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Macrophages are one of the most important cells in the innate immune system, they are
converted into two distinct subtypes with completely different molecular phenotypes and
functional features under different stimuli of the microenvironment: M1 macrophages
induced by IFN-y/lipopolysaccharides(LPS) and M2 macrophages induced by IL-4/IL-10/
IL-13. Tumor-associated macrophages (TAMs) differentiate from macrophages through
various factors in the tumor microenvironment (TME). TAMs have the phenotype and
function of M2 macrophages and are capable of secreting multiple cytokines to promote
tumor progression. Both tumor cells and macrophages can meet the energy needs for
rapid cell growth and proliferation through metabolic reprogramming, so a comprehensive
understanding of pro-tumor and antitumor metabolic switches in TAM is essential to
understanding immune escape mechanisms. This paper focuses on the functions of
relevant signaling pathways and cytokines during macrophage polarization and metabolic
reprogramming, and briefly discusses the effects of different microenvironments and
macrophage pathogenicity, in addition to describing the research progress of inhibitory
drugs for certain metabolic and polarized signaling pathways.

Keywords: macrophage polarization, tumor-associated macrophages, tumor microenvironment, immune escape,
metabolic reprogramming

INTRODUCTION

The latest global data released by the World Health Organization International Cancer Research
Agency (IARC) show that the number of new global cancer cases in 2020 rose to 19.3 million, with
10 million deaths. At present, the main treatment methods of cancer are surgical treatment,
chemotherapy, radiotherapy, molecular targeted therapy and immune checkpoint inhibitor
treatment. Immunotherapy uses immune cells in the tumor microenvironment (TME) to
specifically identify and attack cancer cells, which has better application prospects. The TME
contains a variety of immune cells, such as macrophages, effector T cells, natural killer cells and
dendritic cells. Among these, macrophages are the largest and critical population of innate immune
cells in the TME. Macrophages are derived from bone marrow hematopoietic stem cells and
embryonic yolk sac tissue. Macrophages involved in the pathogen response are derived from
monocyte precursors in the blood circulation; these cellular precursors are found in chemokines
such as CCL5, CCL7, CCL20. Then cytokines such as the macrophage colony-stimulating factor and
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macrophage migration inhibitory factor (MIF) are recruited and
infiltrate into tumor tissues, and macrophage inflammatory
protein lo causes, differentiation of macrophages into TAM
under the influence of the TME. These cells also secrete a variety
of cytokines, chemokines, and proteases and promote tumor cell
growth, invasion, metastasis, and drug resistance (1).

TME is the environment surrounding a tumor during its own
growth or mutation, and includes cancer cells and invasive
immune cells. Tumor cells can promote their own growth by
improving this environment, and the body can inhibit or kill
tumor cells by changing the environment surrounding the tumor
cells (2). The interaction between the metabolic reprogramming
of tumors and immune cells is one of the determinants of the
tumor immune response (3). Tumor metabolism plays a key role
in maintaining tumorigenesis and survival, and also affects
immune cells by releasing metabolites. Tumor cells can
regulate energy metabolism through metabolic reprogramming
to promote rapid cell growth and proliferation, and select
appropriate metabolic modes depending on the concentrations
of external nutrients and different stress conditions. This
complex metabolic pattern also exists in immune cells, and
different metabolic patterns also affect the differentiation of
different immune cell subsets. Indeed, metabolic competition
between tumor and immune cells limits the nutrient supply of
immune cells. The metabolites of tumor cells, such as high levels
of lactate, low pH, hypoxia and high levels of reactive oxygen
species (ROS) are found in the TME and lead to tumor
progression and immune escape (4).

Tumor angiogenesis is one of the most important
mechanisms of tumor growth and invasion. TAM can be
involved in tumor angiogenesis through the secretion of pro-
angiogenic factors, including VEGF-A, EGF, TGF-, TNF-, IL-1,
and IL-8 (5). Hypoxia is another crucial condition for tumor
angiogenesis. Studies have demonstrated that TAM in the
hypoxic TME significantly induces tumor angiogenesis, a
process accompanied by the polarization and metabolic
reprogramming of macrophages (6). Hypoxia inducible factor
(HIF) is involved in the aerobic glycolysis process of TAM, while
studies have demonstrated that the expression of HIF in TAM is
significantly increased and induce the production of VEGF-A
(7). This suggests the relevance of tumor angiogenesis and
reprogramming of TAM metabolic reprogramming.

Immune cells undergo metabolic reprogramming during
proliferation, and differentiation and when performing effector
functions, and are essential for the immune response process (8).
Cross-talk between macrophages and other innate immune cells
in the TME plays an important role in the metabolic
reprogramming process of immune cells. Both tumor-
associated neutrophils (TANs) and TAM can affect cancer
growth and metastasis, and their spatial distribution in the
TME is interrelated. Studies have shown that co-cultured
TANs and TAM can greatly secrete OSM and IL-11, which
promotes the proliferation and invasion of intrahepatic
cholangiocarcinoma (ICC) cells. Meanwhile, the team also
found that there may be a positive feedback loop between
TAN and TAM, TAN expresses CCL2, CCL5 and CSF1

mediate TAM infiltration, while TAM expresses CXCL8 and
CSF3 promote TAN infiltration (9). This process is accompanied
by the metabolic reprogramming of both TAN and TAM. Thus,
understanding how the metabolic reprogramming of tumors and
immune cells regulates the antitumor immune response could
allow us to identify therapeutic approaches for targeted
metabolic pathways in antitumor immunotherapy. This review
focuses on the effects of macrophage activation and polarization
in the TME on tumor growth and development.

METABOLISM-RELATED SIGNALING
PATHWAYS IN MACROPHAGE
POLARIZATION

Macrophage polarization refers to the morphological, functional
and phenotypic differentiation of macrophages under the action of
different microenvironmental signaling in vitro and in vivo.
According to their immunological functional differences, polarized
macrophages can be divided into M1 macrophages in the classical
activation pathway and M2 macrophages in the alternative
activation pathway (10), while M2 macrophages can in turn be
subdivided into M2a (induced by IL-4 or IL-13), M2b (induced by
immune complexes in combination with IL-1B or LPS), M2c
(induced by IL-10, TGF-B or glucocorticoids) and M2d (induced
by TLR +adenosine A2A receptor ligands or IL-6) (11). Different
M2 macrophage subtypes can be identified by different surface
markers, M2a highly expresses CD206, Argl, Yml, FIZZ1 and
TGF-f; M2b highly expresses IL-1f, IL-6 and TNF-o; M2c¢ highly
expresses CD206 and CD163; M2d highly expressed VEGF and IL-
10 (12). M1 macrophages are generated upon stimulation by LPS
and IEN-y. They, produce ROS and induce the production of
inducible nitric oxide synthase (iNOS) and a large number of
inflammatory factors such as TNF-o, IL-6 and IL-1B, and play
important roles in physiopathologic processes such as killing
pathogens, resistance to parasite and tumor cells, and anti-
inflammatory responses. M2 macrophages, mainly produced by
IL-4/IL-10/IL-13 stimulation, can be classified into multiple
subtypes based on differences in induced environmental and
functional typing, with immunomodulation, immunosuppression
and tissue remodeling (13).

