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Abstract: Macrophages are key innate immune cells in the tumor microenvironment (TME) that
regulate primary tumor growth, vascularization, metastatic spread and tumor response to various
types of therapies. The present review highlights the mechanisms of macrophage programming
in tumor microenvironments that act on the transcriptional, epigenetic and metabolic levels. We
summarize the latest knowledge on the types of transcriptional factors and epigenetic enzymes that
control the direction of macrophage functional polarization and their pro- and anti-tumor activities.
We also focus on the major types of metabolic programs of macrophages (glycolysis and fatty acid
oxidation), and their interaction with cancer cells and complex TME. We have discussed how the
regulation of macrophage polarization on the transcriptional, epigenetic and metabolic levels can be
used for the efficient therapeutic manipulation of macrophage functions in cancer.

Keywords: tumor-associated macrophages; reprogramming; tumor; metabolism; glycolysis; fatty
acid oxidation; epigenetic regulation; histones; methylation; transcription factors

1. Introduction

Tumor microenvironment (TME) is the place of intimate crosstalk between all cellular components,
including malignant, endothelial, stromal, and immune cells [1]. The TME shapes the intracellular
program of cells, regulating their functionality. Signals that are involved in such regulations are
cytokines, growth and transcription factors, oxygen levels, and nutrients [1,2]. Immune cells in the
TME reprogram their phenotype to a tumor-associated one, maintaining the survival, growth, and
proliferation of tumor cells [3]. In this context tumor-associated macrophages (TAMs) are one of the
main cellular components involved in tumor progression, by regulating angiogenesis, initiation and
growth of tumors, angiogenesis, lymphangiogenesis, local and distant metastasis [4-6]. Macrophages
are extremely plastic cells that respond to stimuli from the local microenvironment acquiring a specific
phenotype and reflecting the functionally distinct macrophage populations [7].

Macrophages can be classified into two major subtypes that reflect two major vectors of functional
polarization: classically activated pro-inflammatory, or M1 macrophages, and alternatively activated
anti-inflammatory, or M2 macrophages [8,9]. However, this nomenclature is artificial and reflects
in vitro generated subtypes, while macrophages in vivo (including TAMs) are highly diverse cells, and
can combine M1 and M2 molecular characteristics and functions. A number of studies have shown that
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changes in metabolism, transcriptome, and epigenetic-associated mechanisms provide macrophages
with unique functional plasticity that is detrimental when they respond to cancer cell-derived signals
and start to support tumor progression. However, such plasticity makes TAMs highly attractive
targets for therapeutic reprogramming. Complex interaction in TME often involves extracellular
metabolites that act as communication signals [2,10]. By changing the metabolism and transcriptome of
macrophages, it will be possible to modulate their functions making them beneficial for the treatment
of patients with cancer. For example, depending on the stimuli, macrophages can switch from the
oxidative phosphorylation to the glycolysis, and vice versa [10,11]. Recent studies have shown a number
of transcriptional factors participating in the differential activation of macrophages [12,13]. A class of
small noncoding RNAs, microRNAs, also were found to participate in macrophage polarization [14].
Moreover, programs for the differentiation of monocytes and maturate macrophages are based on the
significant epigenetic modifications (DNA methylation, histone modifications, miRNA.) [15].

In this review, we focus on three major mechanistic levels that define macrophages phenotype
and functional polarization: transcriptional factors, epigenetic modifications, and metabolic pathways.
We discuss these three mechanistic levels in the context of programming of macrophage functions
in cancer, and outline the perspectives for the reprogramming of TAMs to develop complex and
personalized anti-cancer therapeutic approaches.

2. Transcription Regulation of Macrophage Polarization

Transcription factors (TFs) respond to virtually all stimuli of the tumor microenvironment
including cytokines, growth factors, extracellular matrix (ECM) components, metabolic factors, and
control gene expression through the transactivation or transrepression domains [16]. TF activity is
mediated by complex of functional domains, through which TFs binds to the appropriate DNA strand,
interacts with other TFs, coactivators, and RNAII polymerase enzyme [17], chromatin remodeling
complexes, and small noncoding RNAs [14]. More than half of known TFs in the genome are expressed
in macrophages under the different states of polarization, and functional activation of macrophages is
controlled by number of TFs [2,18]. Below we summarize the knowledge about major transcription
factors that define development, activation and plasticity of macrophages in the context of the TME
(Table 1, Figure 1).

Table 1. The role of transcription factors in macrophage polarization.

Transcription Factor Induced by Role in M1/M2 Role in TAM Activation References
c-Maf IL-10 In M2: activation of M2-related Activation of CD115, CD301 [19]
genes IL-12, IL-1b, IL-6, ARG1, and inhibition of IFN-y in
IL-10, VEGF, TGFb, IRF4, and TAMs
CCR2 in mouse BM
c-Myc L4 In M2: activation of genes: Activation of [20-23]
SCARB1, ALOX15, CD206 and tumor-supporting factors
TFs (STAT6 and PPARY) in (VEGE, MMP9, HIF1 x) in
human macrophages stimulated TAMs in a mouse model of
by PANC-1-conditioned melanoma
medium; activation of
Wnt/3-catenin signaling in
mature murine BMDMs cultured
in conditioned medium of
Hepal-6 cells
IRF1 IENvy/LPS In M1: activation of genes: IL-12, TAM-mediated inhibition of [24]

IL-6, IL-23, CD86;’
In M2: suppression CD206 in
human macrophage cell line
U937

proliferation and invasion of
HepG2 and SMMC-7721 cells
lines




Cancers 2020, 12, 1411 30f41
Table 1. Cont.
Transcription Factor Induced by Role in M1/M2 Role in TAM Activation References
IRF3 M-CSF/LPS In M1: inhibition of genes: Activation of IL-10, TGFf3 and [25-30]
IL-1e, IL-13, TNF«, IL-6, IL-8, IFN-inducible chemokines
and CXCL1; (CCL5, CXCL9, CXCL10, and
In M2: stimulation of genes: CXCL16) in TAMs isolated
IL-1RN, IL-10, and IFN-{ via from murine fibrosarcoma;
PI3K/Akt signaling pathway in Polarization of TAMs in M1
human fetal microglia; type via TLR3- and TLR4-IRF3
suppression of VEGF and MMP2 signaling
in IRF3- and IRF7-transduced
macrophages
IRF4 1L-4/IL-6 In M2: activation of genes ARG1, Activation of CD163, FN1 and [31,32]
FIZZ1, Ym1, and CD206 in IRF4 in TAMs associated with
mouse BMDMs reduced survival in samples
from renal cell carcinoma
patients
IRF5 LPS/IFNy In M1: activation of gene Reduced tumor development [33,34]
expression (IL-12p40, IL-12p35 in advanced-stage ovarian
and IL-23p19) cancer, metastatic melanoma,
In M2: inhibition of and glioblastoma
anti-inflammatory genes
IRF7 IFNvy/IL-10 In M2: suppression of VEGF and  Decreased expression of VEGF [30,35]
MMP2 in IRF3- and and MMP2 and cytotoxic
IRF7-transduced macrophages; activity regarding breast
In M1: supression of cancer and colorectal cancer
LPS-induced IL-10 production in cell lines;
human MDMs Activation of Wnt/[3-catenin
signaling
IRF8 IFNvy In M1: activation genes IL-1b, Decreased metastasis and [18,36,37]
IL-6,iNOS, and TNF-o in increased survival in human
macrophages breast, lung cancers and
In M2: no impact on melanoma. Associated with
ARG1,MRC-1, IL-10 in mouse prolonged DFS in RCC patient
macrophages
KLF4 IL-4 In M1:suppression of Suppression of M2 markers [38,39]
LPS-induced expression of (ARG1, CD206, IL-10, TGF-31,
NF-«B target genes (iNOS, and Chil3) in TAMs and
IL-13, TNFx and IL-6) in mouse reduction of hepatocellular
macrophages carcinoma growing in murine
In M2: activation of ARG1 and myeloid cells;
FIZZ1 in murine peritoneal Cooperation with STAT6
macrophages promotes MFHASI-induced
M2 polarization of TAMs and
tumor progression in murine
model of colorectal cancer
KLF6 LPS/IFNy In M1: activation of IL-1c, Role unknown [40,41]
IL-13, TNF-«, MCP-1, COX2
uMIP-1;
cooperates with
NE-kB;Suppression of iNOS,
IL-13, TNF and IL-6 in murine
peritoneal macrophages;
In M2: supression of ARG,
PDCD1Lg2, MRC1, Chi3l in
RAW264.7
MafB IL-10 or IL-4/IL-13 In M2: up-regulation of MMP9 Activation of IL-10, ARG1 and [42-44]
and IL-7R genes via the TNF-a in TAMs in LCC
IL-10/STATS3 signaling pathway tumors of MafB-GFP knock-in
heterozygous mice
NFAT5 IFNvy/LPS In M1: activation of iNOS, Activation of infiltration of [45]
IL-12p40 and IL-6 in mouse CD8+ T cells, reduced tumor
BMDMs growth in LLC and ID8
murine models
NEF-kB LPS/IFNvy/IL-17 In M1: activation of M1-specific Activation of IL-10, TNF-«, and [46,47]

genes

ARG]1 and inhibition of NOS2,
IL-12, and MHC I, that was
mediated by the IL-1R and
MyD8 in TAMs increases tumor
invasiveness and tumor growth
in ovarian cancer in vivo;
Differentiation in M2-like
phenotype (increasing TGF-f3,
VEGF and IL-10)
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Role in M1/M2

Role in TAM Activation

References

In M1: inhibition of COX-2,
iNOS, TLR4, IL-6, MCP-1, IL-13,
TNF-, and neutrophilic
chemokine keratinocyte-derived
chemokine;

In M2: activation of IL-4/STAT6
signaling pathway in murine
BMDMs;

Activation of Ym-1 and Fizz-1 in
murine macrophage;
Activation CCL22 in murine
BMDMs

In patients with breast cancer
high expression of PU.1 is
associated with shorter
survival

[48-52]

Through the PI3K/AKT and
Smad2/3 signaling pathways

Overexpression of SNAI in
human head and neck cancer
cells promotes M2
polarization of TAMs by
delivering MiR-21-abundant
exosomes

In M1: activation of IFNy and
TLR signaling pathways

Increasing of CD68+pSTAT1+
cells in patients with cervical
cancer is associated with a
longer DFS and OS;
Induction of
immunosuppressive activity
of TAMs in tumor-bearing
BALB/c mice

[54-56]

In M2: Wnt3a exacerbates
STAT3-mediated M2
polarization in RAW264.7 cells
and BMDMs; activation of
IL-6/STATS3 signaling pathway in
co-culture of HCC and
macrophage

Increasing angiogenesis via
induction of angiogenic
factors (VEGF and bFGF) in
tumor-associated MDSC;
Cooperation with STAT6
enhances tumor invasion
in vivo via increasing
cathepsin expression in TAMs

[57-60]

In M2: stimulation of IL-4 and/or
IL-13, mediators of Th2 immune
responses

Cooperation with STAT3
enhances tumor invasion
in vivo via increasing
cathepsin expression in TAMs;
Inhibition of TRIM24 protein
modulates polarization of
macrophages toward the
TAMs in murine model of
melanoma;
Cooperation with KLF4
promotes MFHASI-induced
M2 polarization of TAMs and
tumor progression in murine
model of colorectal cancer;
Activation of
JAK2-STAT6-GATA3
signaling in TAMs facilitates
metastatic colonization in
murine mammary carcinoma

[61]

Transcription Factor Induced by
PU.1 IL-4
SNAIL TGF-$3
STAT1 LPS/IFNy
STAT3 IL-4/TGF 31/IL-6/IL-10
STAT6 TL-4/IL-13/IL-6/IL-13
TFEB LPS

In M1: activation of iNOS,
TNF-«;
In M2: inhibition of ARG1 and
YM-1 in mouse peritoneal
macrophages

Suppression of TAM
polarization in M2 type and
inhibition breast tumor
growth in mice;
Inhibition of angiogenesis,
tumor growth and
immunosuppresion through
downregulation of STAT3 in
co-culture of breast cancer cell
line and macrophages

[62]

Notes: BMDMs—bone marrow-derived macrophages; DFS—disease-free survival; HCC—hepatocellular carcinoma;
LLC—Lewis lung carcinoma; LPS—lipopolysaccharide; MDMs—monocyte-derived macrophages; OS—overall

survival; RCC—renal cell carcinoma.
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Figure 1. Transcription factors and epigenetic enzymes involved in macrophage polarization.
ARGl—Arginase 1, HDAC—Histone deacetylase; HDM—Histone demethylase; HMT—Histone
methyltransferase; P—phosphorylated form. Figure created in biorender (http://biorender.io).

