 Luminometer (Promega). Transfection efficiency was normalized to the
cotransfected Renilla luciferase activity. HEK293T cells seeded in a 96-well
plate were transfected with 100 ng ofMaf 39-UTR-psiCHECK2 plasmid along
with miR mimics at a final concentration of 50 nM using Lipofectamine 3000
(Thermo Fisher Scientific) according to the manufacturer’s instruction. Reporter
activity was determined 24 h after the transfection. Firefly luciferase activity
was used as a transfection control for Renilla luciferase reporter activity.

Statistical analysis

Data are presented as averages with SD or SEM. For statistical tests, Mann–
Whitney U test was used when two groups were compared. For comparison of
more than two groups, the one-way or two-way ANOVA was applied. All
p values ,0.05 were considered significant.

Data availability

The tissue macrophage microarray data reported in this paper are deposited in
the Reference Database of Immune Cells (http://refdic.rcai.riken.jp/, accession
numbers RSM00734, RSM00735, RSM01220, RSM01221, RSM12643,
RSM12644, RSM12645, and RSM12646). Maf+/2 and Maf2/2 BMDM
microarray data are deposited in the Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE114352, accession num-
bers GSE114352, GSM3140354, and GSM3140355). The miR sequencing
data have been deposited in the DNA Data Bank of Japan (DDBJ, http://
ddbj.nig.ac.jp//DRASearch/, accession numbers DRA006822, PRJDB7004,
SAMD00117348-SAMD00117350, and DRX122056-DRX122058).

Results
Identification of a transcription factor highly expressed in
CD169+ macrophages in the colon and LNs

The functional and anatomical homologies between CD169+ mac-
rophages in different organs indicate a regulation of their phenotype
by a common transcriptional program. By globally comparing gene
expression profiles of CD169+ macrophages by microarray analysis,
we identified the transcription factor Maf, which is commonly up-
regulated in CD169+ macrophages of the colon LP and LN when
compared with CD1692 ones (Fig. 1A, 1B). We validated the up-
regulated expression ofMafmRNA by qRT-PCR analysis both in LN
CD11c2CD169+ macrophages and in colon CD11b+CD169+ mac-
rophages (Fig. 1C, 1D). Recently, a criterion for the clear discrimi-
nation of intestine-resident macrophages from monocytes, DCs,
eosinophils, and neutrophils based on the differential expression of
CD64 and Ly-6C has been proposed (26). We previously showed that
the CD169+ macrophages are a subpopulation of intestine-resident
Ly-6CloCD1032SiglecF2MHC II+CX3CR1+CD64+ macrophages
(17). As shown in Fig. 1E, we verified that Maf mRNA was selec-
tively upregulated in CD64+CD169+ macrophages in the colon. Be-
cause Maf is expressed also by macrophages in several other organs
(Immunological Genome Project, www.immgen.org), we decided to
use this transcription factor to compare the character of CD169+ and
CD1692 macrophages in the colon.

Maf is dispensable for the development or localization
of gut macrophages

Maf-deficient C57BL/6 fetuses die before birth owing to impaired
definitive erythropoiesis in the fetal liver (27). To examine the role

Table I. Chimerism of leukocytes of Maf chimeric mice

CD45.1 (%)

1/2 2/2

Mean SD Mean SD

PB
Neutrophil 98.4 4.2 98.0 2.7
Monocyte 98.9 2.7 97.7 3.2
T cell 93.3 3.7 99.9 0.1
B cell 99.8 0.1 99.8 0.1

BM
Neutrophil 99.8 0.1 99.5 0.5
Monocyte 98.0 1.7 99.3 0.6
Macrophage 95.3 1.5 95.7 1.3
Eosinophil 99.0 0.8 98.5 0.4

LN
CD11c2, CD169+ Mf 89.3 3.8 79.0 5.1
CD11c+, CD169+ Mf 95.8 3.1 95.6 4.6
CD11c+ DC 93.8 6.6 93.0 3.3

Colon
CD64+, CD169+ Mf 97.6 1.2 95.7 1.5
CD64+, CD1692 Mf 97.1 1.7 96.5 1.3

Numbers indicate percentage of CD45.1+ cells among indicated cell types 8 wk after the transplantation.
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FIGURE 2. Maf deficiency does not affect the development or localization of CD169+ macrophages. (A–D) Maf deficiency does not affect the com-

position of immune cells. Flow cytometry of PB leukocytes (A), BM cells (B), LN cells (C), and colon LP cells (D) from Maf+/2 or Maf2/2 chimeric mice

2 mo after the transplantation. Numbers adjacent to the outlined area represent frequencies (percentages) of indicated cell types. Representative FACS

profiles of eight mice (PB) or four mice (BM, LN, and colon) are shown. (E) Maf deficiency does not impair the expression of CD169 molecule on the colon

macrophages. Frequency (percentage) and absolute number of CD169+ cells in the colon among 7AAD2CD11b+Ly-6G2Ly-6C2CD64+ fraction was

determined by flow cytometry. Average values are shown with SD. n = 3 mice/genotype. n.s., Student t test. (F) Maf is not required for the expression of

Siglec1 mRNA. Maf and Siglec1 mRNA level in the colon CD64hiCD169+ or CD64hiCD1692 macrophages from Maf+/2 (black bar) and Maf2/2 (white

bar) was determined by qRT-PCR and is expressed as fold change over CD1692 macrophages of Maf+/2 mice. Average values are shown with SD. n = 4

mice (Maf+/2) or 3 mice (Maf2/2). Data are representative of two independent experiments performed in biological triplicate. (Figure legend continues)

640 PHENOTYPIC CONVERSION OF TISSUE MACROPHAGES BY Maf

 by guest on February 26, 2022
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


of Maf in CD169+ macrophages in adult mice, we generated
chimeric mice by transplanting fetal liver cells from a CD45.1+