The above is a traditional typing method, and with further study
of the macrophage polarization process, it was found that the M1
and M2 alone do not well distinguish the macrophage phenotype.
Therefore, macrophages were genotyped based on the expression of
macrophage surface markers (14). Furthermore, it has also been
suggested to incorporate stimulators during naming to differentiate
between macrophages (15).

Macrophage polarization is a complex process co-regulated
by multiple signaling molecules and their signaling pathways.
The main signaling pathways are JAK/STAT, PI3K/AKT, JNK
and Notch pathways (Figure 1) (16). Macrophage metabolism is
similarly regulated by a variety of signals and pathways,
including the HIF, PI3K/AKT, PPAR and AMPK pathways,
some of which play a key role in macrophage polarization,
along with the associated cytokines (Figure 2 and Table 1).
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FIGURE 1 | Related signaling pathways for macrophage polarization. M1 macrophages, which are classically activated by IFN-y and LPS, are mediated by the
PIBK-AKT-mTOR-HIF-1 signaling cascade pathway. Moreover, JAK-STAT1, Notch, and NF-xB also play important roles in the polarization of M1 macrophages.
M2 macrophages alternatively activated in response to IL-4/IL-10 are mediated by JNK-STAT axes.

PIBK/AKT Pathway
M1 macrophages mainly utilize glycolysis to meet biosynthesis and
energy needs. M1 macrophages are activated by LPS via the PI3K/
AKT pathway. LPS upregulates NF-kB expression by activation of
the PI3K/AKT pathway and induce M1 macrophage polarization.
Knockdown of AKT1 was shown to result in negative
transcriptional regulation of miR-155, with activation of RelA/
NF-kB, inhibiting the cytokine signaling suppressor 1 and
ultimately promoting M1 macrophage polarization (31).
Meanwhile, the activated PI3K/AKT pathway can upregulate
multiple glycolytic key enzymes and enhance the ability of
macrophage to uptake and utilize glucose (32). G-protein
coupled receptors (GPCRs), receptor tyrosine kinases (RTKs)
and Toll-like/IL-1 receptors (TLR/IL1Rs) all activate the PI3K/
AKT pathway, enhance cancer-associated inflammation in

TAMs and promote glycolytic progression in M1 macrophages
(33). It has been demonstrated that Renalase is a secreted flavin
that acts as a survival factor after ischemic and toxic damage,
signaling through the plasma calcium channel PMCA4b and
activating the PI3K/AKT and MAPK pathways, with
significantly increased expression in primary melanoma and
CD163(+) tumor-associated macrophages, which in turn
regulates the metabolic reprogramming of tumors and TAM
(34). Therefore, it can be argued that both macrophage
polarization and metabolic reprogramming processes are
affected when LPS activates the PI3K/AKT pathway.

mTOR Pathway

The mammalian rapamycin target (mTOR) is a serine/threonine
kinase consisting of two scaffold complexes mTOR complexes 1
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TABLE 1 | Signaling molecules involved in the metabolic reprogramming of macrophages.

Signaling Signaling molecules Effects on macrophage metabolism Effects on polarization of
pathway macrophages
PIBK AKT, miR-155, NF-xB, Participate in glycolysis M1 macrophages (17)
Glut1, HK2, PFK2, GPCR
mTORC1 AKT, TSC1, TSC2, AMPK, HIF-1c,, FOXK1, SREBPs Involved in protein synthesis, adipogenesis, M1 macrophages or M2
glycolysis and inhibit autophagy macrophages (18, 19)
mTORC2 AKT, IRF4, STAT6, PKC, SGK1 Cytoskeletal composition and lipid metabolism M2 macrophages (18, 20)
HIF -1o LDHA, PDK, GAPDH, GLUT1, HK2, PKM2, PGK1, VHL, Involved in glycolysis and lactate production M1 macrophages (21, 22)
JAB1, PFK
HIF-200 IL-6, IL-1B, Arg1, VEGF Promote tumor angiogenesis M2 macrophages (23) (24)
AMPK IL-10, STATS3, AKT, mTORC1, TGF-B OXPHOS M2 macrophages (25)
PPARs PPARo, PPARB, PPARY, PPARS, STAT6, IL-10, AMPK, Lipid metabolism M2 macrophages (26)
Triacylglycerol, CPT, IL-4, PGE2
Glutamine GPT2, a-KG, UDP-GIcNAc Involved in glutamate metabolism, TCA cycle and M2 macrophages (27)
UDP-GIcNAc synthesis
Lactate Arg1, mTORC2, ERK, Notch OXPHOS M2 macrophages (28)
C/EBPB Arg-1, IL-10, IL-13ra, Msr1 Involved in cell differentiation, tumorigenesis and M2 macrophages (29)
energy metabolism
Notch TLR4, Hes1, NF-xB, DIl4 Involved in aerobic glycolysis M1 macrophages (30)

(mTORC1) and mTOR complex 2 (mTORC2), located
downstream of the PI3K/AKT/mTOR signaling pathway and is
a key site in regulating energy supply, biosynthesis, glycolysis and
lipid metabolism (35). mTORCI1 primarily promotes protein
synthesis, adipogenesis, energy metabolism, autophagy
inhibition and lysosomal formation processes, while mTORC2
plays a critical role in cytoskeletal composition, cell survival and
metabolism (20).

mTORCI can regulate the polarization of M1 macrophages as
well as the metabolic reprogramming processes. In M1
macrophages, the mTORCI/HIF-1a. axis is indispensable for the
transcription of pro-inflammatory cytokines and metabolic genes
related to glycolysis (36). It was demonstrated that mTORCI1
affects glycolysis, the pentose phosphate pathway, and lipid
metabolism processes by activating the gene transcription of
hypoxia-inducible factor and sterol regulatory element-binding
protein (37). Furthermore, FOXK1 directly regulates mTORC1
signaling and CCL2 expression in a manner independent of NF-
KB, promoting tumor progression through the secretion of CCL2
(38). M2 activated macrophages use fatty acid oxidation and
oxidative phosphorylation (OXPHOS) as the main metabolic
pathways while increasing glucose utilization, in which
mTORC2 acts in parallel to the IL-4R0/STAT6 pathway to
promote increased glycolysis during M2 activation by inducing
the transcription factor IRF4 (39). Some studies have established
that constitutive activation of mTORC2 can promote the
polarization of M2 macrophages in TAMS, which in turn leads
to the immunosuppression of TME. However, existing studies
demonstrate that IL-4 signaling selects the Akt-mTORCI pathway
to regulate ATP citrate lyase, leading in increased histone
acetylation and M2 gene induction (19). This suggests that
mTOR, an energy regulatory center, may have a more complex
role in the process of macrophage polarization. Thus, mTORC1
and mTORC2, as key nodes in macrophage polarization and
metabolism, receive the effects of multiple signaling molecules in
the TME and are not only involved in M1 or M2 typing, but serve
as nodes in the interconversion of M1 and M2 typing.

