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Tumor-associated macrophages (TAMs) represent the most abundant hematopoietic cell type in the solid tumor
microenvironment. TAMs drive T cell inhibition, promote angiogenesis, and produce tumor growth factors. Although they
can paradoxically exert antitumor activity and prime protective immunity, the pathways driving this phenotype remain
unclear. In this issue of the JCI, Liu and colleagues identified the c-Maf transcription factor as a master regulator of
protumoral TAM polarization. The authors found that c-Maf promoted TAMs’ immunosuppressive activity, governed their
metabolic programming, and drove expression of the macrophage differentiation protein, CSF1R. Further, inhibiting c-Maf
in myeloid progenitors, and consequent myeloid-lineage cells, including TAMs, delayed tumor growth. Importantly, β-
glucan treatment reduced c-MAF expression in macrophages and monocytes from patients with non–small cell lung
cancer (NSCLC) where c-MAF is overexpressed. These results reveal mechanisms whereby myeloid cells drive human
cancer progression by thwarting protective immunity and could lead to immunotherapy for most solid malignancies.
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c-Maf upregulation drives 
M2 attributes and enhances 
immunosuppressive activity
Virtually all solid tumors produce inflam-
matory factors that pathologically mobilize 
myeloid cells. At advanced stages of malig-
nant progression, immature cells of both 
the monocytic and the granulocytic lineage 
expand from the bone marrow with an 
immunosuppressive phenotype to accumu-
late at lymphatic locations and in peripher-
al blood (1, 2). These cells, termed myeloid- 
derived suppressor cells (MDSCs), can also 
home to tumor beds (3–5), where MDSCs 
of the monocytic lineage (or M-MDSCs) 
mature into even more immunosuppres-
sive MHC-II+ macrophages (6–8). Although 
most tumor-associated macrophages 
(TAMs) originate from M-MDSCs (1), pro-
liferating tissue-resident macrophages can 
also substantially contribute to the TAM 

pool in some tumors (9). Independently of 
their origin, most TAMs are associated with 
tumor-promoting and immunosuppressive 
activities. Based on the capacity of macro-
phages to undergo polarization programs 
that endow them with different functional 
activities, the phenotype of TAMs is associ-
ated with M2-like features (10).

The M1/M2 categorization stems from 
classic in vitro studies identifying M1 mac-
rophages as proinflammatory, microbicidal 
cells, whereas the M2 phenotype was asso-
ciated with antiinflammatory properties, 
including the secretion of immunosup-
pressive cytokines. Although this binary 
categorization is complicated by a contin-
uum of differentiation and heterogeneous 
polarization programs in the tumor micro-
environment (TME), most TAMs clearly 
exhibit M2-like attributes, including the 
amplified expression of the mannose recep-

tor CD206 and other scavenger receptors, 
arginase-1, indoleamine 2,3-dioxygenase 
(IDO), and tumor-promoting cytokines, 
including IL-10, IL-6, vascular endothelial 
growth factor A (VEGF-A), and TGF-β (9, 
11), while showing inhibited expression of 
M1 mediators such as IL-12. However, the 
molecular drivers of this M2-like pheno-
type, or how to reprogram macrophages 
into antitumor effectors, remain incom-
pletely understood.

In this issue of the JCI, Liu and col-
leagues reported that the leucine zipper 
transcription factor, c-Maf, is heavily 
overexpressed in M2-polarized macro-
phages. Silencing of c-Maf in M2 cells, or 
ectopic expression in M1 macrophages, 
reversed or promoted M2-like polarizing 
attributes, respectively, including IL-10 
and arginase I expression. According-
ly, macrophages from the fetal liver of 
c-Maf–KO mice failed to polarize into 
M2-like cells, and showed reduced immu-
nosuppressive activity, compared with 
their c-Maf–competent counterparts (12).

