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MAFB Determines Human Macrophage Anti-Inflammatory
Polarization: Relevance for the Pathogenic Mechanisms
Operating in Multicentric Carpotarsal Osteolysis

Victor D. Cuevas,* Laura Anta,T Rafael Samaniego,;t Emmanuel Orta-Zavalza,*

Juan Vladimir de la Rosa,® Geneviéve Baujat, Angeles Dominguez-Soto,*

Paloma Sanchez-Mateos,” Maria M. Escribese,” Antonio Castrillo,® Valérie Cormier-Daire,'
Miguel A. Vega,* and Angel L. Corbi*

Macrophage phenotypic and functional heterogeneity derives from tissue-specific transcriptional signatures shaped by the local micro-
environment. Most studies addressing the molecular basis for macrophage heterogeneity have focused on murine cells, whereas the factors
controlling the functional specialization of human macrophages are less known. M-CSF drives the generation of human monocyte-derived
macrophages with a potent anti-inflammatory activity upon stimulation. We now report that knockdown of MAFB impairs the acquisition
of the anti-inflammatory profile of human macrophages, identify the MAFB-dependent gene signature in human macrophages and il-
lustrate the coexpression of MAFB and MAFB-target genes in CD163" tissue-resident and tumor-associated macrophages. The con-
tribution of MAFB to the homeostatic/anti-inflammatory macrophage profile is further supported by the skewed polarization of
monocyte-derived macrophages from multicentric carpotarsal osteolysis (Online Mendelian Inheritance in Man #166300), a pathology
caused by mutations in the MAFB gene. Our results demonstrate that MAFB critically determines the acquisition of the anti-

inflammatory transcriptional and functional profiles of human macrophages. The Journal of Immunology, 2017, 198: 2070-2081.

acrophage heterogeneity derives from the existence of

tissue-specific factors that control macrophage diftfer-

entiation and functional maturation. M-CSF and IL-34
control macrophage differentiation in most tissues (1, 2), whereas
GM-CSF drives the generation of alveolar macrophages (3). Cir-
culating monocytes are recruited to damaged tissues under in-
flammatory conditions (4) and acquire specialized functions
(macrophage polarization) under the influence of extracellular
cues (5). The macrophage sensitivity to the surrounding milieu is
exemplified by the ability of GM-CSF and M-CSF to induce the
acquisition of distinct effector functions (6, 7). Previous studies
have demonstrated that GM-CSF—primed macrophages (GM-M@)
and M-CSF-primed macrophages (M-M@) exhibit distinct cellu-
lar phenotypes (8-11), a distinct metabolic state (12, 13), and
display opposite effector functions like activin A—mediated inhi-

bition of tumor cell growth and production of LPS-induced cy-
tokines (7, 14). Specifically, GM-CSF primes macrophages
(GM-M@) to gain immunogenic activity and to produce inflam-
matory cytokines upon TLR stimulation, whereas M-CSF primes
macrophages (M-M@) with tissue repair and proangiogenic
functions, and with potent TLR-induced IL-10—producing ability
(7, 15). Accordingly, human GM-M@ and M-M@ are considered
as proinflammatory and anti-inflammatory macrophages (6, 16).
MAFB is a transcription factor of the large MAF subfamily
(MAFA, cMAF, MAFB, NRL) that binds to a specific DNA
element (MARE); heterodimerizes with cMAF, JUN, and FOS
(17-19); and associates and functionally inhibits MYB (19),
MITF, and NFATcl (20). MAFB controls lens development (21),
lymphangiogenesis (22), pancreatic o and 3 cell differentiation (23,
24), skin cell differentiation (25), chondrocyte matrix formation and
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development (26), and podocyte generation (27-30), and also reg-
ulates type I IFN production through recruitment of coactivators to
IFN regulatory factor 3 (31). Within the murine myeloid lineage,
MafB is preferentially expressed in most tissue-resident macro-
phages, whose specific enhancers contain an overrepresentation of
MARE sequences (32). MAFB restricts the ability of M-CSF to
instruct myeloid cell proliferation, promotes macrophage differen-
tiation (33) through repression of self-renewal enhancers in mac-
rophages in vivo (34), and negatively regulates osteoclast generation
via inhibition of FOS, MITF, and NFATc1 (20).

The deregulated expression/function of MAFB gives rise to various
human pathologies. Specifically, heterozygous missense MAFB mu-
tations result in multicentric carpotarsal osteolysis (MCTO; Online
Mendelian Inheritance in Man #166300), a rare osteolytic syndrome
with kidney affectation (35-38), whereas MAFB overexpression is a
common feature in multiple myeloma (39) and is linked to Dupuytren’s
disease (40), a fibroblastic proliferation of the palmar fascia. Loss of
MAFB function has recently been shown to cause Duane retraction
syndrome (41). Besides, animal models of disease revealed that MafB
deficiency ameliorates atherosclerotic lesions (42) and accelerates
obesity (43), whereas MafB mutations cause kidney-associated dis-
eases that result from altered podocyte differentiation (44).

Despite its pathological relevance, the association of MAFB to
human macrophage polarization states and the identity of MAFB-
regulated genes in human macrophages are mostly unknown. We
report that MAFB determines the anti-inflammatory gene signature
of M-CSF-primed human macrophages, identify the range of
MAFB-dependent genes in macrophages both in vitro and in vivo,
and demonstrate that MCTO monocyte-derived macrophages ex-
hibit an exacerbated anti-inflammatory profile that might con-
tribute to the pathological consequences of deregulated MAFB
expression or function.