The tuberous sclerosis complex (TSC1 and TSC2) are
negative regulators of mTOR activity, and the main role is to
inhibit mTORCI signaling. On the PI3K/AKT/TSC/mTORCI1
signaling pathway, upstream signaling molecules inhibit the TSC
complex via the PI3K-AKT pathway to activate mTORC1 kinase
activity (40). Molecular studies show that TSCI can inhibit M1
macrophage polarization by inhibiting RasGTPase/Rafl/MEK-
ERK signaling, whereas TSC1 promotes M2 macrophage
polarization through the mTOR-dependent CCAAT/enhancer-
binding protein-B pathway (41). This suggests a critical role of
TSC in coordinating macrophage polarization through mTOR-
dependent and independent pathways.

HIF

HIF is a heterologous protein dimer composed of a o subunit
and a [ subunit that can regulate a range of gene expression of
cells in a hypoxic environment. HIF is divided into three
subtypes, HIF-1o, HIF-20. and HIF-3q, in which the role and
function of HIF-1o and HIF-20a: have been extensively studied.
In inflammation and TME, macrophages undergo metabolic
reprogramming to be adapted to hypoxic conditions, involving
many HIF-1o -dependent gene expression, with many regulatory
processes involved (21). PI3K/AKT/mTOR, RAS/RAF/MEK/
ERK and IKK/NF-kB are upstream regulatory signals of HIF-
la and can induce increased HIF-1a expression (22). HIF-1a is
constitutively expressed. Normally, HIF-1ot can be ubiquitinated
by VHL for rapid degradation, maintaining the normal function
of the body. However, under hypoxia, HIF-1a is required for
glycolytic gene expression, including those encoding the GLUT],
LDH-A, hexokinase, phosphofructokinase, pyruvate kinase, and
GAPDH. During glycolysis, HIF-1o. is considered a key factor in
determining how cells convert pyruvate into lactate. In normal
cells, the pyruvate produced by glycolysis enters the tricarboxylic
acid cycle for oxidative phosphorylation (OXPHOS). However,
in tumors, as well as in some immune cells, HIF-1c can facilitate
the aerobic glycolysis by conversion of pyruvate to lactase by
promoting the expression of lactic acid dehydrogenase (LDHA)

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 840029


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Metabolic Reprogramming Governs Macrophage Polarization

and pyruvate dehydrogenase kinase (PDK) (42, 43).
Furthermore, the glycolytic process mediated by AKT/mTOR/
HIF-10. was shown to be associated with training immunity in
monocytes and macrophages, and the researchers found that
HIF-1a-deficient mice were unable to produce a trained immune
response to bacterial sepsis (44). HIF-1lo induced by pro-
inflammatory cytokines is strongly associated with M1
macrophages. Overexpression of HIF-lo induces M1
macrophage polarization via NF-xB and upregulates genes
related to glycolytic metabolism (45). In addition, it has been
demonstrated that HIF-lo-stabilizing long noncoding RNA
(HISLA) blocks PHD2 and HIF-1a interaction and thereby
suppresses HIF-1o. hydroxylation and degradation, while HIF-
lo. promotes aerobic glycolytic processes in tumor cells and
released lactate upregulates HISLA, in macrophages that
constitutes a feedforward loop between TAMs and tumor
cells (46).

Among the known functions, HIF-1o. and HIF-20. have
partially overlapping roles. However, HIF-20. expression is more
restricted for structural reasons. Studies indicated that HIF-1 o
and HIF-20. are expressed in M1 and M2 macrophages,
respectively (24). LPS or IFN-y significantly increased HIF-1o
protein abundance and inhibited HIF-2ct gene expression. In
contrast, IL-4 or IL-13 significantly increased the HIF-2a
protein abundance. Meanwhile, HIF-20. induces Argl gene
expression, a specific marker of M2 macrophages (47). HIF-1o
and HIF-20 have been thought in the past to be involved in the
polarization process of M1 macrophages and M2 macrophages,
respectively. However, a recent study noted that in Clear cell renal
cell carcinoma, HIF-1o highly expressed in TAMs is associated
with poor prognosis and polarization of M2 macrophages, and
HIF-20 with good prognosis, in contrast to previous studies (48).
This suggests that the functions of HIF-1o and HIF-2¢: are plastic
during tumor progression, play an important regulatory role in the
metabolic reprogramming of tumor cells and macrophages, and
produce interesting changes under the influence of TME.

AMPK

Adenosine 5'-monophosphate-activated protein kinase (AMPK)
is an energy sensor that regulates energy homeostasis in response
to metabolic stress (49). Anti-inflammatory cytokines such as IL-
4 and TGF-B have been shown to promote M2 macrophage
polarization and to favor glucose metabolism via OXPHOS (50).
AMPK is a key regulator of OXPHOS. It is activated by
adenosine, its substrate and anti-inflammatory factors, and
puts macrophages into an immunosuppressed state. Activated
AMPK will induce macrophages to take OXPHOS as the main
metabolic mode and promote the polarization of M2 like
macrophages (51). Conversely, LPS-induced M1 macrophages
show inhibition of AMPK and favor glycolysis as the major
glucose metabolic pathway. Some results suggest that AMPK is
involved in the polarization and metabolic reprogramming of
M2 macrophages. AMPK plays a key role in the M2c
macrophage activation pathway induced by IL-10. AMPK can
inhibit pro-inflammatory responses and promote M2
macrophage polarization by negatively regulating LPS-induced
IkappaB-degradation and positively regulating Akt activation

(52). Follow-up studies by this research team demonstrated
that AMPK promotes the IL-10-mediated macrophage
polarization to the M2 phenotype through the PI3K/Akt/
mTORC1 and STATS3 signaling pathways (25).

PPARs

The peroxisome proliferator activation receptor (PPAR) is a key
sensor for lipid metabolism. As a nuclear receptor and
transcription factor, PPARs can directly initiate or inhibit the
expression of many target genes and play regulatory roles in
cellular glycolipid metabolism. IL-13 and IL-4 secreted by
adipocytes or Th2 cells activate STAT6 and phosphorylate
AMPK, resulting in increased expression of PPAR-3 with ACE,
inhibiting M1 polarization and promoting the expression of type
M2 genes (53, 54). PPARY depletion results in the inhibition of
M2 macrophage polarization. Studies have shown that M2
macrophage polarization was inhibited by arachidonic acid,
but was inversely promoted by its derived metabolite
prostaglandin E2 (PGE2). PPARY connects the two processes
via OXPHOS. PGE2 enhanced OXPHOS through inhibiting
PPARY, resulting in the alternative activation of macrophages
(55). PPARJ, a member of the PPAR family, plays an important
role in the clearance of apoptotic cells and is involved in tumor
construction. Studies have shown that PPARo/f promotes TAM
activation through enhanced IL-10 expression and induces the
polarization process in M2 macrophages (56).