Maf-deficient fetus (E13.5) into sublethally irradiated CD45.2+

wild-type (WT) mice or by transplanting BM cells from the pri-
mary fetal liver chimeric mice into secondary recipient mice. Two
months after the transplantation, more than 95% of myeloid cells
in the PB and BM were replaced by donor CD45.1+ cells (Table I),
and the composition of immune cells in these compartments was
similar between Maf+/2 and Maf2/2 chimeric mice (Fig. 2A, 2B).
We also confirmed that colon-resident macrophages were almost
completely replaced by CD45.1+ cells (Table I). Although the
composition of immune cells in the LNs and colon was similar
between the two genotypes of mice (Fig. 2C, 2D), chimerism
(CD45.1 percentage) of CD169+ macrophages and DCs in LNs
was relatively low at the same time point (Table I). The difference
in chimerism between intestinal and LN macrophages might be
attributed to the different origins of these cells (4, 28, 29). That is,
the majority of tissue-resident macrophages originate from yolk
sac– or fetal liver–derived progenitors that proliferate locally
throughout their life independently of hematopoietic stem cells
(2). In addition, radioresistant cells constantly migrate from the
skin to the draining LN under both physiological and inflamma-
tory conditions (30). In contrast, macrophages of the gut are
continuously replenished by blood-borne monocytes (31, 32).
Thus, we concluded that these chimeric mice were most suitable
for the analysis of the roles of Maf in intestinal macrophages. We
further examined the frequency and absolute number of CD169+

macrophages in the colon. As shown in Fig. 2D and 2E, those
numbers were not statistically significant in terms of the difference
between Maf+/2 and Maf2/2 chimeric mice. qRT-PCR analysis
validated that the expression level of Maf mRNA was greatly re-
duced in Maf2/2 macrophages, whereas the Siglec1 (CD169
coding gene) mRNA expression level in Maf2/2 macrophages was
comparable to that in Maf+/2 macrophages (Fig. 2F). These
findings indicate that Maf is not required for either the differen-
tiation of or CD169 expression in intestinal macrophages. CD169+

macrophages show unique localization in the LP of the gut (17,
33); that is, CD169+ macrophages localize distantly from the
epithelial border and are abundant in the area surrounding crypts.
Immunohistochemistry of the colon revealed that Maf deficiency
does not affect the localization of either F4/80+ cells (including
monocytes, CD169+ and CD1692 macrophages, Fig. 2G, left) or
CD169+ macrophages (Fig. 2G, right) in the colon. We previously
reported that the colon CD169+ macrophages express molecules
such as CD206, F4/80, and MHC II on their surface (17). FACS
analysis revealed that the expression levels of those markers were
similar in Maf+/2 and Maf2/2 CD169+ macrophages (Fig. 2H).
Collectively, these findings indicate that Maf is not essential for
the development, localization, and surface phenotype of the colon
CD169+ macrophages in vivo.

Maf is essential for CCL8 production both in vitro and in vivo

In a previous study, we demonstrated the CD169+ macrophage–
specific production of a chemokine CCL8 (17). Of note, the ex-
pression level of CCL8 in CD1692 cells was negligible in the

colon. Thus, we evaluated the function of Maf in CD169+ mac-
rophages based on CCL8 production as an indicator. In parallel
with the Maf expression, the Ccl8 mRNA expression level in
CD169+ macrophages was significantly reduced in Maf2/2 chi-
meric mice (Fig. 3A). To further examine the role of Maf in CCL8
production under inflammatory condition, we used a DSS-induced
colitis model. The serum CCL8 concentration was elevated over
the period of colitis in Maf+/2 chimeric mice (Fig. 3B). In con-
trast, the serum CCL8 concentration did not elevate in Maf2/2

chimeric mice even after the 7-d administration of DSS (Fig. 3B).
These results indicate that Maf is indeed necessary for the CCL8
production in vivo.
To examine the contribution of Maf to CCL8 production more

precisely in vitro, we used CD169+ BMDMs. We previously
reported that BM cells cultured in the presence of M-CSF, but not
in GM-CSF, express CD169 and CCL8 (17, 20). In good corre-
lation with their ability to produce CCL8, BMDMs expressed a
high level of Maf, whereas BMDCs did not (Fig. 3C). This finding
suggests that Maf is required for the production of some cytokines,
including CCL8, by CD169+ macrophages.
To directly examine the role ofMaf in CCL8 production, we used

BMDMs prepared from Maf+/2 and Maf2/2 chimeric mice. Maf
deficiency did not impair the differentiation of BMDMs or
BMDCs. In addition, the Siglec1mRNA expression level in Maf2/2

BMDMs was identical to that in Maf+/2 BMDMs (Fig. 3D), which
is consistent with our in vivo findings (Fig. 2F). In contrast to
Maf+/2 BMDMs, Maf2/2 BMDMs failed to produce CCL8 after
the stimulation with LPS (Fig. 3D, 3E). Maf has been reported to
regulate IL-10 production in macrophages and regulatory T cells
(34, 35). In findings consistent with those of these studies, IL-10
production was found to be significantly lower in Maf2/2

BMDMs than in Maf+/2 BMDMs (Fig. 3D, 3E). Production of
another cytokine, IL-6, was not impaired in Maf2/2 BMDMs on
exposure to LPS (Fig. 3D, 3E), which thereby excludes the pos-
sibility that Maf deficiency abolishes the overall ability of cyto-
kine production by BMDMs. These findings indicate that Maf
contributes not to the differentiation of macrophages but to the
regulation of the macrophage cytokine profile.
We next examined whether the forced expression of Maf was

sufficient for BMDCs to produce CCL8 by transfecting BMDCs
with a Maf-expressing retrovirus vector and then stimulating them
with LPS. The Maf mRNA expression level increased by 20-fold
in the Maf-transfected BMDCs when compared with empty ret-
rovirus vector–transfected BMDCs (Fig. 3F), which exceeded the
level expressed in BMDMs. BMDCs that were transfected with
the Maf retrovirus vector but not with the empty retrovirus vector
gained the ability to express Ccl8mRNA in response to LPS (600-fold
over unstimulated, empty vector–transfected BMDCs, Fig. 3F). Taken
together, these findings indicate that Maf is not essential for the de-
velopment of CD169+ macrophages but plays an essential role in
specifying the macrophage phenotype.