Materials and Methods

Generation of monocyte-derived macrophages

The methods were carried out in accordance with the approved guidelines.
Human PBMC were isolated from buffy coats from normal donors over a
Lymphoprep (Nycomed Pharma, Oslo, Norway) gradient according to standard
procedures approved by Ethical Board of the Consejo Superior de Inves-
tigaciones Cientificas. Blood leukocyte preparations were purchased from
Comunidad de Madrid Blood Center. Monocytes were purified from PBMC by
magnetic cell sorting using anti-CD14 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) (>95% CDI14" cells). Monocytes (0.5 X 10° cells/ml,
>95% CD14" cells) were cultured in RPMI 1640 supplemented with 10%
FBS for 7 d in the presence of 1000 U/ml GM-CSF, 10 ng/ml M-CSF
(ImmunoTools, Friesoythe, Germany), or 10 ng/ml IL-34 (BioLegend) to
generate  GM-CSF-polarized macrophages (GM-M@), M-CSF-polarized
macrophages (M-M@), or IL-34—polarized macrophages, respectively. Cyto-
kines were added every 2 d. Cells were cultured in 21% O, and 5% CO,.
Monocyte-derived osteoclasts were generated by culturing monocytes for 12 d
on glass coverslips in the presence of M-CSF (25 ng/ml) and receptor activator
for NF-kB ligand (RANKL; 30 ng/ml). After fixing, osteoclast generation was
verified by staining for tartrate-resistant acid phosphatase (TRAP) using the
Leukocyte Acid Phophatase kit (Sigma-Aldrich). Determination of osteoclast-
mediated degradation of human bone collagen (type I) was done using the
OsteoLyse Assay kit (human collagen; Lonza, Walkersville, MD). Generation
of monocyte-derived macrophages from MCTO patients was done using a
similar procedure and following the Medical Ethics Committee procedures of
Hospital Clinico Universitario, Santiago de Compostela (patient MCTO#1),
and of Hopital Necker Enfants Malades, Paris (two patients referred to as
MCTO#2). Informed consents were obtained from all subjects. MCTO#1
patient was found to contain a Ser**Leu (161C > T) mutation, whereas pa-
tients MCTO#2 contain a Pro®Leu (188C > T) mutation (36). For MAFB
knockdown, M-M@ (10° cell/ml) were transfected with a MAFB-specific small
interfering RNA (siMAFB, 50 nM; Life Technologies) using Hiperfect (Qia-
gen). As a control, cells were transfected with a nonspecific small interfering
RNA control (siControl; Life Technologies). After transfection, cells were
cultured for the indicated times in RPMI 1640 supplemented with 10% FBS.
Where indicated, cells were treated with 10 ng/ml Escherichia coli 055:B5
LPS (Sigma-Aldrich) or exposed to tumor ascitic fluids of different origins (11)
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that were provided by M. Palomero (Oncology Department, Hospital Gen-
eral Universitario Gregorio Marafién). Macrophage supernatants were
assayed for the presence of cytokines using commercial ELISA kits for
CCL2 (BD Biosciences) and IL-10 (BioLegend), according to the proto-
cols supplied by the manufacturers. Mouse bone marrow—derived macro-
phages were generated using human M-CSF (10 ng/ml; ImmunoTools). All
animal procedures were approved by the Comité Etico de Experimentacion
Animal (Ethical Committee for Animal Experimentation) of the Consejo
Superior de Investigaciones Cientificas and conducted in accordance with
the approved guidelines.

Quantitative real-time RT-PCR

Total RNA was extracted using the NucleoSpin RNA/Protein kit (Macherey-
Nagel, Diiren, Germany), retrotranscribed, and amplified using the Uni-
versal Human Probe Library (Roche Diagnostics, Mannheim, Germany).
Oligonucleotides for selected genes were designed according to the Roche
software for quantitative real-time PCR (Roche Diagnostics, Mannheim,
Germany). Assays were made in triplicate, and results were normalized
according to the expression levels of TBP or 18S rRNA for macrophage or
monocyte samples, respectively. Custom-made microfluidic gene cards
(Roche Diagnostics) were designed to analyze the expression of a set of
genes whose expression is differentially modulated by LPS in GM-M@ and
M-M@ (V.D. Cuevas and A.L. Corbi, unpublished observations). Specifically,
the gene cards included 10 genes upregulated by LPS in both GM-M@ and
M-M@, 16 genes upregulated by LPS exclusively in GM-M@, 37 genes
upregulated by LPS exclusively in M-M@, 3 genes downregulated by LPS
exclusively in GM-M@, and 20 genes downregulated by LPS exclusively in
M-M@. Assays were made in duplicate on three independent samples of each
type, and the results were normalized according to the mean of the expression
level of endogenous reference genes HPRT1, TBP, and RPLPO. In all cases
(quantitative real-time PCR or gene cards), the results were expressed using
the AA cycle threshold method for quantitation.

Western blot

Cell lysates were obtained in radioimmunoprecipitation assay buffer
(10 mM Tris-HCI [pH 8], 150 mM NaCl, 1% Nonidet P-40, 2 mM Pfabloc,
2 mg/ml aprotinin/antipain/leupeptin/pepstatin, 10 mM NaF, and 1 mM
Na3VO,). A total of 10 pg cell lysate was subjected to SDS-PAGE under
reducing (MAFB) or nonreducing (CLEC5A) conditions and transferred
onto an Immobilon polyvinylidene difluoride membrane (Millipore).
Protein detection was carried out using Abs against MAFB (sc-10022;
Santa Cruz) and CLEC5A (MAB2384; R&D Systems). Protein loading
was normalized using a mAb against GAPDH (sc-32233; Santa Cruz).