Other Signaling Pathways
There are many other signaling molecules involved in the
polarization and metabolic processes of macrophages. The
transcription factor c-Myc is involved in glycolysis and
glutaminolysis of immune cells. It was demonstrated that c-
Myc plays an important role in the induced macrophage
polarization and metabolic reprogramming process by
LPS. The c-Myc is required to increase early glycolysis and
regulates the pro-inflammatory and microbial-killing functions
of inflammatory macrophages (57). FOXO1 promotes
the transcriptional polarization of M2 macrophages and the
recruitment of M2 macrophages at TME through the
transcriptional modulation of CCL20 and CSF-1 (58). The C/
EBP is a member of the C/EBP family. It has been demonstrated
that the CREB-C/EBPP cascade can induce M2 macrophage-
specific gene expression, including Arg-1, IL-10, IL-13ra, and
Msrl (29). The JAK-STAT1 pathway mediated by IFN-yis a
putative pathway for M1-like macrophage polarization (59).
Currently, most consider JAK-STATI as a key node in
macrophage polarization, but further studies are needed to
determine whether it regulates the metabolic processes of
macrophages. Moreover, DII4-Notch is also an important
pathway for the polarization of MI-like macrophages. One
report showed that the lactate metabolism regulated by
activated Notch signaling may be involved in MDSC
differentiation and TAM maturation, so we can speculate that
the Notch pathway may be involved in macrophage metabolic
reprogramming by regulating lactate metabolism (30).

In addition, epigenetic regulation has important implications
for macrophage polarization and metabolism. Epigenetic
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regulation mainly consists of three aspects, including DNA
methylation, non-coding RNA and histone modifications. It
has been reported that J]MJD3 contributes to decreased H3K27
methylation levels and increases the transcriptional activity of
M2 marker genes (60). Meanwhile, it was found that activated
PERK promotes serine biosynthesis through the downstream
transcription factor ATF-4, which leads to enhanced
mitochondrial function and o-ketoglutarate production
required for JMJD3-dependent epigenetic modification, thus
promoting mitochondrial respiration and lipid oxidation in
M2 macrophages (61). Furthermore, it has been demonstrated
that the transcription factor CTCF recruits histone
acetyltransferase E1A binding protein p300 to promoter
regions by binding to downstream acting targets, thereby
enhancing histone acetylation and gene transcription and
promoting M2 polarization of TAM (62).

In summary, polarization and metabolic reprogramming of
macrophages are the result of coregulation by multiple signaling
pathway interactions that produce adaptive changes based on
differences in the microenvironment.

EFFECTS OF THE MICROENVIRONMENT
ON MACROPHAGE POLARIZATION AND
METABOLISM

Macrophages have strong plasticity, and can be polarized into
different subtypes by the TME, with a two-sided relationship
with tumors (Figure 3) (63). M1 macrophages can be activated
by IFN-y and TLRs to recognize tumor cells through cell surface
antigens, releasing tumor killer factors such as NO and ROS,
which have antitumor effects. M2 macrophages can be activated
by IL-4 and IL-13 and are regulated by multiple transcription
factors and secreted cytokines when regulating tumor growth

progression, which inhibits immune response, hypoxia
regulation, angiogenesis, invasion, and metastasis. Metabolic
regulation between TME and TAMs is gaining attention, and
all components of the TME rely on nutrients for survival,
maintenance, and proliferation (64). At the same time,
competition and symbiosis between tumor cells and other
components of the TME can influence each other, and an
excess of metabolites can lead to the reprogramming of
immune cells, resulting in new phenotypes and functions.
Normally, immune cells in the microenvironment are in a
relative resting state and which usually metabolize glucose to
pyruvate within the mitochondrial TCA cycle to acetyl-CoA or
undergo fatty acid oxidation. However, when the body is
stimulated by infection, tumors and other factors, immune
cells such as macrophages need to undergo metabolic
reprogramming to change the cellular metabolic pathways to
obtain large amounts of energy and metabolic intermediates to
meet their biosynthetic needs, to undergo proliferation and
differentiation and perform effector functions (65).

Under normal physiological conditions, macrophages use
OXPHOS as their primary metabolic pathway for their energy
requirements. However, macrophages undergo polarization and
metabolic reprogramming when stimulated by external
pathogens, cytokines, and tumor metabolism, such as LPS,
IFN-y, TNF-q, IL-1, IL-4, IL-10. M1 macrophage metabolism
changes from glucose OXPHOS to glycolysis, and is
accompanied by increased lactate release, decreased oxygen
consumption rates, and glutaminolysis (66). The
aforementioned changes in glucose metabolism patterns can
produce the metabolic intermediates and meet the energy
needs of the M1 macrophages. In addition, disruption of the
TCA cycle in M1 macrophages causes the accumulation of
succinate and citrate, which stabilize HIF-1o. and IL-18 by
inhibiting proline hydroxylase activity, to further accelerate
glycolytic metabolism and drive inflammatory responses;
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FIGURE 3 | Macrophage polarization process and the associated functions of M1/M2 macrophages.
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citrate participates as a synthetic substrate for NO and
prostaglandin (67). Unlike the metabolic pattern of M1
macrophages, M2 macrophages have a complete TCA cycle
and a significant increase in oxygen consumption upon
activation and mainly rely on OXPHOS and FAO for
metabolic energy supply. Moreover, the polarization of M2
macrophages also depends on glutamine, which can
supplement TCA cycle intermediates for the synthesis of
biomolecules such as lipids, and provide a nitrogen source for
the synthesis of non-essential amino acids and nucleic acids.
Thus, altered glycolipid metabolism in macrophages determines
M1/M2 polarization and regulates its immune function
(Figure 4). Metabolic reprogramming of macrophages is
mainly caused by changes in the TME, and polarized
macrophages are not unchanged. M1 macrophages and M2
macrophages can be mutually transformed through action of
lactate as well as some cytokines (28).

The Influence of Glucose-Rich Milieu on
Macrophage Function

The main energy source for the normal function of macrophages
is glucose. Glucose is metabolized within the cell through three
main pathways: glycolysis, the pentose phosphate pathway (PPP)
and the TCA cycle. The main steps of glycolysis are completed in
the cytoplasm, where glucose is decomposes into pyruvate in an
aerobic environment. It then reenters the mitochondria to
participate in the TCA; which decomposes glucose into lactate
in an anaerobic environment and produces ATP (68). The
pyruvate produced by normal glycolysis further produces more
ATP through OXPHOS. However, in tumor cells in an aerobic
environment, glycolysis does not enter the TCA, which causes
high consumption of glucose in the TME and produces
metabolites such as lactate, which affect the metabolic
reprogramming of immune cells in TME (69). Glycolysis
powers macrophages and other cells more rapidly than
OXPHOS while providing cells with essential intermediate