Maf promotes CCL8 expression at the transcription level

Large Maf proteins form homodimers through their leucine zipper
domains and bind to consensus DNA sequences termed MAREs

n.s., *p , 0.05, two-way ANOVA (E and F). (G) Maf deficiency does not affect the localization of the colon CD169+ macrophages. Immunohistochemistry

analysis of the colon of indicated mice. Red, F4/80 (left); Green, CD169 (right); Blue, a smooth muscle actin (aSMA), nuclei. Original magnification320.

Scale bars, 100 mm. Representative images of two independent experiments using different mice with similar results are shown. (H) Maf deficiency does not

affect the surface expression profile of the colon CD169+ macrophages. Expression levels of indicated surface markers on the colon macrophages in Maf+/2

or Maf2/2 chimeric mice were examined by flow cytometry. Representative FACS plots of three different mice are shown. Eos, eosinophil; Mf, mac-

rophage; Mono, monocyte; Neu, neutrophil; n.s., not significant.
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FIGURE 3. Maf is essential for the CCL8 production by macrophages. (A) Maf is essential for the expression of Ccl8 mRNA. The Ccl8 mRNA ex-

pression in CD64hiCD169+ or CD64hiCD1692 macrophages from Maf+/2 (black bar) and Maf2/2 (white bar) mice was determined by qRT-PCR. Ex-

pression levels are shown as fold change over CD1692 macrophages of Maf+/2 mice. Average values are shown with SD. n = 4 mice (Maf+/2) or 3 mice

(Maf2/2). Combined data from two independent experiments are shown. *p , 0.05, two-way ANOVA. (B) Maf is essential to produce CCL8 under

inflammatory conditions. Serum CCL8 concentrations at indicated time points after the DSS administration to Maf+/2 (black circle) and Maf2/2 (white

circle) mice were quantitated by ELISA. Bars indicate the mean CCL8 concentration of five (Maf+/2) or four (Maf2/2) mice. Each symbol represents an

individual mouse. n.s., *p , 0.05, two-way ANOVA. (C) The mRNA expression of Ccl8 positively correlates with that of Maf. (Figure legend continues)

642 PHENOTYPIC CONVERSION OF TISSUE MACROPHAGES BY Maf

 by guest on February 26, 2022
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


through a basic region (36). Maf homodimers also bind efficiently to
the MARE half-site preceded by a 59-AT–rich sequence (59-AT–rich
MARE half-site) (37). We identified three half-MARE sequences in
the Ccl8 promoter region (at 2284, 2204, and 2152, Fig. 4).
Therefore, we hypothesized that Maf could regulate CCL8 expression
at the transcription level. To test this hypothesis, we transfected
macrophages with the luciferase reporter plasmid containing a 333-bp
fragment of the Ccl8 promoter region (CCL8-pGL4) along with the
Maf expression plasmid (Maf-BOS-EX). We chose the RAW264.7
cell line for the reporter assay because its endogenousMaf expression
level was the lowest among available macrophage cell lines. In out-
comes consistent with our hypothesis, we found that Maf enhanced
Ccl8 promoter activity in a dose-dependent manner (Fig. 4). Muta-
tions in the MARE half-sites of the Ccl8 promoter abolished lucif-
erase activity (Fig. 4). These findings demonstrate that Maf promotes
CCL8 expression by interacting with the MARE half-sites in the Ccl8
promoter region.

Identification of genes under control of Maf in BMDMs

Other than CCL8, Maf has been reported to regulate IL-10, F4/80,
and VCAM-1 expressions in macrophages (27, 35, 38). To char-
acterize Maf-regulated gene clusters, we globally compared
mRNA expression in LPS-stimulated Maf+/2 and Maf2/2 BMDMs
by microarray analysis (Fig. 5A). The analysis revealed genes that
were upregulated in Maf+/2 BMDMs, such as Ccl8, Il10, Fgl2,
and Mmp13 (Fig. 5B). According to ontology analysis, Maf target
genes were significantly enriched for functional annotations linked
to immune and inflammatory responses (Supplemental Fig. 1A).
These findings suggest that Maf promotes the expression of acute
inflammatory response genes in macrophages. The expression
levels of conventional M1 (Supplemental Fig. 1B) and M2
(Supplemental Fig. 1C) markers were not different by a statisti-
cally significant amount between the two genotypes of macro-
phages, indicating that Maf determines the macrophage phenotype
independently of M1 or M2 polarization.
Along with genes downregulated in Maf2/2 BMDMs, microarray

analysis revealed genes that were upregulated in the absence of Maf.
Among those genes, we confirmed by qRT-PCR analysis that the
mRNA expression levels of three genes (Cxcl1, Slpi, and Vegfa) were
significantly augmented in the Maf2/2 macrophages (Fig. 5C). In-
terestingly, these genes are implicated, whether directly or indirectly,
in immune suppression (39–41) or resolution of injury (42), sug-
gesting their roles in the late phase of inflammation. In addition to
this functional similarity, two of these genes are reported to be
downstream targets of Nrf2 (43–45). Nrf2 is a key transcription factor
that not only promotes the expression of a wide array of antioxidants
and cytoprotective proteins (46) but also suppresses macrophage in-
flammatory responses (47). From our results and previous reports, we
speculated that Nrf2-regulated genes predominate under a Maf-
suppressed condition during inflammation. To clarify this, we first
examined the expression of the three above-mentioned genes in

Nrf2-deficient macrophages. As expected, the Cxcl1, Slpi, and Vegfa
mRNA expression levels were significantly reduced in Nrf22/2

BMDMs (Fig. 5D), suggesting the positive regulation of these genes
by Nrf2 in macrophages. We next examined other Nrf2-target gene
expression in Maf-deficient macrophages and found that the Slc7a11
(xCT coding gene) mRNA expression level was higher in LPS-
stimulated Maf2/2 BMDMs than in Maf+/2 BMDMs (Fig. 5E), al-
though the Hmox1 (HO-1 coding gene) and Nqo1 mRNA expression
levels were similar between the two genotypes of macrophages. This
finding shows that Maf has the ability to downregulate some of the
targets of Nrf2 in macrophages. xCT mediates resistance against
oxidative stress–induced cell death (48). To determine whether up-
regulated Slc7a11 mRNA expression affects the resistance of mac-
rophages against oxidative stress, we treated Maf+/2 and Maf2/2