MAFB expression vectors, site-directed mutagenesis, and
reporter assays

The coding sequence of MAFB was amplified by PCR from reverse-transcribed
cDNA from a healthy donor and was sequenced to confirm the absence of
mutations. The oligonucleotides used for amplification of the MAFB coding
region were 5'-CGGAATTCCGATGGCCGCGGAGCTGAGC-3" and 5'-
GCTCTAGAGCTCACAGAAAGAACTCGGGAGAG-3’, which include
EcoRI and Xbal restriction sites for subsequent cloning into EcoRI- and Xbal-cut
pCDNA3.1(+) expression vector (pPMAFBwt). Site-directed mutagenesis was
carried out using the QuikChange site-directed mutagenesis kit (Stratagene) to
generate MAFB expression constructs with the Ser”*Leu mutation (161C > T,
found in MCTO#1 patient) (p)MAFB161T), the Pro®®Arg mutation (188C > G)
(PMAFBI188G) (36), or the Pro’'Ser mutation (211C > T) (pMAFB211T) (38).
The oligonucleotides used for mutagenesis were S54L forward (5'-CACGC-
CTGCAGCCAGCCGGCTTGGTGTCCTCCAC-3"), S54L reverse (5'-GTGG-
AGGACACCAAGCCGGCTGGCTGCAGGCGTG-3"), P63R forward (5'-CC-
GCTCAGCACTCGGTGTAGCTCCGTGCCCTCGTC-3"), P63R reverse (5'-
GACGAGGGCACGGAGCTACACCGAGTGCTGAGCGG-3"), P71S forward
(5'-GTAGCTCCGTGCCCTCGTCGTCCAGCTTCAGCCCGACCGAAC-3),
and P71S reverse (5-GTTCGGTCGGGCTGAAGCTGGACGACGAGGGCA-
CGGAGCTAC-3'). The resulting plasmids were verified by sequencing.

To check the transcriptional activity of MAFB MCTO-causing muta-
tions, HEK293T cells were seeded in 24-well plates at 4 X 10* cells per
well and transfected with SuperFect (Qiagen) with 200 ng each expression
vector and 1 pg 3XMARE-Luc reporter vector. Each transfection also
included 25 ng construct expressing the Renilla luciferase for normaliza-
tion of transfection efficiency. After 24 h, firefly and Renilla luciferase
activities were determined by using the Dual-Luciferase Reporter Assay
System (Promega). The 3XMARE-Luc reporter construct was generated
by inserting three multimerized MAF-recognition elements (MARE) (18)
into HindIII- and Xhol-cut pXP2-TATA plasmid. The sequences of
the oligonucleotides used to generate the 3XMARE-Luc construct were
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5'-agctttcgacccgaaagg TGCTGAcg TCAGCAgctagecectcgacccgaaagg TGCTGAcE T
CAGCAgctagecctcgaccegaaagg TGCTGAcgTCAGCAgctageece-3' and 5'-
tcgaggggcta gcTGCTGAcgTCAGCAcctttcgggtcgagggctagc TGCTGACgTC-
AGCAcctttcgggtcgagggcetagc TGCTGAcgTCAGCAcctttcgggtegaa-3', in
which capital letters indicate the MAFB binding sites.

To assess the protein stability of MAFB MCTO-causing mutants,
HEK293T cells were transfected with 1 pg pMAFBwt, pMAFB161T,
PMAFB188G, or pMAFB211T plasmids using SuperFect (Qiagen). After 24 h,
cells were treated with 10 pg/ml cycloheximide, and cell lysates were gen-
erated at the indicated times using radioimmunoprecipitation assay buffer.

Microarray analysis

Global gene expression analysis was performed on RNA obtained from
siControl-transfected M-M@, siMAFB-transfected M-M@, and M-M@
generated from either MCTO#1 or two healthy individuals. In the case of
M-M@ from MCTO#1, two RNA aliquots were analyzed in parallel. RNA
was isolated using the RNeasy Mini kit (Qiagen, Germantown, MD) and
analyzed with a whole human genome microarray from Agilent Technol-
ogies (Palo Alto, CA). Only probes with signal values >60% quantile in at
least one condition were considered for the differential expression and
statistical analysis. Statistical analysis for differential gene expression was
carried out using empirical Bayes moderated ¢ test implemented in the
limma package (http://www.bioconductor.org). For the gene expression
analysis of the siMAFB-transfected M-M@, a paired ¢ test was used. The
p values were further adjusted for multiple hypotheses tested using the
Benjamini-Hochberg method to control the false discovery rate (45). All of
the above procedures were coded in R (http://www.r-project.org). Micro-
array data were deposited in the Gene Expression Omnibus (http:/www.
ncbi.nlm.nih.gov/geo/) under accession number GSE84622. The differen-
tially expressed genes in both microarray experiments were analyzed for
annotated gene set enrichment using the online tool ENRICHR (http://
amp.pharm.mssm.edu/Enrichr/) (46, 47). Enrichment terms were consid-
ered significant when they had a Benjamini-Hochberg—adjusted p value
<0.05. For gene set enrichment analysis (GSEA) (48), the gene sets
contained in the Molecular Signature databases available at the GSEA Web
site and the previously defined proinflammatory gene set and anti-
inflammatory gene set (49), which contain the top and bottom 150 probes
from the GM-M@ versus M-M@ limma analysis of the microarray data in
GSE68061 (ranked on the basis of the value of the ¢ statistic), were used.