metabolites. Normally, naive M0 macrophages acquire energy
through the efficient process of OXPHOS. However, polarized
macrophages choose appropriate metabolic patterns based on
the TME and their own energy metabolism characteristics.
TAMs constitute the largest immune cell population in the
TME and play an immunosuppressive role during tumor
development. Since cancer cell energy metabolism is mainly
dependent on glucose, they consume large amounts of glucose
in the TME and undergo aerobic glycolysis to meet the rapidly
growing tumor energy needs. Thus, TAM metabolic features
shift to OXPHOS and FAO metabolism and exhibit a function
similar to M2 macrophages in a low glucose TME and
demonstrate an immunosuppressive effect (70, 71). Minor
differences in environmental stimuli can give rise to
significantly different macrophage phenotypes and metabolic
profiles. Macrophages can exhibit different reactivity even with
the same stimulus. TAMs actually have a higher glucose uptake
capacity and high levels of glycolytic metabolism similar to M1
macrophages to support their cytokine profile and function.
Proteomic analysis revealed that glycosylase expression
including HK2 was upregulated in macrophages stimulated
with tumor extracts from breast cancer patients (72), which is
consistent with pancreatic ductal adenocarcinoma (PDAC) (73)
and non-medullary thyroid carcinoma (74). At the same time,
lactate release of glycolysis into the TME in cancer cells also
upregulated HIF-1a expression in TAMs, resulting in increased
glycolysis and the M2-like state (75, 76). In addition, in vivo,
macrophages are able to repolarize from the M2 to the M1
phenotype, and can co-express M1 and M2 polarization features
after tumor progression (77). It has been shown that a novel
subtype of CD19+ TAMs was found in HCC, and the results
showed that glycolysis may be an innate feature benefiting tumor
progression. Glucose-rich milieu may induce a macrophage
polarization shift to a M2-like phenotype. It was found that O-
GlcNAc in TAMs can enhance glucose flow to promote polarized
M2 macrophages through the hexosamine biosynthetic pathway
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(HBP) and drive cancer progression and immune evasion (78).
Indeed, compared to immune cells, tumor cells rely more on
glucose to support their growth than TAMs, and this nutritional
competition between tumor and immune cells is clearly
unfavorable for tumor cell proliferation. In conclusion, the
glucose-rich environment favors macrophage polarization to
the M1 isoform and plays the tumor-suppressive role in
M1 macrophages.

The Influence of Free Fatty Acid-Rich
Milieu on Macrophage Function

Under normal conditions, the expression of key enzymes of fatty
acid anabolism in tumor cells, such as sterol regulatory element
binding protein and fatty acid synthase (FAS) is increased, and
the anabolism of fatty acids dominates. Fatty acid metabolites
released into the TME can use multiple pathways to affect the
metabolic phenotype and function of immune cells. The effect of
tumor fatty acid metabolites on macrophages in different
polarized states varies significantly. Among them, M1
macrophages, after uptake of excessive amounts of unsaturated
fatty acids, can stimulate the production of IL-10., leading to
increased inflammation, which will further stimulate increased
fatty acid synthesis in macrophages and contribute to the
inflammatory function of M1 macrophages; M2 macrophages,
in contrast, take up triglycerides in the microenvironment
mainly through the fatty acid receptor CD36, resolved by
lysosomal acid lipase, through high levels carnitine palmitoyl
transferase 10(CPT1), which mediate the conversion of fatty acid
mitochondria transmembrane, coordinating mitochondrial
respiration and fatty acid oxidation, while reducing the
production of inflammatory cytokines and increasing fatty acid
metabolism (79).

M1 macrophages are primarily dependent on glycolytic
metabolism; however, fatty acid levels in cells can also
significantly affect cell function. Research has shown that the
performance of the inflammatory function in M1 macrophages
requires the participation of the fatty acid synthesis pathway
(80). Inflammatory stimuli such as LPS and cytokines trigger
increased fatty acid synthesis in M1 macrophages. When
macrophage colony-stimulating factor (M-CSF) induces
macrophage differentiation, the sterol regulation factor binding
to the transcription factor lc is upregulated, with increased
expression of fatty acid synthesis-related target genes and
increased lipid synthesis. Alternatively, mitochondrial
uncoupled protein 2 promotes NLRP3 inflammatory body
activation by regulating FASN and stimulating fatty acid
synthesis, exacerbating the inflammatory response to during
sepsis (81). In brief, these studies suggest that fatty acid
synthesis is required for the differentiation and function of
inflammatory macrophages.

The main mechanisms by which M2 macrophages exert
immunosuppressive effects include the expression and
functional activity of arginase and the S-nitrosylation of
surface proteins in infiltrating T cells (including T cell
receptors). The metabolic characteristics of M2 macrophages
are clearly distinct from M1 macrophages, and the process

driving the M1 macrophage glycolytic switch is downregulated
in M2 macrophages and exhibits higher levels of FAO,
mitochondrial quality and mitochondrial respiration rate, and
decreased OXPHOS significantly inhibited the M2 phenotype,
including anti-inflammatory cytokine secretion and expression
of M2 activation markers. CPT1, which is located in the outer
mitochondrial membrane and is capable of transporting fatty
acids through the mitochondrial membrane, is a rate-limiting
step in P-oxidation. Upregulation of CPTlo expression in
macrophage cell lines promotes FAO and reduces
inflammatory cytokine production (82). This effect is mediated
by signaling transduction and transcriptional activator 6 and the
peroxisome proliferator activating receptor coactivator 1 3 (83).
However, it has been shown that CPT2 deletion does not affect
M2 macrophage polarization, although it inhibits FAO (84).
Therefore, CPT1 has additional roles other than fatty acid
transport during M2 polarization and a complex mechanism of
action. One study showed that M2 takes up triacyl glycerol
substrate through the scavenger receptor CD36, which is
followed by adipolysis by lysosomal acidic lipase, and this is
the first finding that cellular intrinsic lysosomal lipolysis plays a
critical role in M2 activation (85).

CONTROL OF CELLULAR METABOLISM
AS A TARGET FOR CANCER THERAPY

Given that TAMs promote tumor development, there are two
major strategies for targeting them, reducing the number of
TAMs or controlling metabolic reprogramming. Metabolic
alterations after macrophage polarization are the major driver
in mediating macrophage function. Furthermore, the metabolic
requirements of tumor cells are significantly increased compared
to normal differentiated cells, and cancer cells exhibit extremely
high metabolic activity such as aerobic glycolysis and glutamine
metabolism (86). Therefore, the development of therapeutic
methods for key metabolic enzymes and metabolic pathways
may have important clinical significance (Table 2) (101).

Glycolysis Inhibition

2-Deoxy-D-glucose(2-DG), a non-metabolizable glucose
analogue, suppresses glycolysis by acting on hexose kinase
(102). A completed phase I clinical trial evaluated the effect of
2DG alone and in combination with docetaxel on advanced solid
tumors (87). Studies have also shown that low doses of 2-DG
inhibition of glucose metabolism combined with a MEK
inhibitor induces apoptosis in krasgl2d-driven pancreatic
ductal adenocarcinoma cells, and experiments also show that
this combination treatment inhibited the growth of xenograft
pancreatic ductal adenocarcinoma and prolonged total
survival (103).