2.1. PU.1

PU.1 is a prominent transcriptional regulator of myeloid cell development and phenotype
plasticity [19,63,64]. It is a principal transcription factor that activates promoters of Csflr gene encoding
a key receptor for the macrophage lineage commitment and regulation of macrophage, differentiation
and functional activation [65]. Both interferon (IFN) regulatory factors IRF8 and IRF4 bind PU.1
cooperatively at the IRF/PU.1 site in RAW264.7 cells [66]. PU.1 promotes macrophage differentiation
toward alternatively activated macrophages and is involved in the development of many types of
tumors including breast cancer [67], myeloma [68], acute myeloid leukemia [69], glioma [70] and
hepatocellular carcinoma [71].

PU.1 mediates monocyte/macrophage differentiation via activation of miR-22 in human
leukemia cell line (HL-60), human monocytic cell line (THP1) cells and CD34+ hematopoietic
stem/progenitor cells [72]. In vitro, PU.1 was found to be a critical regulator of M2 polarization
via the IL-4/STAT6 signaling pathway in murine bone marrow-derived macrophages (BMDMs) [48]
(Table 1). PU.1-deficient murine macrophages displayed decreased expression of IL-4-induced specific
markers, chitinase 3-like 3 (Ym-1) and resistin-like molecule alpha 1 (Fizz-1) [48]. PU.1 knockdown
resulted in reduced alternative activation of macrophages that was associated with decreased expression
of CCL22, while lipopolysaccharide (LPS) treatment resulted in up-regulation of PU.1 expression
accompanied by increased level of CCL22 in murine BMDMs [49]. There is also evidence about
the involvement of PU.1 in the regulation of M1 polarization. Thus, miR-181a induces macrophage
polarization to M2 phenotype through suppression of the expression of PU.1, C/EBPo and KLF6 in
human macrophages [50]. PU.1is a transcription factor required for the efficient inflammatory reactions
in macrophages. Thus, in a mouse model with functional PU.1 knockout in mature macrophages,
the inhibition of inflammatory gene expression (COX-2, iNOS, TLR4) and inflammatory cytokine
secretion (IL-6, MCP-1, IL-1$3, TNF-«), as well as significant decrease in systemic inflammation, was
identified [51]. Although during the last decade significant progress in the study of PU.1-mediated
plasticity of macrophages was achieved, the mechanism of PU.1-shaped phenotypes of macrophages
in the tumor microenvironment remains to be incompletely understood.
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2.2. STAT Family

Signal transducers and activators of transcription (STATs) are a family of transcription factors that
were originally identified as classic effectors of interferon-induced signaling. STATs affect macrophage
phenotypes in response to cytokines and growth factors through the different signaling pathways
underlying the role of STATs on TAM functional programming [26,51,54,55,57-61,73-77] (Figure 1).
Thus, STAT1 mediates M1 macrophage polarization via the IFNy and TLR signaling pathways [54]. In
patients with locally advanced cervical cancer the increase in the amount of CD68+pSTAT1+ cells,
defined as M1 macrophages, in tumor mass was associated with a longer disease-free survival (DFS)
and overall survival (OS) [55]. However, in contrast to human studies, STAT1, but not STAT3 or STAT6,
was responsible for immunosuppressive activity of TAMs derived from colon CT-26 tumor-bearing
BALB/c mice [56].

STAT3 is involved in angiogenesis and tumor progression through polarization of TAMs to
the M2 phenotype [57,73]. In RAW264.7 cells (mouse macrophage cell line) and in BMDMs, STAT3
phosphorylation mediates IL-4 and TGFf1-induced macrophage polarization toward the M2 phenotype
that is exacerbated by Wnt3a [58]. In a co-culture of hepatocellular carcinoma (HCC) cells and
macrophages, IL-6/STAT3 signaling pathway was suppressed in M1 macrophages but was activated in
M2 macrophages [59]. Similar result was obtained in monocytes of healthy donors cultivated in the
presence of PC3 (prostate cancer cell line) conditioned medium where M2 phenotype was characterized
by IL-10-induced phosphorylation of STAT3 [57] (Table 1). In tumor-associated myeloid-derived
suppressor cells (MDSCs), STAT3 was required for the induction of angiogenic factors, including
VEGEF and bFGF, and increased angiogenesis in vitro [60]. Phosphorylated STAT3 and STAT6 together
cooperated to increase cathepsin expression in TAMs resulting in the enhanced tumor invasion
in vivo [74]. STAT6 mediates the stimulation of M2-like polarization of macrophages in response to
IL-4 and/or IL-13, mediators of Th2 immune responses [75] (Figure 1). IL-4-driven activation of STAT6
leads to the inhibition of TRIM24 activity in macrophages, supporting polarization of macrophages
toward the tumor-associated phenotype in a murine model of melanoma [61]. In a murine model of
colorectal cancer, activated STAT6 and KLF4 are involved in MFHAS1-induced M2 polarization of
TAMs leading to tumor progression [76]. In murine mammary carcinoma, TAMs facilitate metastatic
colonization by secretion of IL-35 through activation of JAK2-STAT6-GATAS3 signaling [77].

There are several therapeutic approaches suggested for the inhibition of tumorigenic action of STATs
in macrophages. For example, liposome-encapsulated STAT3 inhibitor can activate reprogramming of
CD163+TAMSs toward pro-inflammatory phenotypes with increased secretion of IFNy, IL-12, TNF«,
IL-2 in vitro [78]. Another study demonstrated that herbal acidic polysaccharide IAPS-2 inhibits
the phosphorylation of STAT3 and enhances STAT1 phosphorylation in TAMs from S180 tumor
tissues (a syngeneic sarcoma) promoting macrophage polarization toward the M1-like phenotype [79].
Inhibition of the STAT6 pathway by using small interfering RNA or the pharmacologic inhibitor
AS1517499 inhibited the differentiation of murine RAW264.7 macrophages into the M2 phenotype, as
demonstrated by the reduction of ARG1 and CD206 expression [77]. Besides, AS1517499 significantly
attenuated tumor growth and early liver metastasis in 4T1 mammary carcinoma mouse model [77].

Thus, transcription factors from STAT family are involved in the macrophage plasticity by
programming phenotypes towards M1 or M2 in response to the temporal and spatial stimuli in the
tumor microenvironment (Table 1).

2.3. NF-kB

Transcription factors of nuclear factor-kB (NF-kB) family regulate the expression of genes that
control inflammation, immune responses, cell survival, cell proliferation and differentiation [80].
Inflammation has a dual role in cancer progression [81]. Inflammation in the microenvironment
supports cell transformation and intratumoral mutagenesis [82]. On the other hand, induction of
inflammation may have a potent anti-tumor effect. NF-«kB is a key transcription factor of M1 polarization
which is required for induction of a number of pro-inflammatory cytokines [46,47,83]. Thus, RAW
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264.7 cells stimulated by IFN-y are polarized to M1 macrophages via NF-«B signaling pathway [84].
In the tumor microenvironment, TAM-derived IL-10 inhibits IL-12 production associated with the lack
of NF-kB activation promoting tumor survival, while blocking of IL-10 restores the IL-12 production
in a mouse model of fibrosarcoma [85] Tumor-promoting activation of NF-«B in macrophages was
also demonstrated [46]. TAMs polarized to immunosuppressive phenotype with high expression of
IL-10, TNF-o, and ARG1, but low expression of NOS2, IL-12, and MHC 1I, that was mediated by the
IL-1R and MyD88 via NF-«B activation, resulted in increased tumor invasiveness and tumor growth in
ovarian cancer in vitro and in vivo [46]. IL-17 promotes THP-1 cell differentiation towards M2-like
phenotype (characterized by increased expression of CD163 and CD206, TGF-f3, VEGF and IL-10
production) through NF-«B signaling pathway [47] (Table 1). Another study showed that expression
of PD-1 in RAW264.7 cells can be regulated by TLR/NF-«B signaling [83].

Despite the fact that NF-kB is considered as a potential activator of pro-inflammatory M1
phenotype, it seems that the role of NF-kB signaling in TAM plasticity depends on the stimuli from the
TME and from the type of cancer.

2.4. c-Myc

c-Myc was identified in 1981 as a gene activated by avian leukosis virus that was implicated in the
development of bursal lymphomas [86]. c-Myc is a member of the Myc family of transcription factors
that regulate broad range of cellular processes including cell cycle, metabolism, epithelial-mesenchymal
transition (EMT), metastasis and angiogenesis, thereby playing a crucial role in genesis of tumor disease
and tumor progression [87]. c-Myc was identified as M2-polarizing transcription factor in murine
macrophages [20]. Transcriptomic analysis of murine BMDMs demonstrated that c-Myc is a marker
of M2 macrophages activated by IL-4 [20]. ¢-Myc modulates M2-polarization via IL-4-dependent
induction of genes involved in alternative activation of human macrophages (e.g., SCARB1, ALOX15,
and CD206) [21]. c-Myc inhibition by treatment with 10058-F4 or transduction of c-Myc by c-Myc/shRNA
in human macrophages stimulated by tumor-conditioned medium from PANC-1 (human pancreatic
cancer cell line) suppresses expression of protumoral genes (ALOX15, CD206, TGF-3, VEGF, HIF-1x
and MMP9) [21] (Table 1). c-Myc is expressed in CD68+ TAMs [21]. STAT6 is required for c-Myc
modulated alternative type of macrophage polarization [88]. The recent study in mature murine
BMDMs cultured in conditioned medium of Hepal-6 (murine hepatoma cells) demonstrated that
Wnt/f3-catenin signaling mediates polarization of M2 macrophages through activation of c-Myc that
supports the progression of hepatocellular carcinoma (HCC) [22]. Interestingly, in the co-culture
model of human monocytes and HCC cells, IL-12 inhibits c-Myc and STAT3 transcription factors in
monocytes, mediates M1 polarization and suppresses the HCC growth [89]. Moreover, deletion of
c-Myc in macrophages resulted in the reduced expression of pro-tumor genes (e.g., VEGE, MMP9, and
HIF1la) in TAMs and reduced tumor development in a mouse model of melanoma [23]. Thus, c-Myc is
an essential transcription factor that defines development of pro-tumoral phenotype of TAMs.

2.5. Interferon Regulatory Factors

Other transcription factors involved in the polarization of macrophages include a family of
interferon regulatory factors (IRFs) that have been originally identified as transcription activators
and repressors of interferon (Table 1, Figure 1). The family of IRFs includes nine members: IRF1,
IRF2, IRF3, IRF4/PIP/LSIRF/ICSAT, IRF5, IRF6, IRF7, IRF8/ICSBP, and IRF9/ISGF3y, that participate
in the regulation of both development and activation of the immune system cells [90]. Notably,
IRF1, IRF5, and IRF8 contribute to pro-inflammatory polarization of macrophages while IRF3 and
IRF4 regulate M2 polarization macrophages [24,25,31,33]. Thus, IRF1 is involved in M1 polarization
in human macrophage cell line U937 in response to IFNy and LPS by upregulation of IL-12, IL-6,
IL-23 and CD86 and downregulation of M2-specific marker CD206 [24]. The knockdown of IRF1 in
macrophages induces their pro-tumor activity regarding to hepatocellular carcinoma cell lines HepG2
and SMMC-7721, promoting proliferation and invasion of tumor cells [24].
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IRF3 promotes M-CSF-mediated differentiation of monocytes toward M2 type macrophages [25].
IRF3 activates PI3K/Akt signaling mediating the inhibition of pro-inflammatory genes (IL-1«, IL-1j3,
TNF«, IL-6, IL-8, and CXCL1) and stimulation of anti-inflammatory genes (IL-1RN, IL-10, and IFN-{3)
in human fetal microglia [26]. Under LPS treatment, TAMs isolated out of murine fibrosarcoma
showed impaired MyD88-dependent NF-«kB activation and activation of the MyD88-independent
IRF-3 pathway [27]. This was consistent with low expression of several pro-inflammatory cytokines
(e.g., IL-1B, IL-6, TNF-«) and up-regulation of immunosuppressive cytokines (IL-10, TGF{3) and
IFN-inducible chemokines (CCL5, CXCL9, CXCL10, and CXCL16) [27]. In a murine model of
nasopharyngeal carcinoma, cancer progression is mediated by EBV encoded RNAs (EBER)-triggered
inflammation dependent on the phosphorylation of p38 and IRF3 [91]. However, TAM polarization
to pro-inflammatory M1 status can also dependent on TLR3- and TLR4-IRF3 signaling [28,29]. IRF3
phosphorylation and transcriptional activity is regulated by Smad2 and Smad3 [92]. Double knockdown
of Smad2\3 in BMDM:s is critical for the phosphorylation of IRE3 and STATT1 transcriptional activities
and IFN-p production in response to LPS [92]. Another study has demonstrated the inhibition
of pro-tumorigenic genes encoding VEGF and MMP2 in IRF3- and IRF7-transduced macrophages.
Additionally, IRF7 displayed cytotoxic activity of macrophages in breast cancer (SK-BR-3, MCF-7)
and colorectal cancer (COLO-205) cell lines [30]. IRF7 also can serve as a factor, regulating IL-10
response [35]. In human monocyte-derived macrophages IRF-7 knockdown by siRNA increased
LPS-induced IL-10 production, indicating that IRF7 induction blocks early IL-10 response [35].