BMDMs with different concentrations of tBHP, a commonly used
oxidative stress inducer. Consistent with the elevated expression levels
of Slc7a11, Maf2/2BMDMs were more resistant to tBHP-induced cell
death than Maf+/2 BMDMs 24 h after the stimulation (Fig. 5F). We
further examined whether Nrf2-target genes were indeed suppressed
by Maf in CD169+ macrophages in vivo. CDDO-Im is a small mol-
ecule that has a potent Nrf2 activation ability (49–51). We compared
the Slpi mRNA level in CD169+ macrophages of Maf2/2 and Maf+/2

chimeric mice 16 h after the administration of CDDO-Im. In the ab-
sence of Maf, the Slpi mRNA level was upregulated in the colon
CD169+ macrophages (Fig. 5G), indicating that Maf suppresses
downstream targets of Nrf2 in tissue CD169+ macrophages.

Antagonistic repression of cytoprotective genes by Maf

Nrf2 interacts with the consensus sequence called the antioxidant
response element (ARE), which composes a core sequence of
MARE (52) (Fig. 6A). Owing to the similarity between two
consensus sequences, Maf can negatively regulate ARE-mediated
gene expression in human cell lines (53). To confirm that Maf re-
presses Nrf2-target genes at the transcription level, we transfected
RAW264.7 cells with the SLPI reporter plasmid (SLPI-pGL4) along
with the Nrf2 and/or Maf expression plasmid. Nrf2 enhanced
luciferase activity in a dose-dependent manner (Fig. 6B, left).
Cotransfection of increasing the amount of Maf expression plasmid
antagonized Nrf2-driven luciferase activity (Fig. 6B, left). We next
transfected HepG2 cells with the xCT luciferase reporter plasmid
(xCT-0.7-pGL4) containing a 0.7-kbp Slc7a11 promoter fragment
upstream of the luciferase gene (23) along with the Nrf2 and/or Maf
expression plasmid. We used HepG2 cells in xCT reporter assay
because high luciferase activity was detected in RAW264.7 cells not
transfected with Nrf2 expression plasmid. Again, Nrf2 enhanced lu-
ciferase activity in a dose-dependent manner (Fig. 6B, right), which
was inhibited by Maf (Fig. 6B, right). These findings demonstrate that
Maf suppresses some of the downstream targets of Nrf2 at the
transcription level.
We next determined whether Nrf2 reciprocally repress the

downstream targets of Maf by quantifying the Maf-associated gene

The Maf and Ccl8 mRNA expression levels in WT BMDMs (black bar) or BMDCs (white bar) were determined by qRT-PCR. Expression levels are shown

as fold change over unstimulated BMDC. Average values are shown with SD. Data are representative of two independent experiments performed in bi-

ological triplicate. *p , 0.05, Student t test (Maf) or two-way ANOVA (Ccl8). (D) The mRNA expression of indicated genes in Maf+/2 (black bar) and

Maf2/2 (white bar) BMDMs after LPS stimulation are determined by qRT-PCR. Expression levels are shown as fold change over unstimulated Maf+/2

BMDM. *p , 0.05, two-way ANOVA. (E) Concentrations of indicated cytokines in the culture medium of Maf+/2 (black square) and Maf2/2 (white

square) BMDMs or BMDCs are quantitated by ELISA 24 h after the stimulation with LPS. (D) Average values of biological quadruplicates are shown with

SD. (E) Each symbol represents a data from an individual animal. *p , 0.05, two-way ANOVA. (F) WT BMDCs were transfected with Maf retrovirus

vector or empty retrovirus vector. Forty hours after the transfection, those cells were stimulated with or without LPS for 5 h. The mRNA expression of

indicated genes in those cells was quantitated by qRT-PCR and is shown as fold change over unstimulated empty retrovirus vector–transfected BMDCs.

Average values are shown with SD. Representative data of two independent experiments performed in biological triplicates with similar results are shown.

*p , 0.05, two-way ANOVA. n.s., not significant.
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expression levels in BMDMs from Nrf2+/2 and Nrf22/2 mice.
DEM is an electrophilic agent that is commonly used as an oxi-
dative stress inducer. In findings consistent with those of previous
reports (23, 44, 54), we confirmed the reduced expression levels of
cytoprotective/antioxidant genes (Slpi and Slc7a11) in Nrf22/2

BMDMs after the treatment with DEM (Fig. 6C, left). However,
the downstream targets of Maf (Ccl8 and Il10) were not affected
by the absence of Nrf2 (Fig. 6C, right). These findings indicate
that Maf antagonizes Nrf2 transcription activity in macrophages,
but not vice versa.

Macrophages change their phenotype by downregulating Maf

Because Nrf2-regulated antioxidative/cytoprotective responses are
considered critical for tissue repair during the late phase of in-
flammation (55), we speculated that Maf should be downregulated
under some condition in vivo that enables Nrf2 activation in
CD169+ macrophages. To demonstrate this, we explored for the
stimulus that changes the Maf expression level in vitro. First, we
examined the specificity of anti–c-Maf Ab by Western blotting
analysis. A broad band that was observed below 50 kDa in WT but
not in Maf2/2 BMDM was considered endogenous Maf (Fig. 7A,
left). We found that DEM suppresses Maf both at mRNA ex-
pression (Fig. 7A, top right) and protein level (Fig. 7A, bottom
right) in 5 h, suggesting the oxidative stress–induced downregu-
lation of Maf in macrophages. Maf repression was also observed
in DEM-treated, Nrf2-deficient BMDMs (Fig. 7B), indicating that
Nrf2 is not essential for the downregulation of Maf by oxidative
stress. From these findings, we hypothesized that macrophages
should change their phenotype through the downregulation of
Maf. To test this hypothesis, we repressed Maf in WT BMDMs

with DEM 5 h before the stimulation with LPS and then quanti-
fied antioxidative/cytoprotective gene expression in those cells
(Fig. 7C, top). As we hypothesized, pretreatment with DEM
markedly suppressed the LPS-induced Ccl8 and Il10 expressions
(Fig. 7C). In contrast, DEM pretreatment enhanced the LPS-
induced expression of downstream targets of Nrf2, namely Slpi
and Slc7a11 mRNAs, by 10- and 5-fold, respectively (Fig. 7C).
These findings support the concept that the oxidative stress–in-
duced Maf repression directs macrophages to cells with the
cytoprotective phenotype. To confirm that DEM-induced pheno-
typic conversion is dependent primarily on Maf downregulation,
we transfected BMDMs with the Maf expression vector prior to
the treatment with DEM. The forced expression of Maf partially
cancelled the oxidative stress–induced downregulation of Ccl8
and upregulation of Slpi in macrophages, suggesting the role of
Maf in regulating the macrophage phenotype (Fig. 7D).