The pyruvate kinase M2 (PKM2) is a key enzyme in the last
step of glycolysis, and is also a regulatory site of many signaling
pathways, promoting aerobic glycolysis in cancer cells during
tumor progression (104). Shikonin was reported as an inhibitor
of PKM2 that suppresses cancer cell proliferation and overcomes
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TABLE 2 | Current status of various metabolic pathway inhibitors.

Inhibition of pathways Inhibitor Research status
Inhibits hexose kinase 2-DG Phase | clinical trial [87]
Inhibits PKM2 Shikonin In vitro experiments [88]
HA344 In vitro experiments [89]
Inhibits PDK DCA Phase Il clinical trial [90]
Inhibits HIF-1a PX-478 Phase | clinical trial [91]
EZN-2968 Phase | clinical trial [92]
Inhibits HIF-20 Belzutifan Phase Il clinical trial [93]
Inhibits PIBK CYH33 Phase | clinical trial [94]
Inhibits AKT MK-2206 Phase Il clinical trial [95]
Inhibits MTOR Temsirolimus Phase Il clinical trial [96]
Everolimus Phase Il clinical trial [97]
Ridaforolimus Phase | clinical trial [98]
Sapanisertib Phase Il clinical trial [99]
AZD8055 Phase | clinical trial [100]

chemotherapeutic drug-mediated resistance (88, 105). In
addition, it has been proposed that HA344 inhibits the final
and rate-limiting steps of glycolysis by covalently binding to
PKM2 while blocking the effect of inosine monophosphate
dehydrogenase activity, and the authors described the
considerable potential of HA344 in overcoming cancer
resistance (89).

PDK Inhibition

Dichloroacetate (DCA), a PDK inhibitor that inhibits the Na*-
K" -2Cl-cotransporter and mitochondrial potassium channel
axis, increases reactive oxygen species generation, causes
apoptosis in cancer cells, and inhibits tumor growth (106)..
DCA has shown good results in clinical trials of head and neck
cancer, glioblastoma, and other recurrent brain cancers.
Furthermore, it has been demonstrated that DCA-treated
melanoma cell line metabolism shows reduced glucose
consumption and lactate production, downregulated
proliferation, increased apoptosis, decreased activation of the
mTOR pathway. Therefore, DCA alone or in combination with
mTOR inhibitors has the potential to treat cutaneous
melanoma (107).

HIF Inhibition

HIF-1a is a transcription factor that regulates metabolism,
affecting the gene expression involved in glycolysis,
angiogenesis and cell proliferation (108). PX-478 acting as a
HIF1o inhibitor has antitumor activity against a variety of cancer
cell lines under constant hypoxia in vitro and in vivo (109).
However, in recent years, no additional clinical studies on PX-
478 have been reported, and more studies on PX-478 in
combination with other drugs are needed to reduce the side
effects of the drug itself and improve efficacy. The combination of
DCA and PX-478 demonstrated synergistic effects in a variety of
cancers, inhibiting cancer proliferation through the production
of ROS and apoptosis (110). Currently, phase I clinical trials are
ongoing in patients with advanced solid tumors. EZN-2968, an
antisense oligonucleotide inhibitor of HIF-1a, has proved
potentially beneficial for HCC patients in a phase I clinical
study (92). In addition, other drug types, such as inhibitors of

microtubule dynamics, Na+/K+ ATPase, translational regulation
of HIF-1o. by ATR and inhibitors of stabilization of the HIF-1o
protein, have been reported in the literature (111).

Belzutifan, an oral HIF-2a inhibitor for treating adults with
cancers linked to the rare genetic disorder von Hippel-Lindau
disease, has now been approved for clinical treatment (112).

Inhibition of the PISBK-AKT-mTOR Pathway
Currently, the efficacy of immunotherapy in multiple tumors is less
than satisfactory, and the loss of PTEN or activation of the PI3K
pathway in cancer cells enhances the resistance to immunotherapy
(113). Studies have shown that PI3K-AKT-mTOR overactivation
may be an important reason for USP12 downregulation, which
leads to increased TAM abundance in the TME and improves
tumor resistance to immunotherapy (114). Thus, targeting the
USP12-PPMIB cascade may perturb the TME and increase the
efficacy of immune checkpoint blockade in certain cancers.

PI3K is an upstream regulatory target of AKT and mTOR and
plays an important role in the PI3K-AKT-mTOR signaling
pathway. CYH33, a PI3K inhibitor, has been shown to enhance
infiltration and activation of CD8T and CDA4T cells while
attenuated M2 macrophages and regulatory CDAT cells, in
combination with the FA synthase inhibitor C75, inhibit tumor
growth and enhance host immunity (94).

AKT activates the mTOR signaling pathway to regulate
metabolism. Previous studies have shown the limited efficacy of
AKT inhibitors as monotherapy in a clinical trial, but combinations
with other drugs showed good results (115). Clinical studies have
shown that the application of the AKT inhibitor MK-2206 in breast
cancer patients can significantly improve the immune
characteristics of TME, and can provide the basis for AKT
inhibition combined with immunotherapy (116).

mTOR can induce glycolysis, stimulate cell growth, and play a
major role in macrophage polarization and metabolic
reprogramming, and dysregulation of mTOR expression underlies
multiple human diseases. Therefore, targeting mTOR has great
potential in tumor therapy (117). Temsirolimus, a specific inhibitor
of mTOR, has shown positive effects in patients in several clinical
trials (96). It has also been demonstrated that temsirolimus in
combination with capecitabine is effective in patients with advanced
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solid tumors (118). Everolimus is another mTOR inhibitor that
shows anti-antitumor efficacy as a single drug or in combination
with other drugs in various clinical trials (119) and performs well in
a variety of tumors such as advanced breast (97) and
neuroendocrine tumors (120). It has entered phase 2 clinical
trials. Another mTOR inhibitor, ridaforolimus, showed antitumor
activity in hematological malignancies (121), endometrial
carcinoma (122) and sarcoma (123). In addition, relevant clinical
trials with several other inhibitors such as sapanisertib have been
reported and are performing well in phase I clinical trials in renal,
endometrial and bladder cancer (124). Results of phase I clinical
trials assessing the safety and resistance of AZD8055 to patients with
advanced solid tumors are acceptable (100).