IRF4 and histone demethylase Jumonji domains containing-3 (Jmjd3) are important players in
IL-4-induced M2 polarization of macrophages acting through the activation of M2-specific genes
(ARG1, FIZZ1, Ym1, and CD206) [31]. The level of IRF4 protein together with STAT3 and P-STAT3
proteins was elevated in monocyte-derived M2 macrophages induced by IL-6 in vitro [32]. ChIP assay
demonstrated that IRF4 can be recruited to the PU.1 site and trans-activated by the MR enhancer
reporter (pGL3-MR) in RAW264.7 cells, while transfection of macrophages with miR-125a suppressed
IRF4 expression and pGL3-MR transactivation [93]. Interestingly, the miR-23a/27a/24-2 cluster reduced
the production of M2 type cytokines by directly targeting JAK1/STAT-6 pathway with miR-23a and by
targeting IRF4 and PPAR-y with miR-27a [94]. qRT-PCR analysis of tumor samples from renal cell
carcinoma patients revealed positive correlation between M2-associated genes (CD163, FN1 and IRF4)
and reduced survival [95].

High expression of IRF5, in contrast, is associated with activation of inflammatory gene expression
(IL-12p40, IL-12p35 and IL-23p19) and inhibition of anti-inflammatory genes that promotes M1
polarization in macrophages [34]. Furthermore, co-expression of IRF5 and IKKf{ (a kinase that
phosphorylates and activates IRF5) mediates TAM polarization towards M1 phenotype, supressing
tumor development in model systems of advanced-stage ovarian cancer, metastatic melanoma, and
glioblastoma [33].

Another study demonstrated that Notch-RBP-] signaling regulates expression of IRF8 inducing
the expression of M1-specific genes in RBP-J deficient mice [18]. Moreover, IFN-y-induced IRF8
is involved in the activation of transcription of pro-inflammatory genes [96]. Inhibition of IRFS8 in
macrophages reduces expression of inflammatory mediators associated with M1 macrophage (IL-1b,
IL-6, iNOS, and TNF-«) and delayed wound healing in vivo [97]. IRF8 deficiency in macrophages
significantly increased metastasis and expression of metastatic-associated genes in the mouse models
of mammary cancer and melanoma, and correlated with reduced survival in human breast and lung
cancers and melanoma [36]. High levels of IRE8 expression is associated with prolonged DFS in renal
cell carcinoma patients [37].

Thus, IRFs play an essential role both in the polarization of macrophages and in the formation of
tumor-associated phenotype. The direction of the pro- or anti-tumoral effects depends on the type
of IRF.
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2.6. SNAIL Family

The regulatory role of macrophage polarization was also found for SNAIL family members,
differentially expressed both in TAMs and in cancer cells [98]. This family consists out of three
members: SNAIL1 (SNAIL), SNAIL2 (SLUG) and SNAIL3 (SMUC) that contain a zinc finger-binding
domain. Transcriptional regulation by SNAIL has been involved in various biological processes in
cells, including modulation of EMT via the inhibiting E-cadherin transcription, and regulation of cell
adhesion [99]. In THP-1 cells, SNAIL participates in TGF-f3 induced activation of M2-like phenotype
through the PI3K/AKT and Smad2/3 signaling pathways [53] (Table 1). At the same time, M1 polarized
macrophages displayed reduced expression of lysine-specific demethylase 1 (LSD1) and SNAIL. The
LSD1 inhibitor phenelzine increased expression of M1-like signatures both in vitro and in vivo in
a murine model of triple-negative breast cancer [100]. Overexpression of SNAIL in human head
and neck cancer cells regulates the transcription of microRNA-21 that promotes the production of
miR-21-containing exosomes from tumor cells [98]. When CD14+ monocytes engulf tumor-derived
miR-21-containing exosomes, they display increased expression of M2-like markers (CD206, CD163,
IL-10) and down-regulation of M1-like markers (IL-18, IL-12B, HLA-DR). Knockdown of miR-21 in
cancer cells attenuated the SNAIL-mediated M2 polarization, angiogenesis, and tumor growth [98].

2.7. Maf

Maf family of transcription factors comprises MafA, MafB, Maf (also known as c-Maf), NRL11,
MafF12, MafG13 and MafK. Maf family belongs to the AP-1-type superfamily bZip and participates in
the proliferation and differentiation of hematopoietic cells [101]. MafB (v-maf musculo-aponeurotic
fibrosarcoma oncogene homolog B) and c-Maf are well-known transcription regulators of macrophage
differentiation and polarization in both human and murine models [43,102-104]. In BMDMs from
adult wild-type mice the expression of MafB was induced by IL-10 or IL-4/IL-13 and suppressed by LPS
or GM-CSE. In the same model, c-Maf expression was induced by IL-10 and suppressed by IL-4/IL-13
or GM-CSF [102] (Table 1). MafB induced by IL-10 in human primary macrophages activated STAT3
signaling pathway leading to the increased expression of MMP9 and IL-7R genes [42]. LPS-stimulated
peritoneal macrophages derived from macrophage-specific dominant-negative MafB transgenic mice
showed increased expression of IL-6 and TNF-a [104]. MafB+ macrophages expressed high levels
of IL-10, ARG1 and TNF-« in Lewis lung carcinoma (LLC) of MafB-GFP knock-in heterozygous
mice [43]. Besides, strong expression of MafB was identified by immunostaining analysis in CD204+
and CD68+ TAMs on stage 3 of human lung cancer [43]. Elevated expression of MafB in TAMs was
also demonstrated in a mouse model of breast cancer [105]. A recent study found that M2 macrophages
induced by IL-4 and IL-13 express high levels of c-Maf that regulates expression of M2-related genes
(IL-12, IL-1b, IL-6, ARG1, IL-10, VEGEF, TGFb, IRF4, and CCR2) [106]. c-Maf is expressed by TAMs in
human non-small cell lung carcinoma (NSCLC), and promotes M2-mediated T cell suppression and
tumor progression by controlling M2-related genes in vivo [106]. Deletion of c-Maf in macrophages
resulted in reduced tumor size and enhanced antitumor T cell immunity in vivo [106]. Thus, the
tumor-supporting role of Maf in TAMs was found in several cancer models in mice as well as in
human tumors.

2.8. Other Transcription Factors Involved in TAM Polarization

The Microphthalmia family of bHLH-LZ transcription factors (MiT/TFE) is a family of four
leucine zipper transcription factors: MITF, TFEB, TFE3 and TFEC [107]. The MiT family members
are involved in many basic cellular processes including lysosomal biogenesis and autophagy [108].
MITF family members are expressed in macrophages, and TFEC is a macrophage-specific transcription
factor [109]. TFEB regulates TAM polarization in the tumor microenvironment. Knockdown of TFEB
with TFEB shRNA lentivirul vector in mouse peritoneal macrophages resulted in the suppression of
expression of M1 markers (NOS and TNF-«) and stimulation of expression of M2 markers (ARG1 and
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YM-1) [62]. In co-culture experiment of breast cancer cell line and macrophages, TFEB-knockdown
in macrophages promoted their polarization to the M2-like phenotype through the downregulation
of SOCS3 production and STAT3 activation. TFEB knockdown in EO771 or LLC-derived C57BL/6
mice resulting in enhanced angiogenesis, tumor growth and reduced infiltration of CD8+ T cells [62].
Besides, the activation of TFEB by hydroxypropyl-3-cyclodextrin in macrophages suppressed their M2
polarization and inhibited breast tumor growth in mice [62].

Kruppel-like factors (KLF) family is comprised of 17 zinc-finger transcription factors [110]. KLF4
and KLF6 regulate key cellular processes, such as differentiation, proliferation, and programmed
cell death [38,40,41,111]. KLF4 induces M2-like polarization via STAT6 signaling and reduces
M1-like activation depending on NF-«B activation in RAW264.7 cells [38]. In murine peritoneal
macrophages, KLF4 and STATS6, induced by IL-4, promoted M2 polarization of macrophages via
MCPIP (monocyte chemotactic protein-induced protein) activation and up-regulation of expression of
ARGI1 and FIZZ1 [39]. KLF4 and MCPIP suppressed LPS-induced expression of NF-kB target genes
(iNOS, IL-1p, TNFo and IL-6) and inhibited M1 polarization [39]. Deletion of KLF4 in murine myeloid
cells resulted in suppression of expression of M2 markers (ArRG1, CD206, IL-10, TGF-1, and Chil3)
and reduction of HCC growth [112]. KLF4 stimulates M2 polarization of TAMs via Hedgehog signaling
pathway in LLC1-derived mice [112].

KLF6 is required for LPS and IFN-y-induced macrophage polarization to M1-like phenotype
acting in cooperation with NF-kB signaling [40]. It inhibits anti-inflammatory gene expression by
downregulating PPARy expression in macrophages (RAW264.7 cells and BMDMs) in vitro [40]. KLF6
mediates activation of pro-inflammatory gene signature through activation of NF«B signaling, and
inhibits anti-inflammatory gene expression through the downregulation of STAT3 signaling in vitro in
RAW?264.7 cells and in vivo in KLF6-KO mice [41].

Transcription factor NFAT5 drives pro-inflammatory activation of both M1 (activating IL-12) and
M2 (activating FIZZ-1 and ARG1) macrophages [45]. NFAT5-deficient macrophages had reduced
pro-inflammatory status, followed by the reduced infiltration of cytotoxic CD8+ T cells into the tumor
and the enhanced tumor growth of LLC and ID8 ovarian carcinoma models [45].

Thus, we can conclude that the polarization of macrophages toward pro-inflammatory or
anti-inflammatory phenotypes depends on the variety of transcription factors. At the same time, TFs
are activated by different signals from the microenvironment resulting in functional reprogramming
of macrophages. Targeting of transcription factors in macrophages is a promising strategy to use
macrophage plasticity for the reprogramming TAMs by blocking their tumor supporting activity
and by activating their intrinsic anti-tumor functions (recognition and killing of transformed cells).
However, specific delivery of the inhibitors to TAMs avoiding other cell types in various organs is still
a biotechnological challenge.

3. Epigenetic Regulation of TAMs

The epigenetic level of regulation is critical for the differentiation and functional programming of
macrophages [15,113]. There are three levels of epigenetic control of macrophages differentiation and
activation: DNA methylation, histone modifications, and microRNA [15,114]. DNA methylation is
essential for the macrophage differentiation [115,116]. Histone methylation is a principal epigenetic
mechanism for activation of inflammatory reactions in macrophages. The regulatory role of
epigenetic remodeling by microRNA has been observed in differentiation and functional activation of
macrophages [117-119]. Epigenetic differences between M1 and M2 macrophages act as important
functional determinants [15,120,121].