Fluorescence confocal microscopy

Human biopsied samples were obtained from patients undergoing surgical
treatment and following the Medical Ethics Committee procedures of
Hospital General Universitario Gregorio Maraién, Madrid, and Hospital
Clinic, Barcelona. Frozen samples were cryosectioned (5 pwm), fixed with
acetone, blocked with human Igs, and simultaneously stained with dif-
ferent primary Abs at 1-5 pg/ml. Imaging was performed with the glycerol
ACS APO X20 NA 0.60 immersion objective of a confocal fluorescence
microscope (SPE; Leica Mycrosystems). For quantification of in vivo
protein expression, mean fluorescence intensities of the proteins of inter-
est (MAFB, CD163L1, HTR2B, and CXCL12) were quantified at seg-
mented CD163* macrophages using the FIJT software (National Institutes of
Health) and background subtracted data from at least three different fields
displayed as scatter plots (GraphPad). The Abs used were the following:
goat polyclonal anti-MAFB (sc-10022; Santa Cruz), mouse monoclonal anti-
CD163 (K0147-4; MBL), rabbit polyclonal anti-CD163L1 (HPA015663;
Sigma-Aldrich), rabbit polyclonal anti-CXCL12 (P87B; PeproTech), and
rabbit polyclonal anti-HTR2B (sc-25647; Santa Cruz).

Statistical analysis

For comparison of means, and unless otherwise indicated, statistical
significance of the generated data was evaluated using the Student 7 test. In
all cases, a p value < 0.05 was considered statistically significant.

Results
MAFB expression in human macrophages under homeostatic
and anti-inflammatory conditions

Transcriptional analysis of M-M@ and GM-M@ (GSE27792) (14)
revealed the preferential expression of the MAFB gene in mac-
rophages with anti-inflammatory potential, as M-M@ express 19
times higher levels of MAFB RNA than GM-M@ (p < 0.0005)
(Fig. 1A). In agreement with the transcriptional data, M-M@
exhibited much higher levels of MAFB protein than GM-M@
(Fig. 1B). During M-CSF-driven differentiation, MAFB mRNA

levels dropped at early time points and peaked 24-48 h after
M-CSF treatment (Fig. 1C, upper panel). The MAFB protein levels
were greatly increased along M-M@ differentiation, with maximal
levels observed 24-48 h after the initial M-CSF treatment (Fig. 1C,
lower panel). Interestingly, maximal MAFB protein levels preceded
the maximal level of expression of paradigmatic M-M@-specific
genes like HTR2B, F13A1, OLFML2B, IL10, and CDI163L1, which
were expressed at high levels 72 h after addition of M-CSF
(Supplemental Fig. 1A). Therefore, the presence of high levels of
MAFB precedes the maximal expression of M-M@-specific genes.
High levels of MAFB mRNA were also detected in IL-34—polarized
macrophages (Fig. 1D), and MAFB levels were upregulated in
monocytes exposed to M-CSF—containing tumor cell-conditioned
media (Fig. 1E). Therefore, M-CSF-, IL-34—, and M-CSF—con-
taining ascitic fluids increase MAFB expression in human mono-
cytes. Immunohistochemistry analysis revealed that MAFB ex-
pression is absent in CD163* placenta macrophages, but readily
detected in vivo in tissue-resident CD163* macrophages from colon
(submucosa and muscle) and skin, as well as in tumor-associated
CD163* macrophages in melanoma samples (Fig. 1F), thus con-
firming the expression of MAFB in certain tissue-resident macro-
phages and in macrophages with anti-inflammatory potential under
pathological conditions. These results indicate that MAFB expres-
sion characterizes human macrophages with homeostatic/anti-
inflammatory functions both in vitro and in vivo.

MAFB controls the acquisition of the anti-inflammatory
transcriptional profile of M-M®

To assess the role of MAFB in human macrophage anti-inflammatory
polarization, MAFB expression was silenced using MAFB-specific
small interfering RNA (siMAFB, Fig. 2A), and the effects of
MAFB silencing on the M-M@-specific transcriptome were deter-
mined. MAFB knockdown resulted in diminished expression of
most M-M@-specific genes (Fig. 2B), including HTR2B, IGF1I,
STABI, and CDI163L1, whose expression is associated with mac-
rophage anti-inflammatory functions (9, 10, 49-51). A similar result
was observed after Mafb knockdown in M-CSF-dependent bone
marrow—derived mouse macrophages (Supplemental Fig. 1B, 1C).
Therefore, MAFB controls the expression of genes associated with
anti-inflammatory macrophage polarization. To identify the whole
range of MAFB-dependent genes in human macrophages, we next
determined the transcriptome of MAFB-deficient M-M@ (Fig. 3A).
Defective MAFB expression significantly (adjusted p value <0.05)
altered the expression of 284 probes (247 annotated genes) in
M-M@ (Supplemental Table I). Specifically, MAFB knockdown led
to downregulation of 147 genes and upregulation of 100 genes in
M-M@ (Fig. 3B, Supplemental Table I). These results were later
confirmed by quantitative PCR, which showed that MAFB silencing
reduces the expression of M-M@-specific genes (e.g., IL10, CCL2,
EMRI, SLC40A1) and also increases the expression of genes asso-
ciated with GM-CSF-driven proinflammatory polarization (e.g.,
CLEC5A) (50) (Fig. 3C, 3D). Gene Ontology analysis of the genes
downregulated upon MAFB knockdown revealed a significant en-
richment of genes upregulated by IL-10 (adjusted p = 7.4 X 10723
and IFN-B (adjusted p = 9.8 X 10733, but downregulated upon
MYB overexpression (adjusted p = 5.8 X 10", thus supporting
the link between MAFB and the expression of anti-inflammatory
genes, and in line with previously reported MAFB functions and
interactions (Supplemental Fig. 2A, 2B). Regarding the genes whose
expression increases after MAFB knockdown, ENRICHR revealed
enrichment of genes with functional MYB binding sites (adjusted
p=5.1 X 10""%) as well as vitamin D3- or retinoic acid—responsive
genes (adjusted p = 3.4 X 1072 and 54 X 1073, respectively)
(Supplemental Fig. 2A, 2B), two compounds that control osteoclast
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FIGURE 1. MAFB expression in homeostatic and anti-inflammatory macrophages in vitro and in vivo. (A) MAFB mRNA expression as determined by
quantitative RT-PCR. Results are indicated as the expression in M-M@ relative to GM-M@ (n = 6, p = 0.0055). (B) MAFB protein expression as determined
by Western blot. A representative experiment of three independent experiments is shown. (C) MAFB mRNA (upper panel) and protein (lower panel)
expression in monocytes differentiated in the presence of M-CSE. The upper panel shows mean * SD of the mRNA levels at the indicated time points and
relative to the levels detected at the 24-h time point (n = 4, *p < 0.05, ***p < 0.005). The lower panel illustrates the result of one of two independent
experiments. (D) MAFB mRNA expression in IL-34 M@. Shown is a representative experiment run in triplicates by quantitative RT-PCR. Results are
indicated as the levels of MAFB mRNA relative to the levels of housekeeping HPRT1, TBP, and RPLPO genes. (E) MAFB protein in untreated monocytes
(lane -) and monocytes exposed for 48 h to ascitic fluids from patients with tumors of distinct origin: bladder (lane 1), colon (lanes 2, 3, and 6), stomach
(lane 4), ovary (lane 5), bile duct (lane 7), and thyroid gland (lane 8). (F) MAFB (green) expression in CD163" (red) macrophages in tissues. DAPI staining
is shown in blue. Melanoma #274 refers to a biopsy from a lymph node melanoma metastasis sample.