Accumulating evidence suggests that epigenetic modifications
have the potential for therapeutic development. Analysis of
metabolomics in trained monocytes demonstrated that
fumarate accumulation promotes the training of immune
reprogramming by inhibiting KDM5 histone demethylases,
increasing H3K4me3 and H3K27 acetylation, and inducing
epigenetic reprogramming of monocytes (125). It has been
found that the mir-144/mir-451a cluster induces M1 like
repolarization of TAMs by targeting HGF and MIF. In a
regulatory circuit, mir-144 can target histone H3K27
methylation catalyzed by EZH2 and EZH2 to silence the mir-
144/mir-451a cluster in HCC (126). Thus, demethylation agents
may have the potential to treat inflammatory diseases. However,
one challenge is that the same pathway used in tumor cells and
other cells in TME cells may play the opposite role depending on
different cellular environments. It has been shown that mTOR
activation has an antitumor effect in hypoxic TAMs but a tumor-
promoting effect in cancer cells. The antitumor effect of mTOR
inhibitors is mainly achieved by inhibiting this pathway in cancer
cells, but the cancer suppressor effect will be offset by drug
harmful results on TAMs (127). In this case, mTOR’s drug
inhibition in combination with the TAM depletion strategy
showed enhanced effects. In addition, the development of
novel nanoagents that target and influence TAMs may be
another promising alternative for the successful treatment of
tumor (128). It has been reported that nanoagents have been
developed and tested in clinical trials in primary breast cancer,
bone metastatic breast cancer, and glioblastoma (129, 130).

CONCLUSION AND PERSPECTIVES

TAMs are an important part of the TME and immune ecology
and have an important role in regulating tumor progression and

REFERENCES

1. Franklin RA, Li MO. Ontogeny of Tumor-Associated Macrophages and Its
Implication in Cancer Regulation. Trends Cancer (2016) 2(1):20-34.
doi: 10.1016/j.trecan.2015.11.004

2. Joyce JA, Fearon DT. T Cell Exclusion, Immune Privilege, and the Tumor
Microenvironment. Sci (New York N.Y.) (2015) 348(6230):74-80.
doi: 10.1126/science.aaa6204

metastasis. Molecular targeted therapy that regulates TAM
metabolism has become a hotspot in research and
development. TAM has a high degree of plasticity, and the
effects of M1 and M2 macrophages are completely different for
tumors. According to the results of current clinical trials, anti-
TAM treatment should be combined with traditional
chemotherapy to inhibit tumor cells and regulate the TME,
which can achieve an obvious treatment effect and improve the
treatment effect of patients. However, the current therapeutic
strategies related to TAM pay more attention to exhaust TAM in
TME and the research of antimetabolizing drugs tends to inhibit
tumor cell metabolism rather than TAM.

The mechanisms of the signaling pathways associated to
TAMs polarization and metabolism require further
investigation. HIF is the most important regulatory signal for
metabolism and polarization. However, it is far from clear about
how HIF regulates M1/M2 macrophage expression-associated
markers. Furthermore, c-Myc has been shown to influence the
expression of genes associated with M2 macrophage polarization
induced by IL-4, but the connection between c-Myc and
metabolism in M2 macrophage polarization remains unclear.
In conclusion, the metabolism and polarization of TAMs are
highly correlated with tumor progression and treatment. Further
study of the molecular mechanism of TAM metabolic
reprogramming can lay a solid theoretical foundation for the
targeted inhibition of TAM, to enhance the body’s immune
response and develop new therapeutic programs.

AUTHOR CONTRIBUTIONS

SW drafted the manuscript. GL and YL review and edit the
manuscript. YP conceived of the study, and review and edit the
manuscript. All authors read and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81872200, 31900558), the Hubei Provincial
Youth Talents Program for Public Health (WSJKRC2022013),
Wuhan Young and middle-aged medical backbone talents
Training Project (WHQG201904), the Yellow Crane Talent
Program of Wuhan City (HHYC2019002), the Natural Science
Foundation of Hubei Province (2020CFB298), the Zhongnan
Hospital of Wuhan University Science, Technology and
Innovation Seed Fund (ZNPY2018090, ZNPY2019002).

3. Martinez-Reyes I, Chandel NS. Cancer Metabolism: Looking Forward. Nat
Rev Cancer (2021). doi: 10.1038/s41568-021-00378-6

4. Watson MJ, Vignali PDA, Mullett SJ, Overacre-Delgoffe AE, Peralta RM,
Grebinoski S, et al. Metabolic Support of Tumour-Infiltrating Regulatory T
Cells by Lactic Acid. Nature (2021) 591(7851):645-51. doi: 10.1038/s41586-
020-03045-2

5. Hughes R, Qian BZ, Rowan C, Muthana M, Keklikoglou I, Olson OC, et al.
Perivascular M2 Macrophages Stimulate Tumor Relapse After

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 840029


https://doi.org/10.1016/j.trecan.2015.11.004
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1038/s41568-021-00378-6
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1038/s41586-020-03045-2
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Metabolic Reprogramming Governs Macrophage Polarization

(=2}

~

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chemotherapy. Cancer Res (2015) 75(17):3479-91. doi: 10.1158/0008-
5472.CAN-14-3587

. Chen XJ, Wu S, Yan RM, Fan LS, Yu L, Zhang YM, et al. The Role of the

Hypoxia-Nrp-1 Axis in the Activation of M2-Like Tumor-Associated
Macrophages in the Tumor Microenvironment of Cervical Cancer. Mol
Carcinogenesis (2019) 58(3):388-97. doi: 10.1002/mc.22936

. Werno C, Menrad H, Weigert A, Dehne N, Goerdt S, Schledzewski K, et al.

Knockout of HIF-1ot in Tumor-Associated Macrophages Enhances M2
Polarization and Attenuates Their Pro-Angiogenic Responses.
Carcinogenesis (2010) 31(10):1863-72. doi: 10.1093/carcin/bgq088

. Wu S, Kuang H, Ke ], Pi M, Yang DH. Metabolic Reprogramming Induces

Immune Cell Dysfunction in the Tumor Microenvironment of Multiple
Myeloma. Front Oncol (2020) 10:591342. doi: 10.3389/fonc.2020.591342

. Zhou Z, Wang P, Sun R, Li J, Hu Z, Xin H, et al. Tumor-Associated

Neutrophils and Macrophages Interaction Contributes to Intrahepatic
Cholangiocarcinoma Progression by Activating STAT3. ] For
Immunotherapy Cancer (2021) 9(3):e001946. doi: 10.1136/jitc-2020-001946
Ghafouri-Fard S, Abak A, Tavakkoli Avval S, Shoorei H, Taheri M,
Samadian M. The Impact of non-Coding RNAs on Macrophage
Polarization. Biomedicine pharmacotherapy = Biomedecine
pharmacotherapie (2021) 142:112112. doi: 10.1016/j.biopha.2021.112112
Martinez FO, Sica A, Mantovani A, Locati M. Macrophage Activation and
Polarization. Front In Bioscience ] Virtual Library (2008) 13:453-61.
doi: 10.2741/2692

Abdelaziz MH, Abdelwahab SF, Wan J, Cai W, Huixuan W, Jianjun C, et al.
Alternatively Activated Macrophages; a Double-Edged Sword in Allergic
Asthma. ] Trans Med (2020) 18(1):58. doi: 10.1186/s12967-020-02251-w
Wang L, Lu Q, Gao W, Yu S. Recent Advancement on Development of
Drug-Induced Macrophage Polarization in Control of Human Diseases. Life
Sci (2021) p:119914. doi: 10.1016/;.1fs.2021.119914