3.1. DNA Methylation

DNA methylation is methylation of 5'-carbon on cytosine bases located frequently in CpG
islands of promoters [122-124]. DNA methylation prevents transcriptional machinery from the
assembling on the altered promoter that leads to the silencing of gene transcription [122]. There



Cancers 2020, 12, 1411 11 of 41

are two states of DNA methylation: hypermethylation (gain-CH3) and hypomethylation (loss-CH3).
Hypermethylation is characterized by the transfer of a methyl group to the cytosine ring in DNA by DNA
methyltransferases (DNMTs) to form 5-methylcytosine. DNMT1, DNMT-3A and DNMT-3B are involved
in this reaction [125,126]. Hypomethylation is a removal of methyl groups by ten-eleven translocation
(TET) proteins [127,128]. DNA methylation in CpG islands is an active mechanism of the repression of
gene expression [129-131]. Moreover, CpG methylation prevents also aberrant intragenic transcriptional
initiation [130,131]. In cancer, DNA methylation is critical for the suppression of the expression of tumor
suppressor genes while loss of DNA methylation leads to the overexpression of oncogenes.

There are evidences that DNA methyltransferases have specific effect on the formation of
macrophage phenotypes (Figure 1). DNMT3b knockdown promotes macrophage polarization
to alternatively activated M2 phenotype in RAW264.7 cells [132]. DNMTT1 is implicated in M1
polarization by silencing the SOCS1 gene and a subsequent increase in TNF and IL-6 production [133].
Overexpression of DNMT1 promotes LPS- and IFN-y-induced M1 activation whereas inhibition of
DNMT1 attenuates it [133] (Table 2). Upregulation of DNMT1 correlates with decrease in peroxisome
proliferator-activated receptor gamma (PPAR-y) and with the increased production of pro-inflammatory
cytokines in peripheral blood monocytes isolated from patients with atherosclerosis and in macrophages
from adipose tissue [116,134]. In type 2 diabetic mice, decrease in the ability of macrophages to support
wound healing was associated with microRNA let-7d-3p, which was up-regulated by DNMT1 resulting
in the differentiation of cells toward the M1 phenotype [116]. However, the effect of LPS in BMDMs
during M1 activation is also associated with a significant reduction in the expression of DNMT 1, 3a
and 3b, and a significant increase in the expression of TET2 and TET3 [116] (Table 2, Figure 1). TET2
expression is increased in intratumoral myeloid cells, both in a mouse model of melanoma and in
melanoma patients, that is dependent on an IL-1R-MyD88 pathway [135]. Recently, the combination of
mass spectrometry and single molecular imaging demonstrated that LPS induces global changes in
DNA methylation of the genome of murine macrophages [113,134].

Table 2. Epigenetic effectors involved in macrophage polarization to M1 or M2 direction.

Epigenetic Enzyme Family Enzyme Regulation of Macrophage Function References
TDNMT1 Increase in TNFa and IL-6 via the SOCSI silencing [133]
DNMT (DNA
methyltransferases) TDNMT3b Increase in TNFa production and decrease in ARG1, [132]
CD206, MGL1 levels by PPARy promoter methylation
TET (ten-eleven translocation ITET2 Upregulation of inflammatory mediators, including IL-6, [136]
proteins) during the response to LPS
TPRMT1 In M1: over-expression of PRMT1 repressed MHCII [137,138]

promoter activity via CIITA methylation;In M2:
regulation of PPARYy gene expression through histone
H4R3me2a; methylation at the PPARy promoter

1SET7 Increase in TNFa, CCL2 and IL-8 production [139]
T SETDB1 Decrease in TNFa production [140]
TSETDB2 Negative regulation of CXCL1, IL-12b, CXCL2, YM1 [141]
production
TSUV39H2 Decrease in IL-6 and TNFa [142]
meilv[l—{r(a}rllissftsrzeses) TSUV40H1 Positive regulation of TNF and CXCL10 production [143]
Y TSUV40H2

TSMYD2 Negative regulation of TNF, IL-6, MHC-II, CD40/80 [144]
TSMYD5 Associated with low production of TNF, IL-1a, IL-1b, [143]

CCL4, CXCL10
TASH1 Negative regulation of IL-6, TNFa production [145]
TMLL1 Increase in CXCL10 level [146]
TMLL4 Associated with activation of LPS signaling via Pigp [147]
TEZH1 Negative regulation of TLR signaling and production of [148]

IL-6, TNF, IFNb
TEZH2 Associated with decrease in CCL2, CCL8 expression [149]

TEHMT2(GY9A) Increase in LPS tolerance [150-152]
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Table 2. Cont.

Epigenetic Enzyme Family Enzyme Regulation of Macrophage Function References
TIMJD2 Down-regulation of IL-12b and IFNb production [153]
TMJD3 Activation of TNFa production; [31,154,155]

Associated with low level of ARG1, YM1, IRF4, FIZZ1
HDM (histone demethylases) and CD206
TUTX Increase in IL-6, INFb [156]
TAOF1 Positive regulation of NFkB signaling; [157]
Increase in CCL22, IL-12b production

TSIRT1 Inhibition of NFkB signaling, decrease in CCL2, IL-1b, [150,158,159]

IL-6, NOS2 and TNFa level

egative regulation o kB signaling, decrease in 6(
TSIRT2 Negati gulati f NF«B signaling, d i [160]
TNFa, IL-6, CCL2, IL-1b production;
Increase in GATA3, ARG1, CD11c expression

ISIRT1/SIRT2 Increase in IL-1a, IL-1b, IL-10 and TNFa production [161]
TSIRT6 Decrease in IL-1b production [152]
THDAC1 Positive regulation of IFN signaling, IRF3 activation and [162,163]
decrease in IL-6 production
THDAC2 Decrease in IL-6, MHC-II level, activation of IFN [136,162,164]
HDAC (histone deacetylases) signaling and IRF3 production
THDAC3 Activation of IL-6, NO, IFN 3, NOS2 production, [15,121,165,166]

decrease in TGFb level;
Attenuates IL-4 signaling

THDAC4 Increase in TNF, IL-6 level; [167,168]
Activation of STAT6 signaling, associated with
expression of ARG1
THDACS Increase in TNF, CCL2, IL-10 production [169]
THDAC6 Associated with LPS activation; decrease in ROS [170,171]
production
THDAC7 Activation of TLR signaling [66]
THDACI11 Activation of antigen presentation, CD4+ T cell [172,173]
stimulation; decrease in IL-10 and IL-1b production
BET (bromodomain and TBET Increase in production of IFNg, IL-1b, IL-1a, IL-6, IL-12b, [174,175]
extraterminal proteins) CCL5, CXCL10, CXCL2/3

Notes: ARGl—Arginase 1; LPS—lipopolysaccharide; ROS—reactive oxygen species; TLR—Toll-like receptor.

Despite the clearly established role of DNA methylation in the classical inflammatory macrophage
models, its role in the formation of TAM phenotypes in various tumor types is not understood. There
are only some isolated reports showing that DNA methylation is involved in the MDSC function [176].
Since DNA methylation is a critical factor for cancer cell biology, there are a number of studies trying
to identify epigenetic enzymes as targets for anti-cancer therapy. Therefore, understanding of the
mechanism and functional consequences in DNA methylation in TAMs is urgently needed.

3.2. Histone Modification

Histone modifications, also known as histone code, provide a highly flexible mechanism for
activation and deactivation of transcription in macrophages in response to the changing context of
stimuli in the TME. Histone modifications in various cell types include a number of post-translational
modifications such as methylation, acethylation, ubiquitination, arginine citrullination, sumoylation.
The histone code is an essential mechanism that controls the activity of cancer cells [177]. The most
frequent histone modifications, also found in macrophages, include acetylation and methylation,
and the most frequently modified amino acid is a lysine [178]. Histone modifying enzymes regulate
macrophage phenotypes through the addition or removal of acetyl/methyl groups. Acetylation and
deacetylation are initiated by histone acetyltransferases (HAT) and histone deacetylases (HDACs),
respectively [178]. Histone acetylation is associated with the activation of transcription, whereas
histone deacetylation is associated with transcriptional repression. Bromodomain-containing proteins
(BRD) and some extraterminal-motif containing proteins (BETs) are also involved in transcriptional
regulation by recognizing histone acetylation sites via bromodomain acetyl-binding pocket [175,179].
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BETs inhibit or activate the assembly of the transcriptional machinery regulating inflammatory cytokine
(IL-1b, IL-6, TNFa, MCP-1) production [175,180]. BRD4 and BRD9 act in the SWI/SNF chromatin
remodeling complex in the context of inflammatory stimulation of macrophages [181].

Methylation and demethylation of histones are catalyzed by histone methyltransferases (HMT)
and histone demethylases (HDM), respectively. Histone methylation can induce both transcriptional
activation and repression, depending on the number and location of the methyl groups [129]. An active
transcriptional state is characterized by the presence on the gene promoters or enhancers of activating
histone marks such as H3K4mel and H3K4me3. The repressed state of transcription is associated with
the increase in labeling in H3K9me2/me3 and H3K27me3 [182].

Remarkably, histones code acts not only on the promoters, but also on the enhancers that are
critical for the differentiation and activation of myeloid precursors and mature macrophages. Single-cell
RNAseq demonstrated that various populations of myeloid cells are formed already at the level of
bone marrow precursors, that are controlled by a variety of transcription factors (PU.1, Cebp-a, -b
and —e, IRF8, ATF3) [183,184]. The activity of these transcription factors is regulated by histone
modifications on the enhancers [183]. Moreover, di- or tri-methylation of histone H3 in lysine-4
and -79 is associated with gene activation, while the methyl group (H3K9me2/3 and H3K27me3)
relates to transcriptional repression [183]. Depletion of PU.1 in primary macrophages resulted in
the decreased activation of methylation of H3K4 in many enhancers [150]. The importance of gene
function regulation using H3K4me2 in enhancers and promoters of IRF8 and CSFIR genes has been
established for monocyte progenitors [183]. According to the ChIP-seq data obtained in the projects of
the BLUEPRINT consortium, differences between monocytes and macrophages for histones H3K4me3
(promoters), H3K4mel (enhancers) and H3K27ac (active promoters and enhancers) were revealed [185].
Monocytes gain about 5000 enhancers and lose 3000 enhancers compared with the hematopoietic stem
cell (HSC) precursors, while macrophages gain and lose 6000 enhancers when differentiated from
monocytes [185]. It was shown that 2547 promoters were changed in histone acetylation status in
monocytes compare with macrophages, while a differential pattern of histone acetylation was found in
4036 enhancers [186].

Enzymes that control histone modification, such as HMTs [137-141,143-146,148-152],
HDMs [31,154-157], HDACs [15,66,121,136,150,152,158-173], BETs [174,175] are involved in the
epigenetic regulation of M1 and M2 macrophage polarization (Table 2, Figure 1). Activation of
the TLR-dependent pathway in macrophages and THP1 cells is accompanied by an increase in the
expression of the H3K79 inhibitor—disruptor of telomeric silencing-1-like (Dot1l) [187]. SIRT1, a
specific type of HDAC, suppresses macrophage activation through TFs such as p65, LXR, and IRFS,
and SIRT1 expression is downregulated in LPS-stimulated macrophages [188]. SIRT1 and SIRT?2 are
rapidly activated during macrophage differentiation, and their inhibition results in the upregulation
of many inflammation-related genes. SIRT1 and SIRT2 interact with DNMT3B and bind to the
promoters of genes that become hypermethylated during macrophage differentiation that was shown
in human macrophages in vitro [161]. IL-4-activated STAT6 acts as a transcriptional repressor in an
HDAC3-dependent manner in BMDMs [189].

Most of the data indicates the involvement of histone modification in TAMs in the formation
of immunosuppressive M2-like phenotype in tumors (Table 2). For example, activation of
extracellular signal-regulated kinases-1/2 (ERK-1/2) results in the inhibition of MyD88 via interleukin 1
receptor-associated kinase 3 (IRAK M) disrupting TLR signaling in TAMs of C57BL/6 mice. Histone
phosphorylation of the IL-10 promoter depends on ERK-1/2 and increases IL-10 production, but not
IL-12 [190]. BET bromodomain inhibitor, JQ1, blocks the association of bromodomain-containing
protein 4 (BRD4) with promoters of arginase and other IL-4-dependent macrophage genes inducing
immunosuppression in the TME [191]. When combining JQ1 with a PI3K inhibitor, or using the double
PIBK/BRD4 inhibitor SF2523 (previously reported as a strong inhibitor of tumor growth and metastasis
in various cancer models), tumor growth was suppressed in syngenic and spontaneous mouse cancer
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models. This effect was accompanied by the decrease in myeloid suppressor cell infiltration, restoration
of the activity of CD8+ T cells, and stimulation of the antitumor immune response [191] (Table 3).