To gain mechanistic insight into how 
c-Maf regulates M2-like macrophage 
polarization, Liu et al. performed ChIP-se-
quencing experiments to identify stretch-
es of DNA that bound c-Maf. Many inter-
genic regions, along with direct binding to 
a conserved sequence located 3 kb down-
stream of the Csf1r transcription start 
site, were identified (12). The Csf1r gene 
encodes the receptor for colony-stimulat-
ing factor 1 (CSF1), a cytokine that con-
trols the production, differentiation, and 
function of macrophages (13) and MDSCs 
(14, 15), for which targeting approach-
es are currently in clinical development 
(16). The functional relevance of c-Maf 
binding to the Csf1r locus was confirmed 
using luciferase reporters in M2-polariza-
tion experiments. Accordingly, inhibiting 
c-Maf with a mycotoxin, Nivalenol, result-
ed in Csf1r (also known as CD115) down-
regulation concomitantly with decreased 
TAM immunosuppressive activity (12), 
suggesting that c-Maf drives an immuno-
suppressive phenotype in macrophages by 
regulating Csf1r expression (Figure 1).
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Tumor-associated macrophages (TAMs) represent the most abundant 
hematopoietic cell type in the solid tumor microenvironment. TAMs 
drive T cell inhibition, promote angiogenesis, and produce tumor growth 
factors. Although they can paradoxically exert antitumor activity and 
prime protective immunity, the pathways driving this phenotype remain 
unclear. In this issue of the JCI, Liu and colleagues identified the c-Maf 
transcription factor as a master regulator of protumoral TAM polarization. 
The authors found that c-Maf promoted TAMs’ immunosuppressive 
activity, governed their metabolic programming, and drove expression of 
the macrophage differentiation protein, CSF1R. Further, inhibiting c-Maf in 
myeloid progenitors, and consequent myeloid-lineage cells, including TAMs, 
delayed tumor growth. Importantly, β-glucan treatment reduced c-MAF 
expression in macrophages and monocytes from patients with non–small 
cell lung cancer (NSCLC) where c-MAF is overexpressed. These results reveal 
mechanisms whereby myeloid cells drive human cancer progression by 
thwarting protective immunity and could lead to immunotherapy for most 
solid malignancies.
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increased MHC-II levels (12). According-
ly, increased infiltration of IFN-γ–produc-
ing T cells in tumors from mice without 
c-Maf expression in myeloid cells could 
be attributed, at least in part, to pheno-
typic changes in TAMs, although the 
effects of c-Maf in granulocytes (includ-
ing PMN-MDSCs) remain unclear. It also 
remains to be elucidated whether the M1 
switch and the metabolic transformation 
occurring in c-Maf–deficient TAMs allows 
them to prime protective antitumor T cell 
immunity, or perhaps the M1-like pheno-
type provides the ability to directly elicit 
direct antitumor cytotoxicity. Strategies 
to reprogram immunosuppressive myelo-
poiesis in tumors could thereby boost the 
effects of immunotherapy in the clinic.

One of the most appealing aspects 
of the study by Liu and colleagues is the 
effectiveness of c-Maf inhibitors. Com-
bined anti–PD-1 and c-Maf inhibition, but 
not any individual intervention, caused 
significant delays in the progression of 
poorly immunogenic Lewis lung carci-
noma in mice, associated with tumor- 
infiltrating lymphocytes with superior 
production of IFN-γ. Therefore, although 
none of the c-Maf inhibitors used are tru-
ly specific, the work of Liu et al. points 
to a unique target to expand the range of 
patients responsive to immune check-
point inhibitors. Furthermore, because 
the immunosuppressive effects conferred 
by c-Maf overexpression in M2-like mac-
rophages appear to be dependent on Csf1r 
regulation, the current study indirectly 

sibility that c-Maf expression drives the 
conversion of M-MDSCs/monocytes into 
M2-like macrophages at tumor beds, in 
conjunction with hypoxia (8), CSF (7), or 
exosomes released from tumor-educated  
mesenchymal stem cells (6) cannot be 
ruled out. Further studies evaluating the 
crosstalk of c-Maf in different popula-
tions of myeloid cells in tumors would be 
relevant, as the expression of the c-Maf–
modulated inhibitory factors Csfr1, IL-10, 
arginase I, and IDO has been associated 
with MDSC-mediated regulation (14, 15, 
17). Also, the mechanisms driving the 
expression and activity of c-Maf in TAMs 
remain unknown.