proliferation and differentiation (52). Moreover, MAFB knockdown The M-M@-specific macrophage transcriptome is altered in
downregulated the expression of 69 genes whose mouse orthologous macrophages derived from MCTO monocytes
have been 1dent.1ﬁed as MAFB targets by ChIP-sequencing (34) Mutations within the MAFB transcriptional activation domain
(Supplemental Fig. 2C, 2D). ) cause MCTO (Online Mendelian Inheritance in Man #166300), a
GSEA using the gene sets that best define the proinflammatory GM- very rare autosomal dominant disorder (35-38). Because MCTO-
M@-and ant1—1nﬂammat9ry .M-MQ—speaﬁc signatures (49) re\{ealed causing MAFB mutations map to the GSK3 phosphorylation sites
that MAFB knockdown significantly downregulates the expression of (35-38) that determine large MAF protein stability (53, 54), we
the genes within the M-M@-specific gene set while increasing the
expression of the GM-M@-specific gene set (Fig. 3E). In fact, 19.4% macrophages as a means to address the consequences of an en-
of the genes within the M-M@-specific gene set (33 of 17.0).were hanced expression of MAFB within a pathological context. Spe-
downregulated upon MAFB knockdown, whereas no gene within the cifically, we derived macrophages from a case of MCTO
GM-M@-specific gene set was downregulated after MAFB silencing previously characterized from the clinical point of view (harboring
(Fig. 3F). These results were validated at the protein level, as MAFB a heterozygous 161C > T mutation [Ser>*Leu], and hereafter
knockdown reduced the basal production of both CCL2 (Fig. 3G) termed MCTO#1) (Fig. 4A) (55) and two previously described
and IL-10 (Fig. 3H) from M-M@. Altogether, the above results patients (harboring a heterozygous 188C > T mutation [Pro®*Leul,
demonstrate that MAFB is a critical factor for the acquisition/ both referred to as MCTO#2) (36, 38) (Fig. 4B). MAFB protein

undertook the characterization of MCTO monocyte-derived

maintenance of the anti-inflammatory transcriptome of human mac- levels were higher in both MCTO#1 monocytes (Fig. 4C) and
rophages, as it positively controls the expression of M-M@-specific MCTO#1 monocyte-derived macrophages (Fig. 4D), suggesting
genes and impairs the expression of genes associated with the GM- that MCTO MAFB mutations enhance protein stability. In line
CSF-directed proinflammatory polarization. Such a conclusion is with this hypothesis, MAFB mutants containing the mutations

further supported by the significant enrichment of the hallmark- found in MCTO#1 and two additional patients (188C > G, [Pro®
inflammatory response, hallmark IFN-y response, and hallmark Arg] and 211C > T, [Pro’'Ser], respectively) (36, 38) exhibited a
IFN-a response GSEA gene sets within the genes upregulated after considerably extended t,,, after transfection in HEK293T cells
siMAFB transfection (false discovery rate g value = 0). (Fig. 4E). Besides, and in agreement with previous results on
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FIGURE 2. The expression of M-M@-specific genes is MAFB depen-
dent. (A) MAFB Western blot in siControl or siMAFB M-M@ for the in-
dicated times. (B) Quantitative RT-PCR of the indicated genes after
transfection for 24 h. Results are indicated as the mRNA levels of each gene
in siMAFB M-M@ relative to siControl cells (n = 4, *p < 0.05, **p <
0.005, ***p < 0.0005).