Oxidative stress accelerates Maf degradation through
proteasome pathway and miR-mediated gene silencing

We then explored molecular bases that link the oxidative stress to
Maf repression in macrophages. The rapid decrease in Maf protein
levels indicates accelerated degradation through the proteasome
pathway. To test this hypothesis, we treated BMDMs with DEM in
the presence or absence of the proteasome inhibitor MG132. DEM
decreased Maf at the protein level in 5 h, which was inhibited by
MG132 (Fig. 7E). This result shows that DEM promotes Maf
degradation through ubiquitin–proteasome pathway. We found
that oxidative stress also decreases Maf at the mRNA level
(Fig. 7A, top right), which could not be explained by degradation
through the ubiquitin–proteasome pathway. It is reported that

FIGURE 4. Maf promotes CCL8 expression at the transcription level. The 59-AT–rich MARE half-sites in the Ccl8 promoter region (top). Three hundred

thirty-three–bp region from the translation start site of Ccl8 gene that includes three MARE half-sites (2284, 2204, and 2152) was inserted to the lu-

ciferase reporter plasmid (CCL8-pGL4). The MARE half-sites are mutated in the mutant reporter plasmids (CCL8 mut-pGL4, bottom left). Relative

luciferase activity of CCL8 reporter plasmids in the RAW264.7 cells transfected with Maf expression plasmid (bottom right). “X” represents a mutated

MARE-half site. Average values are shown with SD. Representative data of two independent experiments performed in biological triplicate with similar

results are shown. *p , 0.05, two-way ANOVA.
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FIGURE 5. Identification of gene clusters that are regulated by Maf in macrophages. (A) Scatter plot illustrating microarray expression values in LPS-

stimulated Maf+/2 and Maf2/2 BMDMs. Genes whose expression level showed more than 2-fold difference between the Maf+/2 and Maf2/2 BMDMs were

extracted. (B) The mRNA expression of genes that are downregulated more than 2-fold in Maf2/2 BMDMs was validated by qRT-PCR and is shown as fold

change over unstimulated Maf2/2 BMDMs. *p , 0.05, two-way ANOVA. (C) The mRNA expression of genes that was upregulated at least 2-fold in Maf2/2

BMDMs was validated by qRT-PCR. Expression levels are shown as fold change over unstimulated Maf2/2 BMDMs. (B and C) BMDMs were prepared

from four different mice/genotypes, and average values of biological quadruplicate are shown with SD. *p, 0.05, two-way ANOVA. (D) Genes suppressed

by Maf are positively regulated by Nrf2. The mRNA expression of indicated genes in Nrf2+/2 and Nrf22/2 BMDMs 5 h after the stimulation with LPS was

determined by qRT-PCR and is shown as fold change over unstimulated Nrf2+/2 BMDMs. Average values are shown with SD. Representative data of two

independent experiments performed in biological triplicate with similar results are shown. *p , 0.05, two-way ANOVA (E) Maf deficiency enhances the

Slc7a11 mRNA expression. The mRNA expression of downstream targets of Nrf2 in LPS-stimulated Maf+/2 and Maf2/2 BMDMs was determined by qRT-

PCR and is shown as fold change over unstimulated Maf+/2 BMDMs. BMDMs were prepared from three different mice, and average values of biological

triplicate are shown with SD, *p , 0.05, two-way ANOVA. (F) Maf2/2 BMDMs were more resistant against oxidative stress than Maf+/2 BMDMs.

Viability of BMDMs that were treated with indicated concentrations of tBHP for 24 h is plotted. Average values are shown with SD. Representative data of

two independent experiments performed in biological triplicate with similar results are shown. *p , 0.05, two-way ANOVA. (G) Maf suppresses Nrf2

activity in the colon CD169+ macrophages. The Slpi mRNA level in the colon CD169+ macrophages from Maf+/2 or Maf2/2 mice 16 h after administration

with CDDO-Im was determined by qRT-PCR. Expression levels are shown as fold change over vehicle-injected Maf+/2 mice. Average values of PCR

triplicate are shown with SD. Combined result from two independent experiments is shown. *p , 0.05, two-way ANOVA. n.s., not significant.
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miR-155 is induced in macrophages during the inflammatory re-
sponse (56) and that it negatively regulates Maf mRNA level in
Th2 cells (57). Thus, we quantitated the miR-155 level in DEM-
treated macrophages. Unlike TLR ligands (56), oxidative stress
did not induce miR-155 expression (Supplemental Fig. 2A),
thereby excluding its commitment in an oxidative stress–induced
Maf suppression. Therefore, we globally compared miR expres-
sion levels between naive and DEM-treated BMDMs by miR se-
quencing analysis. The analysis revealed an upregulation of a
single miR; miR-129, in DEM-treated macrophages (Fig. 7F). The
enhanced miR-129 expression level in those macrophages was
validated by qRT-PCR (Fig. 7G). Because there are two potential
miR-129 binding sites in the Maf 39-UTR (Supplemental Fig. 2B),
we speculated that miR-129 has an ability to repress Maf mRNA.
To examine whether miR-129 directly targets Maf mRNA, we
cloned 39-UTR of Maf into a luciferase reporter plasmid (57).
miR-129, as well as miR-155, repressed Maf 39-UTR reporter
activity (Fig. 7H), suggesting their role in the repression of Maf
mRNA. We conclude through these experiments that oxidative stress
downregulates Maf in macrophages through both proteasome path-
way and miR-129–mediated degradation.