Table 3. Mechanisms of epigenetic regulation in tumor-associated macrophages (TAMs).

Epigenetic Process The Functional Association with TAMs Activated TAM Function

DNA methylation TET2 expression is increased in the intratumoral myeloid Immunosuppression [135]
cells both in murine model of melanoma and patients
with melanoma

ERK-1/2-dependent histone phosphorylation on the IL-10 Immunosuppression [190]
promoter results in the increase in the IL-10 production.
The activation of ERK-1/2 leads to the inhibition of
MyD88 via IRAK M, disrupting TLR-signaling in TAMs in
murine melanoma mode

BRD4 is involved in the IL-4-controlled transcriptional Immunosuppression [191]
programming of macrophages and TAM-mediated
immunosuppression in TME in murine models for lung
cancer, colon cancer and melanoma

DcR3 inhibits the expression of HLA-DR via the histone Immunosuppression [192]
deacetylation on the CIITA promoters in human TAMs
generated in vitro by monocytes stimulation with
colorectal cancer cell conditioned medium

Histone modification LSD1 demethylase can regulate genes associated with M2 Immunosuppression [98,193]
—polarization by activating the production of checkpoint
mediators (NOS2, Gpr18, IL-8, IL-1b, IL-12b, CCR7, Fpr2)
in a murine model for triple negative breast cancer

Pan HDAC inhibition activates M2-like function in Immunosuppression, angiogenesis [194]
human monocyte-derived macrophages (in vitro) by
indcution of secretion of IL-10 and VEGF-A and induces
the EMT in prostate cancer cells

Inhibition of HDAC by SAHA results in a decrease in NO NO production, migration [195]
production; SAHA can decrease TAM infiltration into the
mammary gland in PyMT mice and thereafter decrease
the tumor size in breast, lung and pancreatic cancer
mouse model

Jumonji domain-containing HDM1A enhances TAM Migration, angiogenesis [196]
infiltration and angiogenic activity in SCID mice injected
with human HeLa and A673 cells through upregulating
pro-angiogenic factors such as angiopoietins and FGFs

Exosomal miR-1246 and miR-21 can increase IL-10, Activation of M2 polarization, migration [197]
TGF-f3, and MMP production in primary human
macrophagesin vitro

In EBV-negative diffuse large B-cell lymphoma Activation of M2 program [198]
overexpression of miR-155 has negative correlation with
differentiation toward M2. In EBV + diffuse large B-cell
lymphoma patients, positive correlation between miR-155
relative expression and CD163/CD68 ratio was found

miR-155 regulates the production of TNFa, IL-6 and IL-10, Cytokine production [199]
and negative correlates with the expression of C/EBP in
human cells stimulated by cancer cell line (cervical,
miRNA hepatocellular) conditioned media

miR-17 and miR-20a regulate IL6-dependent HIF2a Angiogenesis [200]
activation in monocytes that have been incubated with
Hep2 condition media, and in CD14+ cells from patients

with HCC
Increased expression of miR-511-3p suppresses tumor Inhibition of M2 program [201]
supporting CD206+ TAM gene signatures in murine
model with injected LLC
miR-19a-3p is capable for the inhibition of the M2 Inhibition of M2 program [202]

phenotype trough the upregulation of Fra-1 and the
Fra-1/STAT3 signaling pathway in murine model for
breast cancer

Notes: BRD4—bromodomain-containing protein 4; DcR3—decoy receptor 3; EBV—Epstein-Barr virus;
EMT—epithelial-mesenchymal transition; FGF—fibroblast growth factor; HCC—hepatocellular carcinoma;
HDAC—Histone deacetylase; HDM1A—Histone demethylase 1A; JMJD1A—jumonji domain-containing protein
1A; LLC—Lewis lung carcinoma; LSD1—lysine-specific histone demethylase 1; MMP—matrix metalloproteinase;
SCID—severe combined immunodeficiency; TET2—Tet methylcytosine dioxygenase.

Decoy receptor 3 (DcR3) regulates the expression of HLA-DR in TAMs by affecting the expression
of the main regulator of HLA-DR, CIIT-A, through the ERK- and JNK-induced histone deacetylation
of CIITA promoters [192]. This is the mechanism responsible for the DcR3-mediated suppression of
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HLA-DR and polarization of TAMs to M2-like phenotype. The level of DcR3 expression in cancer cells
was inversely correlated with HLA-DR expression levels in TAMs and with the overall survival period
in patients with pancreatic cancer [192] (Table 3).

The classical (M1) polarization of macrophages is accompanied by a decrease in the expression of
lysine-specific histone demethylase 1A (LSD1) (demethylation of H3K4 and H3K9 essential for the
myeloid cell differentiation), nuclear REST corepressor 1 (CoREST) and zinc finger protein SNAIL [193].
Treatment with phenelzine (an LSD1 inhibitor) reduced the activity of H3K4 and H3K9 nuclear
demethylase that resulted in the activation of the transcription and expression of M1-like markers
both in vitro and in vivo in the mouse model of triple negative breast cancer. Additionally, in vivo
chemotherapy reduced tumor volume and, in combination with an LSD1 inhibitor, canceled the
mesenchymal signature and stimulated an innate M1-like antitumor immune response [100,193]
(Table 3).

Histone deacetylases (HDACs) have an ambivalent effect on the regulation of gene expression in
TAMs. Pan inhibition of HDAC by suberoylanilide hydroxamic acid (SAHA) reduced NO production
in RAW264.7 cells and mouse peritoneal macrophages [194]. SAHA regulates pro-tumor TAM function
and induces EMT in prostate cancer cells [194]. The use of this inhibitor together with tritepinoid as
anticancer drug led to the decrease in the level of macrophage infiltration into the mammary gland in
MMTV-polyoma middle T (PyMT) mice and a subsequent decrease in tumor formation [195]. A similar
result was obtained for murine models of lung and pancreatic cancer where inhibition of HDAC had
an antitumor effect by acting through the mechanisms of regulation of nitride oxide (NO) production
in TAMs [195]. More recently, a class Ila HDAC inhibitor, TMP195, was found to reduce the tumor
burden and metastasis by modulating TAM phenotypes to the antitumor, highly phagocytic cells in
tumor-bearing MMTV-PyMT mice [203].

Histone modifying enzymes are definitely involved in the cross-talk between cancer cells and
TAMs. Thus, Jumonji domain-containing histone demethylases 1A (JMJD1A) regulated by hypoxia
and nutrient starvation of cancer cells, stimulates tumor aggressiveness by enhancing the amounts of
TAMs and their pro-angiogenic activity [196]. However, whether JMJD1A acts also in TAMs directly
still has to be clarified. Despite the accumulated data about the critical role of histone code and
histone modifying enzymes in macrophage activation, the role of the histone modifying enzymes in
TAM activation in tumor-specific context has to be analyzed for the development of optimal tumor
targeting strategy.

3.3. microRNA

Small noncoding single-stranded RNAs are evolutionarily conserved and are involved in the
multistep processes of transcription, nuclear export and cytoplasmic cleavage [204]. MicroRNAs act
primarily as posttranscriptional repressors via the targeting the 3’-untranslated region of mRNA,
inducing its degradation or the repression of its translation. More than 60% of all protein-coding genes
are directly regulated by microRNAs [114].

Different miRNAs are involved in the regulation of macrophage tumor-supporting and
tumor-killing activities. miR-155, miR-181 and miR-451 was found in M1 macrophages and miR-146a,
miR-125a and miR-145-5p—in M2 macrophages [117,118], (Table 3, Figure 1). High expression of
miR-155, miR-146a, miR-127, miR-125b in M1-polarized macrophages was confirmed in BMDMs
isolated from BALB/c mice, the RAW264.7 macrophage cell line and in C57Bl/6 mice [119,205,206]
(Table 3, Figure 1). miR-511-3p, miR-223 and let-7c contribute to the polarization of monocyte-derived
macrophages into the M2-like phenotype [118,207]. It was demonstrated that increased levels of
miR-720 resulted in the inhibition of GATA3 expression, which is important for the polarization of
M2 macrophages [29]. Moreover, knockdown of miR-146a promoted polarization of macrophages
into M1-like phenotype and decreased polarization to M2-like phenotype [208]. miR-99a inhibits the
phenotype and function of M1 macrophages by targeting TNF-« in BMDMs of mice [17]. In P388D1
and RAW264.7 cells miR-511-3p, which was found to be highly expressed in CD206+ macrophages
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in N202 tumors in mice, regulates the expression of IRF4, thereby supporting expression of genes
associated with the M2-like phenotype [201] (Table 3).

In human monocytes stimulated by human larynx epithelioma cancer cell supernatants, and in
CD14+ cells obtained from blood of patients with HCC, increased expression of miR-17 and miR-20a
resulted in the stimulation of angiogenesis by IL-6-dependent production of hypoxia-induced factor
2o (HIF2a) [200]. Increased expression of miR-511-3p leads to the suppression of the transcriptomic
protumoral gene signature detecting by RNAseq in human and mouse CD206+ macrophages, that is
associated with the inhibition of tumor growth [202]. In addition, microRNA-19-a-3p inhibits tumor
progression by downregulation of human fos-related antigen 1 (FRA-1) gene (acting as a pro-oncogene
by supporting the invasion and progression of breast tumors) and the FRA/STAT3 signaling pathway
in RAW264.7 cells [202].

Remarkably, in number of epigenetic mechanisms were found to support M2 functions of TAMs
that can be explained by the fact that M1 functions are usually activated in the acute phase of
inflammation and do not require epigenetic support. The majority of the data are a still coming from
the animal tumor models, and a similar role for epigenetic mechanisms in TAMs in human cancers has
to be analyzed. The availability of the inhibitors of histone modifying enzymes would be an interesting
approach to block M2 polarization of TAMs; however, the specific delivery of such drugs to TAMs,
similarly to the delivery of drugs targeting transcription factors, remains to be developed.

4. Metabolic Regulation of Macrophage Plasticity

Numerous studies showed distinct metabolic characteristics for the two main subtypes of
macrophages (M1 and M2). Movahedi and colleagues indicated that M1 macrophages are mainly
normoxic, while M2 macrophages reside in hypoxic areas of tumor and have a proangiogenic
activity in vivo [209]. M1 polarization displays highly glycolytic metabolism through the pentose
phosphate pathway (PPP), fatty acid synthesis (FAS) which organizes the plasma membrane for
inflammatory signaling, and impaired mitochondrial oxidative phosphorylation (OXPHOS) and
tricarboxylic acid (TCA) cycle [210]. It is commonly considered that M1 macrophages are characterized
by enhanced antimicrobial activity mediated by the upregulation of reactive oxygen species (ROS),
generation of reactive nitrogen intermediates (NO), an increased production of antimicrobial peptides,
and pro-inflammatory cytokines, such as IL-13 and TNF«x [2,211]. M1 macrophages are able to
accumulate both citrate-supported NADPH and prostaglandin E2 (PGE2), and succinate stabilized
hypoxia-inducible factor 1o (HIF-1¢) [2] (Figure 2). In contrast, traditionally M2 macrophages undergo
a metabolic reprogramming toward oxidative metabolism for bioenergetic purposes (OXPHOS), fatty
acid oxidation (FAO), decreased glycolysis, decreased metabolism via the PPP and upregulation of
arginase 1 (ARG1) which is processed into ornithine to produce polyamines (Figure 2). Such metabolic
features are associated with the ability of M2 macrophages to resolve inflammation and to support
tissue repair [2,211,212].