MAF and MAFA (17, 54), MCTO MAFB mutants exhibited re-
duced transactivation activity (Fig. 4F). Therefore, MCTO
monocytes constitute a useful, and pathologically relevant, system
to test the transcriptional consequences of an enhanced MAFB
expression in human macrophages. Accordingly, M-M@ and
GM-M@ were generated from MCTO#1 monocytes, and the
transcriptomic profile of MCTO#1 M-M@ was determined.
Comparison of MCTO#1 and control M-M@ gene signatures
revealed the differential expression (adjusted p < 0.19, corre-
sponding to unadjusted p < 0.005) of 321 annotated genes, with
231 genes downregulated and 90 genes upregulated in MCTO#1
M-M@ (Fig. 5A, Supplemental Table II). Analysis of the genes
with lower expression in MCTO#1 M-M@ revealed a significant
enrichment of genes containing functional MYB (adjusted p =4.5 X
10~%), MITF (adjusted p = 7.5 X 107'%), and JUN binding sites
(adjusted p = 6.5 X 107%) (Fig. 5B), what fits with the known

inhibitory actions of MAFB (20). Further supporting the presence
of elevated MAFB levels in MCTO M-M@, the set of genes with
lower expression in MCTO#1 M-M@ was enriched in genes
positively regulated by RANKL (adjusted p = 1.9 X 107'%), a
major driver of osteoclast generation (20) (Fig. 5B). Interestingly,
the set of genes with higher expression in MCTO M-M@ was
enriched in genes downregulated in systemic juvenile idiopathic
arthritis (adjusted p = 2.5 X 1072), a pathology that mimics
MCTO (56). Further validation of microarray data through
quantitative RT-PCR on independent samples of MCTO#1 and
MCTO#2 M-M@ allowed the identification of 14 genes whose
expression is significantly different between control and MCTO-
derived M-M@ (Fig. 5C).

The global transcriptional effect of MCTO-causing MAFB
mutations was also assessed by GSEA using the gene sets that best
define GM-M@- and M-M@-specific signatures. MCTO#1 M-M@
exhibited a significant reduction in the expression of proin-
flammatory (GM-M@-specific) genes as well as a significant in-
crease in the expression of anti-inflammatory (M-M@-specific)
genes (Fig. 5D), with genes such as IL-10, HTR2B, and CD209
critically contributing to these significant changes. In fact, the
expression of these and other M-M@-specific genes was also
significantly enhanced in M-M@ from MCTO#1 and MCTO#2
monocytes (Fig. SE). Conversely, and in line with the GSEA re-
sults, the expression of genes that best define proinflammatory
GM-M@ polarization (TNF, CCR2, INHBA, EGLN3) (9, 12, 14)
appeared reduced, whereas /L10 was enhanced, in MCTO#1 GM-
M@ (Fig. 5F). Moreover, in agreement with the inhibitory effect
of the MCTO#1 MAFB mutation on the expression of RANKL-
regulated genes (Fig. 5B), MCTO#1 monocytes exposed to
M-CSF and RANKL exhibited an impaired ability to differentiate
into multinucleated osteoclasts, as shown by TRAPS staining
(Fig. 5H), expression of osteoclast differentiation gene markers
(CTSK, OCSTAMP, DCSTAMP, and the TRAP-encoding gene
ACPS5) (Fig. 5I), and collagen-degradation ability (Fig. 5J). Al-
together, these results indicate that macrophages from MCTO
patients exhibit an enhanced anti-inflammatory profile and that
heterozygous MCTO-causing MAFB mutations drive macrophages
toward the upregulation of genes associated with anti-inflammatory
macrophage polarization, thus reinforcing the contribution of
MAPFB to the acquisition and maintenance of the anti-inflammatory
gene signature in human macrophages (Fig. 5G).

MAFB also influences the LPS responsiveness of human
macrophages

Next, the involvement of MAFB in the LPS-induced activation of
M-M@ was assessed through the analysis of the M-M@-specific
transcriptional response to LPS, which differs from that of
GM-M@ and includes CCL19, ARNT2, MAOA, and PDGFA up-
regulation (V.D. Cuevas and A.L. Corbi, unpublished observations).
MAFB knockdown altered the LPS responsiveness of M-M@, as it
reduced the LPS-dependent upregulation of CCLI19, ARNT2,
PDGFA, and MAOA (Fig. 6A) and significantly diminished the
LPS-induced expression of /LI10 (Fig. 6B). By contrast, the LPS-
mediated increase of these genes was higher in MCTO#1 M-M@
than in control M-M@ (Fig. 6C), again illustrating the opposite
consequences of MAFB silencing and MCTO-causing MAFB
mutations. Therefore, MAFB also contributes to the acquisition of
the gene expression profile of LPS-activated M-M@.

Coexpression of MAFB and MAFB-regulated genes in human
macrophages in vivo

To gain additional evidence for the physiological significance of the
MAFB-dependent transcriptome in human macrophages, we next
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FIGURE 3. MAFB controls the global anti-inflammatory transcriptional signature of M-M@. (A) Experimental design. (B) Number of genes whose

expression is higher (UP) or lower (DOWN) in siMAFB M-M@ compared
by quantitative RT-PCR in independent samples of siMAFB and siControl

with siControl M-M@ (adjusted p < 0.05). (C) Validation of microarray results
M-M@ (n =4, *p < 0.05, **p < 0.005, ***p < 0.0005). Data are indicated as

mean *= SD of mRNA levels in siMAFB M-M@ relative to siControl M-M@. (D) CLEC5A Western analysis in M-M@ treated as indicated. Shown is one
experiment of three performed on independent samples. (E) GSEA analysis on the 7 statistic-ranked list of genes obtained from the siMAFB-M-M@ versus
siControl-M-M@ limma analysis, using the proinflammatory (top) and anti-inflammatory (bottom) gene sets previously defined (49). Red and blue arrows
indicate the location in the ranked list of those genes whose expression is higher or lower, respectively, in siMAFB M-M@. (F) Venn diagram analysis of the
genes with significantly lower expression in siMAFB M-M@ compared with the GM-M@- and M-M@-specific gene signatures (genes that are differ-
entially expressed between GM-M@ and M-M@ by >8-fold, GSE68061). (G and H) ELISA of CCL2 and IL-10 protein levels in culture media from M-M@

treated as indicated (n = 4 for CCL2, n = 7 for IL-10, *p < 0.05).