The phenotypic conversion of the colon CD169+ macrophages
by Maf in intestinal inflammation

Although we obtained evidence that Maf repression converts the
macrophage phenotype in vitro, wewished to confirm such a role of
Maf in the colon macrophages in intestinal inflammation. We used

DSS-induced colitis to compare the expression level of Maf of the
colon macrophages under physiological and inflammatory condi-
tion. In accordance with our previous report, DSS administration
upregulated the Ccl8 mRNA expression level in the colon CD169+

macrophages in 4 d (Fig. 8A). Maf expression level was sustained
during the acute phase of colitis. DSS removal at day 5 initiates
the recovery of injured tissue. During this period, Maf expression
level was decreased by 60% (Fig. 8A). This downregulation coin-
cided with the decrease in Ccl8 mRNA expression to the basal level.
Notably, Nrf2 target genes (Slpi and Slc7a11) were not upregulated at
the acute phase (day 4) but were progressively enhanced toward the
resolution phase (day 8) of the colitis (Fig. 8A). These findings
suggest an important role for Maf in changing the colon macrophage
phenotype during different phases of intestinal inflammation. How-
ever, this model is limited in ability to assess whether the Maf re-
duction was attributable to an oxidative stress. To examine the effect
of oxidative stress more directly in vivo, we induced mucosal in-
flammation by administrating 4% acetic acid into the colon by en-
ema. This model is useful in analyzing innate immune response in the
context of oxidative stress (58). Consistent with our findings through
in vitro analysis (Fig. 7A), Maf mRNA expression level in the colon
CD169+ macrophages was reduced by roughly 50% (Fig. 8B). In
contrast, Nrf2-target genes were enhanced by acetic acid injection
(Fig. 8B). Although oxidative stress alone does not enhance Ccl8
mRNA level in vitro (Fig. 7C), acetic acid injection upregulated Ccl8
mRNA expression in vivo (Fig. 8B). An exposure to commensal
bacteria following the disruption of mucosal barrier may have induced

FIGURE 6. Maf inhibits Nrf2 activity at the transcriptional level. (A) ARE consensus sequence composes the core part of MARE consensus sequences.

The boxed sequences in MARE represent ARE consensus sequence. (B) Maf represses downstream targets of Nrf2. RAW264.7 cells (left) or HepG2 cells

(right) were transiently cotransfected with SLPI (left) or xCT (right) luciferase reporter plasmid and Nrf2 expression plasmid. Different doses of Maf

expression plasmid were cotransfected to inhibit Nrf2 activity. Relative luciferase activity of reporter plasmids in the RAW264.7 cells (left) or HepG2 cells

(right) is shown. *p , 0.05, one-way ANOVA. (C) Nrf2 does not suppress the mRNA expression of downstream targets of Maf. The mRNA expression of

indicated genes in Nrf2+/2 and Nrf22/2 BMDM 5 or 24 h after the stimulation with DEM (left) or with LPS (right) was determined by qRT-PCR. Ex-

pression levels are shown as fold change over unstimulated Nrf2+/2 BMDMs. (B and C) Average values are shown with SD. Representative data of two

independent experiments performed in biological triplicate with similar results are shown. *p , 0.05, two-way ANOVA. n.s., not significant.
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FIGURE 7. Oxidative stress downregulates Maf and switch macrophage phenotype. (A) Specificity of anti–c-Maf Ab was validated by Western blot

(left). Arrowhead denotes endogenous Maf, and asterisks denote nonspecific bands. Electrophilic reagent DEM downregulates Maf at mRNA (top right) and

protein (bottom right) levels in WT BMDMs. Average values are shown with SD. Representative data of two independent experiments performed in

biological triplicate with similar results are shown.*p , 0.05, one-way ANOVA. (B) Nrf2 is not essential for the oxidative stress–induced Maf repression.

Maf mRNA expression level in Nrf2+/2 or Nrf22/2 BMDMs that were stimulated with or without DEM was quantitated by (Figure legend continues)
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acute inflammatory response by CD169+ macrophages. Taken to-
gether, these findings show that macrophages change their phenotype
by downregulating Maf activity in intestinal inflammation. Overall,
these findings suggest that macrophages promote acute inflammatory
response in Maf-dependent manner during the early phase of in-
flammation but rapidly downregulate the level of Maf, which paves
the way for Nrf2-dependent cytoprotective response in the recovery
phase of inflammation (Fig. 8).

Discussion
In this study, two important findings were clarified. First, we
identified a transcription factor highly expressed in the colon
CD169+ macrophages, Maf. Maf was not required for the devel-
opment or localization of CD169+ macrophages, but it was es-
sential for the expression of some acute inflammatory response
genes, including CCL8. Second, we found that Maf not only
triggers acute inflammatory responses in CD169+ macrophages
but also represses cytoprotective/antioxidative genes. Some of
those genes were downstream targets of another transcription
factor, Nrf2, which is a key regulator of protection against oxi-
dative stress. We found that acute inflammatory responses are
followed by the downregulation of Maf in the colon CD169+

macrophages. The Maf repression converted the phenotype of
those macrophages to the Nrf2-dominant, cytoprotective pheno-
type in vivo, which might be associated with the initiation of tissue
reparative program. Collectively, our analysis provides new in-
sights into a previously unanswered question of how macrophages
initiate proinflammatory responses while retaining their tissue
repairing ability.
Tissue macrophages comprise heterogeneous subsets displaying

different phenotypes according to the organ in which they reside.
They even switch their characteristics in adaptation to the changing
environment (59), and the molecular basis that classifies different
phenotypes has long been explored. Over the past two decades,
macrophages have been divided into two distinct activation states,
M1 and M2, on the basis of the stimuli promoting the polarization
and effector cytokines that they produce as the criteria (60–63).
Although the criteria contributed to the understanding of the ac-
tivation states of macrophages in vitro, it is increasingly apparent
that the M1–M2 dichotomy has oversimplified the complexity
of macrophage differentiation in vivo (64). A new concept for
macrophage differentiation relies on multistep models of activa-
tion, which integrate the environmental signals and transcriptional
gene modules (64, 65). In the case of the intestines, the macro-
phage pool requires continual renewal from circulating monocytes
(31). Under inflammatory conditions, Ly-6Chi blood-borne monocytes
acquire the proinflammatory phenotype by upregulating TLR2 and