However, recent evidences demonstrated that FAO is also essential for inflammasome activation
in M1 macrophages, while glycolysis was found to be utilized by M2 macrophages [213]. Below we
describe key metabolic pathways of M1 and M2, as well as the examples of mixed metabolism that can
be used by macrophages in the complex pathological conditions.
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Figure 2.  Metabolic characteristics of M1 and M2 macrophages. = ARGl—Arginase 1;
FAO—fatty acid oxidation; FAS—fatty acid synthesis; G6P—Glucose 6-phosphate; GLUT1—glucose
transporter; NADH—Nicotinamide adenine dinucleotide; OXPHOS—oxidative phosphorylation;
PDK—Pyruvate dehydrogenase kinase; PPP—pentose phosphate pathway; ROS—reactive oxygen
species; TCA—tricarboxylic acid. Figure created in biorender (http://biorender.io).

4.1. The Key Metabolic Features of M1 Macrophages

It is well accepted that the key feature of inflammatory macrophages is the induction of glycolysis
by the up-regulation of the glucose transporter (GLUT1) which mediates glucose uptake [214].
Overexpression of GLUT1, which is a member of GLUT family, in macrophages is associated
with increased glycolysis and PPP intermediates that induce ROS production and expression of
pro-inflammatory mediators such as TNFx and IL-6 [215]. Overexpression of GLUT1 in murine
macrophage cell line RAW 264.1 resulted in elevated secretion of pro-inflammatory mediators, such
as G-CSF, IL-6, TNF-«, IL-1ra, increase in ROS production and simultaneously in enhanced glucose
metabolism [215]. Moreover, in macrophages, GLUT is controlled by HIF1x which regulates the
expression of genes encoding for glycolytic enzymes as well as inflammatory mediators [10]. Thus,
the upregulation of GLUT1 promotes glucose uptake that is crucial for the glycolytic activity of M1
macrophages [10,215]. ROS is a prominent factor in the activation of NFkB and p38 MAPK signaling
pathways inducing pro-inflammatory gene expression in M1 macrophages [216]. Besides, ROS is
involved in the activation of the nucleotide-binding oligomerization domain (NOD)-like receptor
containing pyrin domain 3 (NLRP3) inflammasomes [217].

LPS-activated M1 macrophages express 6-phosphofructo-2-kinase B (PFKFB3) and the pyruvate
kinase M2 (PKM2) [218]. PKM2 was found to activate the LPS-induced pro-inflammatory phenotype
of M1 macrophages in murine model via the production of HIF-1«, IL-1(3 and other HIF-1-dependent
genes as well as to promote inflammasome activation by modulating eukaryotic translation initiation
factor 2 alpha kinase 2 (EIF2AK2) phosphorylation in macrophages [218,219]. Pyruvate dehydrogenase
kinase 1 (PDK1) was demonstrated as a critical component of glucose metabolism, which was involved
in LPS-induced macrophages activation [220]. Knockdown of PDK1 in murine BMDMs suppressed
M1 by attenuating glycolytic flux, the expression of pro.inflammatory cytokines (TNF-oc and IL-6)
and consequently aerobic glycolysis, but enhanced M2 activation by mitochondrial respiration [220].
Moreover, combined deletion of two forms of pyruvate dehydrogenase kinase PDK2 and PDK4 in
myeloid cells prevents M1 polarization and correlates with the improved mitochondrial respiration in
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mouse models [221]. Similarly, PDK1 was identified as a HIF-1o target gene, and HIF-1a-PDK1 axis
induced active glycolysis with up-regulation of glycolytic genes, such as GLUT1, phosphoglycerate
kinase 1 (PGK1) or lactate dehydrogenase A (LDHA) [222].

However, there are recent evidences about the crucial need for glycolysis in M2-like macrophages
both for the activation of M2-specific gene expression and for the tumor support [223,224]. Analysis of
different components of Akt signaling revealed that Akt mediates enhanced glucose consumption in
murine IL-4-stimulated BMDMs [225]. Depletion experiments showed that IL-4 treatment enhanced
global acetylation of H3 and H4 histones at promoters of M2 genes (ARG1, Retnla, MGL2) in an
Akt-mTORC1-dependent manner. Moreover, Akt controls the production of Ac-CoA, the metabolic
substrate for histone acetylation. Inhibition of histone acetylase p300 as well as knockdown of
Raptor, a main subunit of the mTORC1 complex, reduced induction of Akt-dependent M2 genes [223].
Increased aerobic glycolysis was also found in murine BMDMs synergistically stimulated with M-CSF
and IL-4 [226]. Glycolysis and mitochondrial pyruvate import were essential for M2 activation,
possibly because they were used to fuel FAS for increased FAO and OXPHOS. mTORC2-mediated
phosphorylation of Akt was critical for M2 activation. Deletion of Rictor, a subunit of mTORC2
complex, diminished the expression of a number of M2-specific genes (CD301, RELMa, ARG1, Chil3
(Ym1), IL-10, LIPA, CD36, FABP4, PPARG, and PPARGC1B) and glucose uptake in IL-4-stimulated
macrophages. Besides, Rictor-deficient macrophages showed inhibition of activity of transcription
factor IRF4, indicating the role of mTORC2 in the expression of IRF4 in IL-4-stimulated macrophages.
In an in vivo mouse model of melanoma, loss of the mTORC2 in TAMs diminished M2 activation
and suppressed tumor growth [224]. Interestingly, in vitro knockdown experiments revealed that
STAT6 and Akt-mTORC signaling may operate in parallel and independently in response of BMDMs to
IL-4 [223,224]. Despite that it is well-known that Akt-mTORC signaling is involved in the regulation of
glucose consumption and glycolysis, there is limited evidence about regulating glucose metabolism via
STATG6 activation [225,226]. Further investigations of the interaction of these two significant pathways
in the regulation of glucose metabolism are urgently needed.

The metabolic value of pentose phosphate pathway (PPP) in M1 polarization includes conversion
of glycolytic intermediates to precursors of nucleotides and amino acids. The PPP generates NADPH
required for the inducible nitric oxide synthase (iNOS) to catabolize arginine into nitric oxide (NO)
and l-citrulline as well as for the generation of ROS [227,228]. Suppression of PPP in macrophages
attenuates oxidative stress responses and LPS-induced inflammatory cytokines that were shown in a
hyper cholesterolemic mouse model [229].

A truncated TCA cycle was considered as a metabolic feature of M1 macrophages leading to the
accumulation of citrate and succinate [230-232]. Citrate can be involved in fatty-acid synthesis, which
is essential for membrane biogenesis [230], and in the generation of inflammatory effector molecules
such as NO and prostaglandin that negatively modulate mitochondrial activity by disrupting electron
transport chain [231,233]. Pyruvate dehydrogenase (PDH) activity is needed to synthesize citrate
from glucose-derived pyruvate, while citrate is used for lipogenesis and for the production of the
pro-inflammatory mediators such as NO [210]. Succinate is associated with the pro-inflammatory
function of M1 macrophages [210]. LPS-induced succinate in macrophages enhanced IL-13 production
by stabilizing HIF-1« [232]. Succinate may indirectly stabilize HIF-1x via the induction of ROS [210].

Moreover, hyperglycemia was found to induce production of pro-inflammatory cytokines and
5100 proteins in human primary macrophages [234-236]. One of major pro-inflammatory cytokines
is IL-1beta that has a complex role in tumors and promotes tumorigenesis, tumor invasiveness and
immunosuppression [237,238]. S100A9 and S100A12 that are induced by high glucose in primary
human macrophages have multiple cellular targets and link inflammatory processes in cancer [239].
We have recently demonstrated that hyperglycemia induces activating histone code on the promoters
of these genes in primary human macrophages, that shows that there is a link between glycolytic
metabolism and the epigenetic level of regulation in macrophages [236]. However, it remains to be
understood how these processes interact in TAMs.
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4.2. The Key Metabolic Features of M2 Macrophages

A key metabolic signature of alternatively activated macrophages is the consumption of fatty acids
and the increase in the mitochondrial oxidative phosphorylation (OXPHOS) [210]. Using BMDMs
from CD36-/— mice it was shown that the uptake of low-density lipoproteins (LDL and VLDL) is
mediated by the scavenger receptor CD36 leading to their subsequent liposomal lipolysis activating
OXPHOS and FAO in M2 macrophages. Furthermore, elevated CD36 expression is substantial
for the up-regulation of gene expression defining for IL-4-induced macrophages (CD206, CD301,
PD-L2 and RELMa«in) [240]. Surprisingly, FAO was detected as the key metabolic process involved
in inflammasome activation, a key signaling event in pro-inflammatory macrophages. Inhibition
of FAO by etomoxir treatment suppressed NLRP3 and consequent secretion of IL-1b and IL-18 in
human and mouse macrophages [241]. FAO was shown to be required for palmitate-induced NLRP3
inflammasome activation, which involves mitochondrial ROS [242]. Additionally, in vivo delivery
of CpG oligodeoxynucleotide, a Toll-like receptor 9 agonist, to tumor-bearing mice with pancreatic
ductal adenocarcinoma (PDAC) cells resulted in the suppression of tumor growth in pancreatic cancer
models enhancing the anti-tumor activity of F4/80+ TAMs through the induction of phagocytosis of
tumor cells [243]. The anti-tumor activity of TAMs is implemented by the upregulation of FAO that is
a key feature of M2 macrophage metabolism, however increased pro-inflammatory cytokines (TNE,
IFNy and CCL2) in the serum of mice were also detected. FAO inhibition by etomoxir did not alter the
abundance of F4/80+ macrophages in the tumor microenvironment, however, it was associated with
decreased engulfment of PDAC cells by F4/80+ macrophages [243].

These numerous studies demonstrated the regulation of M2 polarization of macrophages through
the impact on the key metabolic pathways. Interestingly, simultaneous stimulation with LPS and
IFENy blunted mitochondrial oxidative respiration in macrophages which cannot be restored by
subsequent IL-4 stimulation that was demonstrated in mouse BMDM and human monocyte-derived
macrophages [233]. The main metabolic effect was accompanied by NO which impeded M1—-M2
repolarization by blunting mitochondrial respiration and preventing plasticity in M1 macrophages.
Inhibition of NO improved mitochondrial function and promoted IL-4-induced repolarization of M1
into M2 [233].

Thus, macrophage metabolism is not strictly limited to the glycolysis in M1 and FAO in M2
phenotypes, and examples of mixed metabolism in macrophages were also identified [210]. However,
most studies are based only on in vitro data, and analysis of TAM metabolism in mouse tumor models
and in patient’ material is needed to understand the complex metabolic response of macrophages to
the stimuli of microenvironment in various types of cancer, and the role of TAM metabolism in their
pro- and anti-tumor activities.

4.3. Metabolic Interactions of TAMs and Cancer Cells

In the tumor microenvironment cancer cells adapt their cellular metabolism to the hypoxic
conditions to maintain a high proliferation rate and invasive activity. Tumor is highly limited in the
energy suppliers, and cancer cells and other cells of TME compete for the oxygen and nutrients [2]. The
altered metabolism of cancer cells is called the Warburg effect and is characterized by an increase in
glycolysis even under aerobic conditions [227]. Cancer cells preferentially convert pyruvate into lactate.
TAMs can respond to the products of altered cancer cell metabolism by changing their functional
program to support tumor progression and metastasis [214].

4.3.1. Role of Lactate and Glycolysis

Growing evidence indicates that extracellular accumulation of lactate produced by cancer cells
stimulates expression of pro-angiogenic and tumor-promoting factors in TAMs, and consequently
induces TAM-mediated immunosuppression [244,245]. The importance of lactate in the activation
of tumor-promoting activity of TAMs was demonstrated in co-culture system of human monocytic
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cell line THP-1 with MDA-MB-231 and MCF-7 human breast cancer cells [67]. Lactate programmed
TAM-like phenotype of THP-1 cells (upregulation of CD206 and CD163 expression and elevated
production of TGF-bl, IL-10, VEGF) and stimulated the expression and secretion of CCL5. CCLS5,
in turn, induced an invasive phenotype of breast cancer cells by enhancing migration, EMT and
aerobic glycolysis [244]. The pro-metastatic phenotype of macrophages was also shown in a model
system of TAMs differentiated from human monocytes in the presence of conditioned medium of the
pancreatic ductal adenocarcinoma cells (PDAC) [245]. TAMs promoted vascular network formation
and supported EMT and extravasation of cancer cells. PDAC conditioned medium stimulated
glycolysis in macrophages by up-regulation of a number of glycolytic genes, including hexokinase
(HK?2), glucose-6-phosphate isomerase (GPI), aldolase A (ALDOA), triosephosphate isomerase 1 (TPI1)
and phosphoglycerate kinase 1 (PGK1). Inhibition of glycolysis in TAMs using inhibitor of HK?2,
2-deoxiglucose (2DG), significantly suppressed pro-metastatic phenotype of TAMs [245]. Analysis of
TAMs from MMTV-PyMT mice and BMDMs stimulated by tumor extract from MMTV-PyMT mice
revealed the significant increase in HK2, enolase 1 (ENOL1), and 6-phosphofructokinase (PFKL), a key
mediators of aerobic glycolysis [246] (Table 4).