c-Maf ablation in myeloid cells 
delays malignant progression
Because constitutive ablation of c-Maf is 
embryonically lethal, Liu et al. generated 
a conditional c-Maf KO, to confirm the 
role of c-Maf in driving tumor-promoting 
activities in myeloid cells. As expected, the 
absence of c-Maf in myeloid cells resulted 
in delayed tumor growth, compared with 
mice bearing c-Maf–competent myeloid 
cells (Figure 1). Of note, c-Maf ablation 
using the conditional system selectively 
reduced the accumulation of tumor-pro-
moting polymorphonuclear MDSCs 
(PMN-MDSCs) at tumor beds, which 
are also major suppressors of antitumor 
immunity. Nevertheless, c-Maf–defi-
cient TAMs also exhibited reduced sup-
pressive effects on effector T cells, along 
with decreased expression of CD206 and 

c-Maf promotes M2-like 
polarization of macrophages  
in cancer
Because metabolic activity alters the func-
tional properties of macrophages, Liu et 
al. went on to demonstrate that inhibition 
of c-Maf impaired mitochondrial activity 
and increased baseline glycolytic flux, a 
phenotype observed in M1 macrophages. 
Complementary studies using stable 
isotope–resolved metabolomics (SIRM) 
linked to mass spectrometry revealed that 
c-Maf positively regulates TCA cycle activ-
ity along with N-glycosylation (12). Col-
lectively, these results point to a role for 
c-Maf as the driver of a metabolic switch in 
M2-polarized macrophages.

As expected, c-Maf was significantly 
overexpressed in (M2-like) macrophages 
infiltrating transplantable murine tumors, 
in which c-Maf silencing again reduced 
their suppressive activity and Csf1r 
expression, and caused metabolic repro-
gramming. Interestingly, bone marrow–
derived MDSCs lacked c-Maf expression, 
and c-Maf deficiency failed to change 
the magnitude of MDSC mobilization. 
Furthermore, turning on c-Maf did not 
accelerate the conversion of M-MDSCs 
into MHC-II+ macrophages in vitro, sug-
gesting that c-Maf drives M2-like polar-
ization in plastic MHC-II+ macrophages 
once they have matured at tumor beds, 
and not in their MDSC precursors. How-
ever, c-Maf expression was also found 
in circulating CD14+CD68– precursors 
in cancer patients (12). Hence, the pos-

Figure 1. c-Maf promotes M2 polarization in TAMs. In NSCLC, macrophages upregulate the expression of c-Maf, which transcriptionally regulates the 
expression of Csfr1 and promotes functional and metabolic polarization to M2-like phenotypes and drives T cell suppression. Liu et al. describe that inhibi-
tion or elimination of c-Maf in macrophages reprograms their metabolism and function to M1-like cells that promote antitumor responses.
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Given the magnitude of the immuno-
suppressive burden dependent on myeloid 
cells in solid tumors, it seems unlikely 
that simply rescuing T cells from intrinsic 
checkpoint inhibitory pathways will ever 
allow effective control of most advanced 
tumors. The results of Liu and colleagues 
(12) pave the way for further investigations 
into how to target myeloid cells to unleash 
the power of antitumor immunity.
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supports combinatorial interventions 
using existing antibodies or small mole-
cules targeting CSF1R to overcome resis-
tance to PD-1 blockers (12).

Natural compounds can inhibit 
c-Maf in cancer patients
Liu et al. support the translational potential 
of their observations by exploring c-Maf 
expression in tumor- and blood-associated 
cells from patients with non–small cell lung 
cancer (NSCLC). Compared with healthy 
donors, c-Maf was overexpressed in tis-
sue-associated macrophages with M2-like 
(CD163+) features as well as in circulating 
immature myeloid cells/monocytes. In an 
effort to identify clinically applicable drugs 
targeting c-Maf, the authors investigated 
the effects of fungal β-glucans on macro-
phage polarization. Using yeast- derived 
particulate β-glucans, Liu et al. trans-
formed bone marrow– or tumor-derived 
M2-like macrophages into an M1-like phe-
notype that corresponded with downregu-
lated c-Maf levels. Accordingly, β-glucans 
delayed tumor growth through a mecha-
nism that is dependent on macrophages, as 
macrophage depletion decreased β-glucan 
therapeutic efficacy. Because β-glucans 
had similar effects on reducing c-MAF 
expression in human TAMs, a clinical trial 
was initiated in NSCLC patients. Although 
no information on outcome is yet avail-
able, a notable reduction in c-Maf mRNA 
expression was identified in circulating 
CD14dimCD16+ myeloid cells, in associa-
tion with increased TNF-α and decreased 
IL-10 levels (12). β-Glucan could therefore 
provide a clinical alternative to CSF1R tar-
geting to decrease the immunosuppressive 
burden elicited by myeloid cells.
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