NOD2 (66). In contrast, under physiological conditions, they differ-
entiate locally into IL-10–producing anti-inflammatory intestine-
resident macrophages (67). These studies indicate that the precursors
of intestinal macrophages follow context-dependent fates after their
entry into the tissue. However, the molecular pathway that regulates
the phenotype shift of macrophages in situ was until now unexplored.
We demonstrated that the “on-and-off” switching of a single tran-
scription factor directs the conversion of gut-resident macrophages
from one phenotype to another.
Maf is expressed in various cell types in a differentiation-specific

manner. For example, Maf deficiency impairs the lens fiber cell
differentiation (18). As we mentioned in the Results section, Maf
in fetal liver macrophages is essential for the definitive erythro-
poiesis in the C57BL/6 strain (27). Another group reported that
self-renewal of macrophages and embryonic stem cells requires
the downregulation of two large Maf transcription factors, Maf
and MafB (68, 69), indicating some important role of Maf in mac-
rophage differentiation. In the current study, we found a novel role of
Maf in changing macrophage phenotype by antagonizing Nrf2 tran-
scriptional activity. Nrf2 plays a pivotal role in cytoprotective re-
sponses by upregulating an array of antioxidant genes. It also acts
as an anti-inflammatory regulator by inhibiting proinflammatory
cytokine gene transcription in macrophages (47). For example,
Nrf2 deficiency exacerbates emphysema in mouse models (44). It
also causes lupus-like autoimmune glomerulonephritis in mice
with the ICR background (70). Thus, from the clinical viewpoint,
the enhancement of Nrf2 activity appears to be an ideal therapy
for a variety of chronic inflammatory diseases. We propose Maf as
a novel target for the efficient activation of Nrf2; however, side
effects of Maf suppression should carefully be monitored because
it can inhibit beneficial acute inflammatory responses.
Among three large and three small Maf transcription factors, we

focused on functions of Maf (c-Maf) that was highly expressed in the
colon CD169+ macrophages. As MafB is known to regulate charac-
ters of macrophages in various pathological conditions (71, 72), there
is a possibility that MafB also contributes to the regulation of CD169+

macrophages in a mechanism different from Maf.
In WT mice, the gut CD169+ macrophages preferentially localize

toward the bottom of the villi, whereas macrophages at the villus tip
do not express CD169. To address whether gut macrophages change
the surface expression level of CD169 in vivo, we used a CD169
reporter system that allows fate mapping of cells that have
switched on the CD169 transcription program (20). Using this
system, we found that macrophages both at the tip and bottom of
villi are progenies of CD169+ cells (Supplemental Fig. 3A). This
finding suggests that under physiological conditions, monocytes gain
CD169 expression during their maturation into intestine-resident

qRT-PCR and is expressed as fold change over that in unstimulated BMDM of each genotype. Average values are shown with SD. Representative data of two

independent experiments performed in biological triplicate with similar results are shown.*p , 0.05, one-way ANOVA. (C) Repression of Maf enhances

LPS-induced expression of Nrf2 target genes. WT BMDMs were pretreated with DEM or DMSO for 5 h. Those cells were stimulated with LPS or medium

for the following 19 h. The mRNA expression of indicated genes was determined by qRT-PCR and is shown as fold change over unstimulated BMDMs.

Average values are shown with SD. Representative results from two independent experiments performed in biological triplicate with similar results are

shown. *p , 0.05, one-way ANOVA. (D) Phenotypic change of DEM-treated BMDMs in (C) is Maf-dependent. WT BMDMs were infected with Maf

retrovirus (black bar) or empty retrovirus (white bar) vector. Forty hours later, those BMDMs were pretreated with DEM or DMSO for 5 h. Those cells were

further stimulated with LPS or medium for the following 19 h. The indicated gene expression was determined by qRT-PCR and is shown as fold change

over empty retrovirus-infected, unstimulated BMDMs. Average values are shown with SD. Representative data of two independent experiments performed

in biological triplicate with similar results are shown.*p , 0.05, two-way ANOVA. (E) Oxidative stress downregulates Maf through proteasome pathway.

BMDM was stimulated with DEM for 5 h in the presence or absence of MG132. Whole cell lysates were analyzed by immunoblotting with the indicated

Abs. Data representative of two independent experiments are shown. (F and G) Oxidative stress induces miR-129 in macrophages. (F) miR sequencing analysis and (G)

qRT-PCR analysis of BMDMs treated with or without DEM. Diagonal lines in (F) indicate 3-fold difference. Arrowhead in (F), miR-129-5p. (H) miR-129 directly

suppresses Maf activity by binding to its 39-UTR. Maf 39-UTR reporter plasmid was cotransfected with the indicated miR mimic or negative control (NC)

into HEK293T cells. Average values are shown with SD. Representative data of two independent experiments performed in triplicate with similar results are

shown. *p , 0.05, one-way ANOVA.
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macrophages, but some of them lose it as they approach the epi-
thelial border. Because blood-borne monocytes do not express
Maf (Fig. 1E), there might be locally supplied signal(s) that
promotes Maf expression only in macrophages residing adjacent
to the muscularis mucosa. Cytokines that enhance Maf mRNA
expression in vitro, for example IL-10 (73), would be candidates
that upregulate Maf in the colon.
Gut mucosa is considered one of the harshest environments in the

human body because the intestine is continually exposed to a wide
range of exogenous Ags. It is essential for intestinal macrophages to

maintain tolerance against those Ags to avoid uncontrolled inflam-
mation (74, 75). Thus, the downregulation of Maf in CD1692 mac-
rophages residing adjacent to the epithelial border appears beneficial
for both the avoidance of excess inflammatory responses and the
expression of cytoprotective genes. We speculated that contact with
bacterium-derived components downregulates Maf in CD1692

macrophages. To examine this speculation, we quantitated Maf ex-
pression in the colon macrophages of mice fed under GF conditions.
Contrary to our speculation, localization (Supplemental Fig. 3B) and
surface CD169 (Supplemental Fig. 3C), Siglec1, and Maf mRNA