Table 4. TAM reprogramming by tumor-derived metabolic factors.

Metabolic Pathway Metabolic Factor in TME Function of Macrophages in TME Experimental Model of TAMs  References
Glycolysis Tumor-derived lactate Upregulation of CD206 and CD163 Co-culture system of human [244]
expression and elevated production monocytic cell line THP-1
of TGF-b1, IL-10, VEGF. Increased with human breast cancer
secretion of CCL5 by TAMs which MDA-MB-231 cells
induce cancer cell migration,
enhanced EMT and aerobic
glycolysis in breast cancer cells
Glycolysis Tumor-derived condition Up-regulation of a number of Human monocytes [245]
medium glycolytic genes, including HK2, differentiated in the presence
GPI, ALDOA, TPI1 and PGK1, in of condition medium from
macrophages. PDAC cells
Macrophage-mediated activation of
vascular network formation,
increased extravasation of tumor
cells out of blood vessels and EMT
in tumor cells
Glycolysis Tumor-derived condition Increase in glycolytic TAMs from MMTV-PyMT [246]
medium enzymes—HK?2, ENO1, and PFKL mice and BMDMs stimulated
by tumor extract from
MMTV-PyMT mice
Glycolysis Tumor-derived condition Increased glycolysis (high GLUT1 Human blood monocytes [247]
medium and HK2 expression), and high stimulated with the
amounts of lactate via conditioned medium of
Akt-mTOR-dependent pathway, in melanoma cells (MV3)
parallel with activated OXPHOS
and reduced FAO
Glycolysis Tumor-derived condition Increased glycolysis in human Human macrophages [248]
medium macrophages by elevation of ECAR stimulated with
in mTOR-dependent manner. TC-conditioned medium and
Increase in glycolytic enzymes and tumor samples from patients
lactate receptor (GBR18, PFKFB3, with TC
PKM2) in TAMs of patient
specimens
Glycolysis Hypoxia Inhibition of mMTORC1 by REDD1 TAMs from MMTV-PyMT [249]
shift macrophages toward the mice
immunosuppressive and
pro-angiogenic phenotype, by
inhibition of glucose uptake and
glycolysis and enhancing glucose
availability for endothelial cells
Glycolysis Combination of hypoxia Induction of ARG1 and VEGF-A TAMs from MMTV-PyMT [250,251]
and tumor-derived lactate mice
Hypoxia The accumulation of TAMs from murine B16 [252]

M2-macrophages with elevated
expression of YM1, FIZZ1, IL-10

melanoma cells-derived tumor
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Table 4. Cont.
Metabolic Pathway Metabolic Factor in TME Function of Macrophages in TME Experimental Model of TAMs  References
Glycolysis ROS produced by cancer ROS stimulates production, of CCL7, Co-culture of macrophages [253]
cells and IL8, CSF-1 and VEGF-C, that with lung cancer cell lines
NOX4-overexpressed tumor contribute to enhanced NSCLC cell A549 and Calu-1
cells growth. NOX4-overexpressed tumor
cells enhanced the recruitment of
M2-like TAMs via ROS/PI3K
signaling-dependent pathway
Tumor-derived hypoxia Strong chemotactic effect toward THP-1 stimulated with [254]
THP-1 cells, upregulation of M2 supernatans from U87 or U251
marker expression (IL-10 and glioma cell
CCL-22) and downregulation of M1
markers (IL-6 and TNF-«)
OXPHOS Hypoxia The recruitment and differentiation BMDMs treated with [255]
of F4/80+CD206+ population. MFs exosomes derived from
exhibited enhanced OXPHOS hypoxic B16-F0, A375, A431,
activity inhibiting AKT and mTOR and A549 lung
adenocarcinoma cells
OXPHOS Tumor-derived factors GS-dependent increased expression TAMs from mice implanted [256]
of M2-specific markers (ARG, with LLC cells
CD206, CCL17, and CCL22) and
IL10 production via the mTOR
signaling
FAO Oleate Lipid droplet-dependent TAMs from murine colon [257]
up-regulation of M2 specific carcinoma model in vivo
markers (CD206, IL-6, VEGF«x,
MMP9, ARG1) and induction of
immunosuppressive TAMs by
supporting mitochondrial
respiration
FAO E-FABP-dependent lipid droplet Mouse mammary [258]
formation and activation of M1-like adenocarcinoma model
(MHCII+CD11c+), significant
inhibition of tumor growth
FAO Tumor-derived factors Increased production of TAMs isolated from human [259]
proinflammatory chemokine CCL2 renal cell carcinoma
and immunosuppressive cytokine
IL-10, increased metabolism of
arachidonic acid
FAO Tumor-derived itaconic acid Enhanced OXPHOS and ROS TAMs from tumor-bearing [260]
production in TAMs. Increased mice (B16 melanoma and ID8
tumor burdan ovarian carcinoma)
Notes: BMDMs—bone marrow-derived macrophages; = ECAR—extracellular acidification rate;

EMT—epithelial-mesenchymal transition; FAO—fatty acid oxidation; GS—glutamate synthesis; LLC—Lewis lung
carcinoma; NSCLC—non-small-cell lung carcinoma; OXPHOS—oxidative phosphorylation; PDAC—pancreatic
ductal adenocarcinoma; TC—thyroid cancer.

There are also evidences of TAM-dependent metabolic re-programming of tumor cells to aerobic
glycolysis. For example, in human breast cancer tissues the positive correlation between CD68+
TAM infiltration and glycolytic enzyme expression GLUT1, GLUT3 and HK2 in cancer cells was
demonstrated by immunostaining [261]. In the same study, MDA-MB-231, MDA-MB-468, MCF-7
and BT474 breast cancer cells co-cultured with TAMs polarized by conditioned medium from breast
cancer cells showed enhanced aerobic glycolysis by the increase in extracellular acidification rates
(ECARs), glucose consumption and lactate production [261]. Besides, breast cancer cells co-cultured
with TAMs showed high expression of glycolytic enzymes, including GLUT3, HK2, PKM2 (pyruvate
kinase isozyme M2) and LDHA. In this case, activated aerobic glycolysis in breast cancer cells is
mediated by stabilizing HIF-1x protein [261]. TAM-enhanced aerobic glycolysis in cancer cells
was also shown in lung cancer [262]. A strong correlation between CD68+ macrophages and the
expression of GLUT1 and HK2 in cancer cells was found in patients with non-small-cell lung carcinoma
(NSCLCQ) [262]. In the same study, Lewis lung cancer (LLC)-cells co-cultured with BMDMs showed
active glycolysis and increased lactate production. TAM-derived TNF« facilitates glycolysis and
inhibits mitochondrial biogenesis in LLC cells [262]. Moreover, TAMs can compete for oxygen with
cancer cells contributing to tumor hypoxia. In LLC mouse model, TAMs isolated out of tumor expressed
significantly increased levels of hypoxic factors including VEGFR, Slc2al, PDK1, and C-X-C motif
chemokine receptor-4 (CXCR4), M1-polarized marker (NOS-2) as well as M2-polarized marker (ARG1),
and immunosuppressive cytokines such as TNFa and IL-10. Depletion of TAMs switched the tumor
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metabolism from aerobic glycolysis to OXPHOS, significantly decreased expression of glycolytic gene,
reduced the amount of lactate, and decreased GLUT1 protein expression [262] (Table 4).

AKT1/mTOR pathway is important for activation of glycolysis in TAMs [223]. Mechanistic
target of rapamycin (mTOR) complex 1 (mTORC1) inhibitor REDD1 (regulated in development and
in DNA damage response 1) was up-regulated in hypoxic TAMs of a murine model of LLC [249].
Inhibition of mMTORC1 by REDD1 resulted in the shift of the macrophage phenotype towards the
immunosuppressive and pro-angiogenic phenotype that was due to the inhibition of glucose uptake
and glycolysis and enhancing glucose availability for endothelial cells. REDD1 deletion in TAMs from
murine LLC tumor promotes tumor vessel normalization and inhibits metastasis, providing evidence
about the link between TAM metabolism in hypoxia and tumor vessel morphogenesis [249].

In an in vitro model of TAMs where human blood monocytes were stimulated with the conditioned
medium of human melanoma cells (MV3), TAMs expressed M2 specific markers (CD206 and CD163),
however they were metabolically distinct from typical M2 and had metabolic features of M1-like
macrophages. TAMs polarization resulted in the increased GLUT1 and HK?2 expression, increased
glycolysis, and high amounts of lactate by Akt-mTOR-dependent pathway that was comparable with
M1 macrophages. In parallel, TAMs were characterized by the supporting OXPHOS, presenting a high
basal and maximal oxygen consumption rate (OCR), while showing low rates of FAO [247] (Table 4).
This study showed that macrophages can produce lactate in response to soluble factors from condition
medium of tumor cells, however the role of TAM-derived lactate in tumor progression remains to
be identified.

Immunohistochemical analysis (IHC) of tumors of patients with thyroid cancer (TC) also validated
the increase in glycolytic enzymes and lactate receptor (GBR18, PFKFB3, PKM2) in TAMs [248].
Stimulation of human macrophages with TC-conditioned medium or co-cultivation of macrophage
with TC cells induced increased glycolysis in human macrophages by elevation of ECAR in an
mTOR-dependent manner. RNA-sequencing confirmed on the transcriptional level enhanced
expression of genes regulating glycolysis in TAMs [248].

A combination of lactate and hypoxia in TME results in the induction of ARG1 expression and
increased secretion of VEGF-A by ischemic macrophages [250]. In an MMTV-PyMT mouse model
of breast tumor, TAM-derived VEGF were required for the response of endothelial cells for vascular
morphogenesis [250]. Interestingly, in breast cancer tissue TAMs expressing CD206 are located in
well-nourished perivascular regions, whereas macrophages produced high levels of ARG1 located
within hypoxic regions, far from the vasculature [250,251]. Upregulation of ARG1 in TAMs results in
the production of polyamines critical for the stimulation of cancer cell proliferation [251].

Thus, not only tumor cells-derived lactate stimulates tumor-promoting function of TAMs, but
in turn, cancer cell-activated macrophages activate aerobic glycolysis in cancer cells leading to their
survival, proliferation, and long-term maintenance. Such a metabolic feedback loop provides beneficial
conditions for tumor progression.

4.3.2. Role of Hypoxia

In different in vitro models hypoxia stimulated expression of HIF-inducible pro-angiogenic genes,
such as VEGF, basic fibroblast growth factor (3FGF) and CXCLS, as well as glycolytic enzymes in
TAMs [263,264]. As a rule, macrophages infiltrate hypoxic regions in tumors in association with
increased expression of pro-migratory factors CCL2, CCL5, CSF1 [265]. It was shown that melanoma
cancer cells in vitro released damage-associated molecular pattern High-Mobility Group Box 1 protein
(HMGB1) in response to hypoxia [252]. HMGB1 is significantly increased in metastatic melanoma in
patients, and drives the accumulation of M2-macrophages with elevated expression of YM1, FIZZ1,
IL-10 in murine model of melanoma. However, the depletion of HMGB1 with shRNA in mice with B16
melanoma cells-derived tumor significantly reduced tumor growth and the amount of TAMs [252].
The significant influence of hypoxia was shown in macrophages differentiated in vitro from human
peripheral blood or BMDMs isolated from mice bearing deletions in the HIF-1ox or HIF-20x genes [266].
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Under the hypoxia condition, primary human and murine macrophages displayed the upregulation of
the cell surface receptors, CXCR4 and GLUT1, and tumor-promoting cytokines VEGFA, IL-1$3 and
IL-8, adrenomedullin, CXCR4 and angiopoietin-2, indicating the importance of both HIFs 1 and 2 in
response of macrophages to hypoxia [266].