determined whether a correlation exists between the expression of
MAFB and proteins encoded by MAFB-dependent genes in human
macrophages in vivo. To that end, we performed immunofluo-
rescence on melanoma, in which accumulation of tumor-promoting
and immunosuppressive macrophages associates with a poor
clinical outcome (57), as well as in other tissues in which mac-
rophages display anti-inflammatory/homeostatic functions (58).
Coexpression of MAFB and CD163L1 was observed in CD163"
macrophages from colon and dermis, where MAFB expression
had been detected (Fig. 7A). Moreover, CD163" tumor-associated
macrophages from melanoma samples coexpressed MAFB and
the proteins encoded by MAFB-dependent genes such as HTR2B,

CDI163L1, and CXCLI2 (Fig. 7B). Therefore, MAFB is a primary
driver of the anti-inflammatory gene profile of human M-CSF-
dependent macrophages, and the presence of MAFB-regulated
genes provides useful markers for the in vivo identification of
anti-inflammatory macrophages.

Discussion

Whereas most studies on the functional heterogeneity of macro-
phages have focused on mouse tissue-resident macrophages (32,
59, 60), determining the factors that underlie human macrophage
heterogeneity under homeostatic and pathological conditions is
still required for translational approaches to be undertaken (61).
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FIGURE 4. Mutations responsible for MCTO affect the stability and transcriptional activity of MAFB. (A) Nucleotide sequence of the mutation hotspot
in the MAFB gene in MCTO. Sequencing of a healthy donor (top) and the MCTO#1 patient (down) is shown. Red arrow marks the heterozygous mutation
(161C > T) in MCTO#1. (B) Representation of the MAFB protein. Red dots indicate amino acids mutated in MCTO. Black arrows indicate the amino acids
mutated in the MCTO MAFB expression vectors and the amino acids affected in the MCTO#1 and MCTO#2 patients. (C and D) MAFB mRNA and protein
expression in monocytes (C) and M-M@ (D) from MCTO#1 and three healthy controls, as determined by quantitative RT-PCR and Western blot. Relative
mRNA expression indicates the MAFB mRNA levels relative to the 7TBP mRNA levels in each macrophage sample. (E) MAFB protein levels were de-
termined by Western blot in HEK293T transfected with the indicated expression vectors after 1-5 h of cycloheximide (CHX) treatment. (F) MAFB-
dependent MARE-specific transcriptional activity in HEK293T cells transfected with the indicated MAFB expression vectors. The MARE-specific luciferase
activity was determined by expressing the luciferase activity produced by each MAFB construct on the 3XMARE-Luc reporter relative to the luciferase
activity produced by the same expression vector in the presence of the promoter-less TATA-pXP2 plasmid. In all cases, the MARE sp. act. of each MCTO-
causing MAFB mutant is referred to the activity produced by pMAFBwt (arbitrarily set to 1) (n = 3, *p < 0.05; for pMAFBI161T, p = 0.12).

We now report the identification of the MAFB-dependent tran-
scriptome in IL-10-producing anti-inflammatory macrophages.
The analysis of the MAFB-dependent gene set in control and
MCTO macrophages has led us to demonstrate that MAFB con-
trols the acquisition of the transcriptional signature and effector
functions that characterize anti-inflammatory human macrophages
in vivo and in vitro. In line with the preferential expression of
MAFB in IL-10-producing macrophages, the MAFB tran-
scriptome of human M-M@ includes genes with anti-inflammatory
activity and genes whose expression associates with the acquisi-
tion of macrophage anti-inflammatory activity. Among the first

group, it is worth mentioning IL-10, the paradigmatic anti-
inflammatory cytokine (62); CCL2, which impairs the produc-
tion of inflammatory cytokines (9, 63, 64) and is controlled by
MAFB in mouse myeloid cells (65); and HTR2B, whose ligation
promotes an anti-inflammatory macrophage differentiation (10).
The MAFB dependency of CD163L1 expression is relevant be-
cause CD163L1 marks anti-inflammatory IL-10—producing tissue-
resident macrophages in healthy secondary lymphoid organs, liver,
and gut, and also characterizes melanoma-associated macrophages
(50). MAFB also positively regulates the expression of the EMRI
gene, whose mouse ortologue (the F4/80 receptor-encoding Emrl
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FIGURE 5. MCTO MAFB mutations significantly affect the M-M@ transcriptome. (A) Number of genes whose expression is higher (MCTO1 > control) or
lower (MCTO1 < control) in MCTO#1 M-M@ than in control M-M@ (p < 0.005; adjusted p < 0.192; log, fold MCTO#1/control > 0.7), as determined by
microarray analysis. (B) Gene ontology analysis of genes downregulated in MCTO#1, using the ENRICHR tool. The results extracted from the indicated databases
are shown (combined score = log(p value) X z-score). (C) Validation of microarray results by quantitative RT-PCR in M-M@ from MCTO#1 and MCTO#2

patients. Results are indicated as mean * SD of mRNA levels in MCTO M-M@ relative to control M-M@ (n = 3, *p < 0.05, **p

< 0.005, ***p < 0.0005). (D)