FIGURE 8. CD169+ macrophages in the colon dynamically change their phenotype by downregulating Maf. (A) CD64hiCD169+ colon macrophages

downregulate Maf mRNA expression and subsequently upregulate Nrf2 target genes in intestinal inflammation. The 2% DSS was administered in drinking

water for 5 d. The Maf mRNA expression level was quantitated by qRT-PCR and is shown as fold change over naive colon CD1692 macrophages. Average

values are shown with SEM. n = 7 mice (day 0) or 8 mice (days 4 and 8) per group. *p, 0.05, one-way ANOVA. (B) Oxidative stress downregulatesMaf in

the colon CD64hiCD169+ macrophages. Mucosal inflammation was induced by intrarectal administration of 4% acetic acid (AcOH). The mRNA expression

of indicated genes in the colon CD64hiCD169+ macrophages was determined by qRT-PCR and is shown as fold change over untreated colon CD1692

macrophages. Average values are shown with SEM. n = 8 mice per group. *p , 0.05, Student t test. (C) Schematic model of phenotypic conversion of

macrophages during different phases of inflammation. On exposure to pathogens, Maf promotes acute inflammatory response while suppressing Nrf2

activity in CD169+ macrophages. Oxidative stress, such as accumulation of reactive oxygen species, in the same macrophages downregulates Maf, allowing

Nrf2 to promote cytoprotective gene expression. n.s., not significant.
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expression levels (Supplemental Fig. 3D) were identical in colon
CD169+ macrophages isolated from specific pathogen-free and GF
mice, indicating that endogenous factors other than commensal-derived
components affect the Maf expression. Although we provided evidence
that Maf converts the colon CD169+ macrophages to cells with the
cytoprotective phenotype, we were unable to identify the microen-
vironmental signals that regulate the Maf expression level in vivo.
Exploring these mechanisms is the next step to establish macrophage-
targeted therapy for the treatment of inflammatory disorders.
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28. Gordon, S., A. Plüddemann, and F. Martinez Estrada. 2014. Macrophage heteroge-
neity in tissues: phenotypic diversity and functions. Immunol. Rev. 262: 36–55.

29. Hoeffel, G., and F. Ginhoux. 2015. Ontogeny of tissue-resident macrophages.
Front. Immunol. 6: 486.

30. Bogunovic, M., F. Ginhoux, A. Wagers, M. Loubeau, L. M. Isola, L. Lubrano,
V. Najfeld, R. G. Phelps, C. Grosskreutz, E. Scigliano, et al. 2006. Identification
of a radio-resistant and cycling dermal dendritic cell population in mice and
men. J. Exp. Med. 203: 2627–2638.

31. Bain, C. C., A. Bravo-Blas, C. L. Scott, E. G. Perdiguero, F. Geissmann,
S. Henri, B. Malissen, L. C. Osborne, D. Artis, and A. M. Mowat. 2014. Constant
replenishment from circulating monocytes maintains the macrophage pool in the
intestine of adult mice. Nat. Immunol. 15: 929–937.

32. Yona, S., K. W. Kim, Y. Wolf, A. Mildner, D. Varol, M. Breker, D. Strauss-Ayali,
S. Viukov, M. Guilliams, A. Misharin, et al. 2013. Fate mapping reveals origins and
dynamics of monocytes and tissue macrophages under homeostasis. [Published
erratum appears in 2013 Immunity 38: 1073–1079.] Immunity 38: 79–91.

33. Hiemstra, I. H., M. R. Beijer, H. Veninga, K. Vrijland, E. G. Borg, B. J. Olivier,
R. E. Mebius, G. Kraal, and J. M. den Haan. 2014. The identification and de-
velopmental requirements of colonic CD169+ macrophages. Immunology 142:
269–278.

34. Apetoh, L., F. J. Quintana, C. Pot, N. Joller, S. Xiao, D. Kumar, E. J. Burns,
D. H. Sherr, H. L. Weiner, and V. K. Kuchroo. 2010. The aryl hydrocarbon
receptor interacts with c-Maf to promote the differentiation of type 1 regulatory
T cells induced by IL-27. Nat. Immunol. 11: 854–861.

35. Cao, S., J. Liu, L. Song, and X. Ma. 2005. The protooncogene c-Maf is an es-
sential transcription factor for IL-10 gene expression in macrophages. J.
Immunol. 174: 3484–3492.

36. Kataoka, K. 2007. Multiple mechanisms and functions of maf transcription
factors in the regulation of tissue-specific genes. J. Biochem. 141: 775–781.

37. Yoshida, T., T. Ohkumo, S. Ishibashi, and K. Yasuda. 2005. The 59-AT-rich half-
site of Maf recognition element: a functional target for bZIP transcription factor
Maf. Nucleic Acids Res. 33: 3465–3478.

38. Nakamura, M., M. Hamada, K. Hasegawa, M. Kusakabe, H. Suzuki,
D. R. Greaves, T. Moriguchi, T. Kudo, and S. Takahashi. 2009. c-Maf is essential
for the F4/80 expression in macrophages in vivo. Gene 445: 66–72.

39. Motz, G. T., and G. Coukos. 2011. The parallel lives of angiogenesis and im-
munosuppression: cancer and other tales. Nat. Rev. Immunol. 11: 702–711.

40. Seifert, L., G. Werba, S. Tiwari, N. N. Giao Ly, S. Alothman, D. Alqunaibit,
A. Avanzi, R. Barilla, D. Daley, S. H. Greco, et al. 2016. The necrosome pro-
motes pancreatic oncogenesis via CXCL1 and Mincle-induced immune sup-
pression. Nature 532: 245–249.

41. Voron, T., E. Marcheteau, S. Pernot, O. Colussi, E. Tartour, J. Taieb, and
M. Terme. 2014. Control of the immune response by pro-angiogenic factors.
Front. Oncol. 4: 70.
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