Hypoxia-inducible factors (HIFs) play a key role in the regulation of cellular responses to hypoxia.
Notably, up-regulation of HIF1« promotes immunosuppressive activity of TAMs and differentiation
of MDSCs to TAMs [267]. LPS was found to activate HIF-1oc in murine AHA-1 macrophage cells
under hypoxic conditions in vitro. LPS induced transcriptional activity, but not protein expression
and DNA binding activities of HIF-1« in macrophages by a ROS-dependent pathway [268]. It was
shown that hypoxia influences mitochondria electron transport chain (ETC) and drives ROS increase
by acting on complexes I, II, and III of the ETC [269]. Although ROS is a key metabolic marker of M1
polarization, it was shown to play a crucial role in the differentiation of monocyte to M2 macrophages
in response to M-CSF and IL-4 in vitro [270]. Inhibition of ROS generation by antioxidant butylated
hydroxyanisole (BHA) specifically affects the polarization of macrophages to M2, and dramatically
inhibits the expression of the M2 cytokines IL-10, CCL17, CCL18 and CCL24, but not M1 cytokines.
Additionally, ROS inhibitor BHA significantly reduced the accumulation of F4/80+cells and tumor
burden as well as numbers of metastatic foci in K-RAS-induced lung cancer and MMTV-PyMT-induced
breast cancer in vivo [270]. ROS production is regulated by NADPH oxidases. NADPH oxidase 4
(NOX4)-overexpressed lung cancer cell lines A549 and Calu-1, induced the recruitment of murine
M2-like TAMs via the ROS/PI3K signaling-dependent pathway [253]. ROS produced by cancer cells
stimulates various cytokine production, including CCL7, IL-8, CSF-1 and VEGEF-C, that all contribute
to enhanced NSCLC cell growth. IHC analysis of clinical specimens confirmed the positive correlation
of NOX4 and CD68 or CD206 [253]. ROS accumulation in BMDMs that was reached by ROS inducer,
glutathione synthesis inhibitor buthionine sulphoximine (BSO), results in increased expression of
programmed death ligand-1 (PD-L1) and production of IL-10, IL-17, IL-4, IL-1b, insulin-like growth
factor-binding protein 3 (IGFBP-3), and chemokine (C-X-C motif) ligand 1 (CXCL1) that are associated
with an immune-suppressive phenotype of macrophages [271].

In another study, hypoxia promoted THP-1 cells polarization to M2 phenotype in
HIF-1a-independent way, by decreasing IL-1f expression and increasing VEGF and CD206
expression [272]. In patients with glioma, IHC analysis revealed the positive correlation between
HIF-1x expression, periostin (POSTN) expression, and the infiltration of TAMs (CD11b+) and M2 type
TAMs (CD206+) in tumor sections. The density of TAMs increased in higher grade gliomas and in
hypoxic HIF-1x-positive regions. In vitro supernatants from hypoxia-treated U87 or U251 glioma cell
induced strong chemotactic effect toward THP-1 cells, upregulation of M2 marker expression (IL-10
and CCL-22) and downregulation of M1 markers (IL-6 and TNF-«), indicating the activation of M2-like
phenotype under hypoxic condition. Hypoxia-inducible expression of POSTN, tumor-promoting
factor and chemoattractant for macrophages, in U87 and U251 cells was increased by TGF-« via
the RTK/PI3K pathway in vitro [254]. Conversely, in the model of lung adenocarcinoma, hypoxia
induced the metabolic shift in TAMs from glycolysis toward TCA cycle and OXPHOS activation [255].
Thus, exosomes derived from hypoxic B16-F0, A375, A431, and A549 lung adenocarcinoma cells
were highly enriched with CSF-1, CCL2, FTH, FTL, and TGFfj that induced macrophage recruitment
and promoted M2 polarization. In vivo, exosome-treated BMDMs showed a shift of cell population
to F4/80+CD206+ population, increased B16-FO tumor cell proliferation and viability. ATP-linked
mitochondrial OCR assay demonstrated that M2-like macrophages, polarized by hypoxic exosomes,
exhibited enhanced OXPHOS activity, inhibiting AKT and mTOR and increasing expression levels of
mTOR negative regulator REDD1 [255]. These numerous studies indicate that hypoxia promotes the
tumor-supporting function of TAMs, which is associated with a strong induction of immunosuppressive
and proangiogenic phenotype.
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4.3.3. Role of Fatty Acid Oxidation (FAO)

The importance of FAO for TAMs has been recently shown in a murine colon carcinoma
model and in human colon cancer where unsaturated fatty acids (oleate) induced polarization of
immunosuppressive TAMs by supporting mitochondrial respiration [257]. The up-regulation of
M2 specific markers (CD206, IL-6, VEGFx, MMP9, ARG1) was observed upon oleate treatment
dependent on lipid droplets (LD), that play an essential role in the catabolism of free fatty acids for
mitochondprial respiration. The formation of LDs in TAMs was found in tumor tissue of patients with
colon cancer [257]. However, inhibition of DGAT, an enzyme responsible for the formation of lipid
droplets in myeloid cells, prevented oleate-induced immunosuppressive M2 phenotype in murine
BMDMs and human monocyte-derived macrophages. Besides, mTOR inhibition in myeloid cells
eliminated specific lipid droplet-dependent mitochondrial respiration in M2-like macrophages [257].
In contrast, the LD formation in TAMs from a mouse mammary adenocarcinoma model was associated
with significantly inhibited tumor growth. LDs were formed particularly in M1-like (MHCII+CD11c+)
TAM population in E0771 breast cancer-bearing mice. This subset of macrophages demonstrated
up-regulation of epithelial fatty acid binding proteins (E-FABP), a lipid chaperon. Furthermore, the
expression of E-FABP in human breast tumors is reduced in macrophages of invasive tumors as
compared to normal stroma, and decreased TAMs in parallel with the disease progression [258]. IFNy
induces LD accumulation in MafB/c-Maf double deficient (Maf-DKO) macrophages that depends
on exogenous lipids, while de novo synthesis of fatty acids from glucose plays a minor role in this
process [273] (Table 4).

Other pathways are also involved in metabolic changes in TAMs. Thus, TAMs isolated from
human renal cell carcinoma produce pro-inflammatory chemokine CCL2 and immunosuppressive
cytokine IL-10 that is dependent on the increased metabolism of 15-lipoxygenase-2 (15-LOX2)
LOX-dependent arachidonic acid [259]. TAMs isolated from tumor-bearing mice (B16 melanoma and
ID8 ovarian carcinoma) induced itaconate accumulation which is catalyzed by the enzyme encoded by
immunoresponsive gene 1 (IRG1) [260]. Itaconic acid stimulates OXPHOS and ROS production in
TAMs. Interestingly, IRG1 protein expression was found in TAMs from tumor-bearing mice, but was
not detected in B16 or ID8 tumor lysates, and Irgl shRNA treatment significantly reduced tumor burden
in both tumor models. These results indicate once again that tumors profoundly alter the metabolism
of TAMSs, to potentiate tumor growth [260]. Other authors reported glutamine-synthetase (GS) as
mediator of the proangiogenic, immunosuppressive, and pro-metastatic M2-like macrophages. It was
reported that glutamine-synthetase (GS) controlled mTOR signaling and activated IL10-stimulated M2
macrophages with pro-tumor properties [256]. Moreover, deletion of GS in macrophages promotes
vascular normalization, accumulation of cytotoxic T cells, and metastasis inhibition and skews TAMs
toward the M1-like phenotype in mice implanted with Lewis lung carcinoma (LLC) cells. Deletion of
GS in macrophages leads to the reduced expression of M2-specific markers (ARG1, CD206, CCL17, and
CCL22) and upregulation of M1 marker MHC class II [256]. GS-targeted human monocyte-derived
macrophages display reduced glutamine and enhanced succinate accumulation, increasing glucose
flux through glycolysis, partly through the stabilization of HIF-1x [256]. The elevated expression
of GS was also revealed in TAMs isolated from glioblastoma resections and TAMs co-cultured with
glioblastoma cells [274].

Thus, the available data indicate that tumors can program the metabolism of intratumoral
macrophages to potentiate tumor growth. Although the molecular profile of TAMs is very close to
M2-prototype, in TME they obtain mixed metabolism with pronounced glycolysis, a metabolic feature
of M1 macrophages. Among the number of metabolites in TME, the essential tumor-promoting role of
TAMs in different cancer models was assigned to lactate released by cancer cells. Lactate increases
the ability of TAMs to induce angiogenesis, tumor growth and immunosuppression. The importance
of FAO, a metabolic feature of M2 macrophages, has been also demonstrated in TAMs. However,
there are some contradictory results concerning the lipid droplets involved in fatty acid metabolism.
The majority of studies were performed using in vivo or in vitro models, and almost no results can
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be found for patients. Analysis of TAM metabolism in human tumors is required in order to find
therapeutic targets to stimulate the anti-tumor activity of TAMs.

5. Conclusions and Perspectives

Each tumor is a complex organ with individual dynamics of growth, metabolism, immune status,
vascularization and spread within the organism. Macrophages are key innate immune cells in the TME
and at metastatic sites that have the intrinsic capacity to block cancer progression, but in the majority
of tumors they are reprogrammed by cancer cells to support tumor growth and spread. Programming
of macrophage functional phenotypes is controlled on the transcriptional, epigenetic, and also on the
metabolic levels. Close interplay of transcriptional factors and epigenetic enzymes is responsible for
the activation of pro- or anti-tumor programs, and is utilized by cancer cells to give instructions to
macrophages to support tumor progression. The progress in our understanding of essential elements
and mechanisms that control interaction between transitional factors and epigenetic mechanism in
complex TME resulted in the identification of a promising target for therapy. For example, inhibition
of some TFs, such as STAT3 or STAT6, c-Maf, c-Myc, in macrophages can significantly attenuate tumor
growth and metastasis of tumors [21,77-79,106].

Metabolism of macrophages attracted more recently strong attention of the research community
mostly due to the role of macrophages in development of diabetes and its complications. However,
cancer cells can control macrophage activation also by modulation of their metabolic pathways. Despite
that TAMs are considered to have an M2 phenotype; in TME they can have mixed metabolism with
pronounced glycolysis, a metabolic feature of M1 macrophages, and less pronounced FAO. Metabolic
re-writing is an attractive idea for therapeutic inhibition of tumor-promoting activity of TAMs but
needs a deep understanding of which types of metabolism (glycolytic or FAO) are beneficial for the
tumor and which for the patient.

There are several immunomodulatory approaches based on the targeting of macrophage
metabolism. A clinical study based on the administration of oleic acid combined with Vitamin
D-binding Ge-globulin-derived macrophage activating factor (GcMAF) in patients with advanced
cancer (including colorectal cancer, breast cancer, melanoma, thyroid cancer, renal carcinoma) was
performed [275]. Administration of the OA-GcMAF complex resulted in a significant reduction in
tumor size, demonstrating greater anticancer effects and immunotherapeutic activity than GcMAF
alone. One of the possible mechanisms of this effect is releasing of NO responsible for the anti-cancer
properties of activated macrophages [275]. Another vitamin D binding protein-macrophage activating
factor (DBP-maf) was demonstrated to inhibit the growth of hepatocellular carcinoma in tumor-bearing
severe combined immunodeficiency (SCID) mice [276]. In vitro DBP-maf inhibited the proliferation of
endothelial cells and activated phagocytosis by macrophages [276]. Targeting glutamine metabolism
using glutamine antagonist JHU083 demonstrated the inhibition of metastasis and enhanced anti-tumor
immunity in 4T1 (breast cancer) tumor-bearing mice resulting in the improvement of the efficacy of
anti-PD1 and anti-CTLA4 therapy [277]. Glutamine antagonist JHU083 induced the repolarization
of MDSCs to inflammatory macrophages and enhanced immunogenic tumor cell death and antigen
presentation of TAMs [277].

In conclusion, understanding the complexity of the mechanism of the interaction between
transcriptional, epigenetic and metabolic programming of macrophages is the next challenge that will
allow identifying pharmacological targets for immunomodulatory therapy in specific tumor types.
However, the development of delivery systems for specific targeting for pro-tumoral TAMs in different
types of cancer is the next task for biotechnology.
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