GSEA analysis of the ¢ statistic—ranked list of genes obtained from the MCTO#1 M-M@ versus control M-M@ limma analysis, using the proinflammatory (top) and
anti-inflammatory (bottom) gene sets previously defined. (E) Expression of the indicated M-M@-specific genes in M-M@ derived from MCTO#1 and MCTO#2
monocytes relative to control M-M@, as determined by quantitative RT-PCR. Shown are the mean =+ SD of three independent experiments (n = 3, *p < 0.05). (F)
Expression of the indicated GM-M@-specific genes in MCTO#1 GM-M@ relative to control GM-M@, as determined by quantitative (Figure legend continues)
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gene) is required for the induction of T regulatory cells in peripheral
tolerance (66) and whose expression depends on the Mafb-
heterodimerizing factor c-Maf (27, 67). Conversely, MAFB nega-
tively regulates genes associated with proinflammatory polarization
like CLEC5A, which codes for a lectin preferentially expressed in
TNF-a—producing macrophages in physiological and pathological
settings (50). Gene ontology analysis further supports the link be-
tween MAFB expression and macrophage anti-inflammatory po-
larization, as MAFB knockdown leads to a global downregulation
of genes preferentially expressed in anti-inflammatory macrophages
(anti-inflammatory gene set) and to a significant upregulation of the
proinflammatory gene set. Conversely, and in agreement with the
higher #;, of MCTO-causing MAFB mutants, the MCTO M-M@
gene signature revealed a global upregulation of the anti-inflammatory
gene set. All of these findings indicate that MAFB is a critical
determinant for the acquisition of the anti-inflammatory profile of
human macrophages.

Our results on in vitro monocyte-derived macrophages clearly
point to a link between M-CSF—driven differentiation and MAFB
expression: M-CSF-driven macrophage differentiation results in
high levels of MAFB, whereas the presence of GM-CSF lowers
the basal levels of MAFB found in human monocytes. This result
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agrees with the ability of murine MafB to antagonize the phenotypic
alteration of microglia induced by GM-CSF (68). Whether the
MAFB/GM-CSF antagonism operates in all types of macrophages is
still unknown. However, we have observed that MCTO mutations
limit the acquisition of GM-CSF-inducible genes in GM-M(, a
finding that might be relevant in the case of macrophages whose
development is critically dependent on GM-CSF (lung alveolar
macrophages) (69). Although no lung-associated pathology has been
to date reported in MCTO patients, it is worth noting that a significant
number of genes aberrantly expressed in pulmonary diseases (pul-
monary sarcoidosis, asthma, and tuberculosis) exhibit an altered ex-
pression in MCTO M-M@, a finding that might be related to the fact
that mature alveolar macrophages, identified as intermediate positive
for the Emrl-encoded F4/80, are reduced in the bronchoalveolar la-
vage of mice expressing a dominant-negative MafB in macrophages
(70). Given these antecedents, the analysis of further MCTO patients,
it is certainly worthy as a means to get a deeper knowledge of the
molecular mechanisms operating in this and other related osteolytic
syndromes as well as to more clearly delineate the role of MAFB in
the acquisition of the human macrophage anti-inflammatory profile.

Although we have used MCTO-derived macrophages as a tool to
unravel the role of MAFB in human macrophage polarization, the

RT-PCR. Results from a single experiment are shown. (@) Schematic representation of the correlation between MAFB protein levels and the expression of
GM-M@- and M-M@-specific genes in control and MCTO macrophages. (H) MCTO#1 and control osteoclasts, as determined by phase-contrast mi-
croscopy, on cells stained for TRAP. Two independent experiments were done on monocytes from the MCTO#1 patient, and one of them is shown. Original
magnification X40. (I) Relative mRNA expression of the indicated osteoclast-associated genes along the M-CSF + RANKL-induced osteoclast differ-
entiation of monocytes from either two independent healthy controls (control) or the MCTO#1 patient. Shown are the mean (=SD) of the mRNA level of
each gene at the indicated time points and relative to the mRNA level of the corresponding gene in M-CSF + RANKL-treated MCTO#1 monocytes at
day 9. Results from a single experiment are shown. (J) Collagen-degradation activity of monocytes (from two healthy controls and the MCTO#1 patient)
subjected to the M-CSF + RANKL-induced osteoclast differentiation procedure. Two experiments were performed with similar results, and one of them is
shown. Empty and filled bars indicate monocytes differentiated in the presence of M-CSF alone or M-CSF + RANKL, respectively.
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FIGURE 7. Human tissue-resident
macrophages coexpress MAFB and
MAFB-dependent genes. (A) Immu-
nofluorescence of MAFB (green) and
CD163L1 (L1, red) in tissues, as
determined by confocal microscopy.
Right panel: correlation between
MAFB and CD163L1 expression in
CD163"* macrophages. Red and blue
mark tissues with CD163*MAFB*
or CD163*MAFB ™~ macrophages, re-
spectively. (B) Expression of the in-
dicated proteins in samples of primary
melanoma (PMel #276). Yellow arrows
mark CD163" MAFB* CD163L1*
HTR2B* CXCL12* macrophages,
whereas white arrows mark CD163*
MAFB~ CD163L1 " HTR2B™
CXCL12" macrophages. Bottom panels
show the positive correlation between
MAFB expression and the expression
of CD163L1, HTR2B, and CXCL12
in CD163* tumor-associated mac-
rophages from primary melanoma
(Pmel #276), lymph node metastatic
melanoma (MMel #274), and skin
metastatic melanoma (MMel #255)
samples.

COLON (LP)

information we have gathered from MCTO monocytes/macrophages
might shed light on the pathogenic mechanisms operating in MCTO
and other diseases in which osteolysis is a defining pathological feature.
In the case of MCTO, we have identified a number of genes whose
expression is altered not only in MCTO-derived macrophages, but also
in peripheral blood monocytes from the three analyzed MCTO patients
(data not shown). Although analysis of additional patients is still re-
quired to propose their use as potential MCTO diagnostic markers, a
disease commonly misdiagnosed (56), our results suggest that MCTO-
causing mutations affect monocyte differentiation into tissue-resident
macrophages, as exemplified by their inability to differentiate into
functional osteoclasts in vitro. Whether the profound anti-inflammatory
skewing of MCTO-derived M-M@ is responsible for their inability to
generate osteoclasts in vitro is an issue that we are currently pursuing.
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