Chavez-Galan L, Olleros ML, Vesin D, Garcia I. Much More Than M1 and
M2 Macrophages, There Are Also CD169(+) and TCR(+) Macrophages.
Front In Immunol (2015) 6:263. doi: 10.3389/fimmu.2015.00263

Murray PJ], Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage Activation and Polarization: Nomenclature and Experimental
Guidelines. Immunity (2014) 41(1):14-20. doi: 10.1016/j.immuni.2014.06.008
Boutilier AJ, Elsawa SF. Macrophage Polarization States in the Tumor
Microenvironment. Int | Mol Sci (2021) 22(13):6995. doi: 10.3390/
ijms22136995

Castaneda CA, Cortes-Funes H, Gomez HL, Ciruelos EM. The Phosphatidyl
Inositol 3-Kinase/AKT Signaling Pathway in Breast Cancer. Cancer
metastasis Rev (2010) 29(4):751-9. doi: 10.1007/s10555-010-9261-0
Strimpakos AS, Karapanagiotou EM, Saif MW, Syrigos KN. The Role of
mTOR in the Management of Solid Tumors: An Overview. Cancer Treat Rev
(2009) 35(2):148-59. doi: 10.1016/j.ctrv.2008.09.006

Covarrubias AJ, Aksoylar HI, Yu ], Snyder NW, Worth AJ, Iyer SS, et al. Akt-
Mtorcl Signaling Regulates Acly to Integrate Metabolic Input to Control of
Macrophage Activation. ELife (2016) 5:¢11612. doi: 10.7554/eLife.11612
Linke M, Fritsch SD, Sukhbaatar N, Hengstschldger M, Weichhart T. Mtorcl
and Mtorc2 as Regulators of Cell Metabolism in Immunity. FEBS Lett (2017)
591(19):3089-103. doi: 10.1002/1873-3468.12711

Knight M, Stanley S. HIF-10. as a Central Mediator of Cellular Resistance to
Intracellular Pathogens. Curr Opin Immunol (2019) 60:111-6. doi: 10.1016/
j.01.2019.05.005

McGettrick AF, O'Neill LAJ. The Role of HIF in Immunity and Inflammation.
Cell Metab (2020) 32(4):524-36. doi: 10.1016/j.cmet.2020.08.002

Fang HY, Hughes R, Murdoch C, Coffelt SB, Biswas SK, Harris AL, et al.
Hypoxia-Inducible Factors 1 and 2 are Important Transcriptional Effectors
in Primary Macrophages Experiencing Hypoxia. Blood (2009) 114(4):844-
59. doi: 10.1182/blood-2008-12-195941

Takeda N, O'Dea EL, Doedens A, Kim JW, Weidemann A, Stockmann C,
et al. Differential Activation and Antagonistic Function of HIF-{Alpha}
Isoforms in Macrophages Are Essential for NO Homeostasis. Genes Dev
(2010) 24(5):491-501. doi: 10.1101/gad.1881410

Zhu YP, Brown JR, Sag D, Zhang L, Suttles J. Adenosine 5'-Monophosphate-
Activated Protein Kinase Regulates IL-10-Mediated Anti-Inflammatory
Signaling Pathways in Macrophages. J Immunol (Baltimore Md. 1950)
(2015) 194(2):584-94. doi: 10.4049/jimmunol.1401024

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Toobian D, Ghosh P, Katkar GD. Parsing the Role of PPARs in Macrophage
Processes. Front In Immunol (2021) 12:783780. doi: 10.3389/
fimmu.2021.783780

Bodineau C, Tomeé M, Murdoch PDS, Duran RV. Glutamine, MTOR and
Autophagy: A Multiconnection Relationship. Autophagy (2022) p:1-2.
doi: 10.1080/15548627.2022.2062875

Zhang A, Xu Y, Xu H, Ren J, Meng T, Ni Y, et al. Lactate-Induced M2
Polarization of Tumor-Associated Macrophages Promotes the Invasion of
Pituitary Adenoma by Secreting CCL17. Theranostics (2021) 11(8):3839-52.
doi: 10.7150/thno.53749

Ruffell D, Mourkioti F, Gambardella A, Kirstetter P, Lopez RG, Rosenthal N,
et al. A CREB-C/EBPbeta Cascade Induces M2 Macrophage-Specific Gene
Expression and Promotes Muscle Injury Repair. Proc Natl Acad Sci U S A
(2009) 106(41):17475-80. doi: 10.1073/pnas.0908641106

Zhao JL, Ye YC, Gao CC, Wang L, Ren KX, Jiang R, et al. Notch-Mediated
Lactate Metabolism Regulates MDSC Development Through the Hesl/
MCT2/c-Jun Axis. Cell Rep (2022) 38(10):110451. doi: 10.1016/
j.celrep.2022.110451

Xu F, Kang Y, Zhang H, Piao Z, Yin H, Diao R, et al. Aktl-Mediated
Regulation of Macrophage Polarization in a Murine Model of
Staphylococcus Aureus Pulmonary Infection. J Infect Dis (2013) 208
(3):528-38. doi: 10.1093/infdis/jit177

Chang M, Hamilton JA, Scholz GM, Elsegood CL. Glycolytic Control of
Adjuvant-Induced Macrophage Survival: Role of PI3K, MEK1/2, and Bcl-2. ]
leukocyte Biol (2009) 85(6):947-56. doi: 10.1189/j1b.0908522

Schmid MC, Avraamides CJ, Dippold HC, Franco I, Foubert P, Ellies LG,
et al. Receptor Tyrosine Kinases and TLR/ILIRs Unexpectedly Activate
Myeloid Cell PI3ky, a Single Convergent Point Promoting Tumor
Inflammation and Progression. Cancer Cell (2011) 19(6):715-27.
doi: 10.1016/j.ccr.2011.04.016

Hollander L, Guo X, Velazquez H, Chang J, Safirstein R, Kluger H, et al.
Renalase Expression by Melanoma and Tumor-Associated Macrophages
Promotes Tumor Growth Through a STAT3-Mediated Mechanism. Cancer
Res (2016) 76(13):3884-94. doi: 10.1158/0008-5472.CAN-15-1524
Festuccia WT. Regulation of Adipocyte and Macrophage Functions by
Mtorcl and 2 in Metabolic Diseases. Mol Nutr Food Res (2021) 65(1):
€1900768. doi: 10.1002/mnfr.201900768

Wu MM, Wang QM, Huang BY, Mai CT, Wang CL, Wang TT, et al. Dioscin
Ameliorates Murine Ulcerative Colitis by Regulating Macrophage
Polarization. Pharmacol Res (2021) 172:105796. doi: 10.1016/
j.phrs.2021.105796

Diivel K, Yecies JL, Menon S, Raman P, Lipovsky Al, Souza AL, et al.
Activation of a Metabolic Gene Regulatory Network Downstream of mTOR
Complex 1. Mol Cell (2010) 39(2):171-83. doi: 10.1016/j.molcel.2010.06.022
Nakatsumi H, Matsumoto M, Nakayama KI. Noncanonical Pathway for
Regulation of CCL2 Expression by an Mtorcl-FOXKI Axis Promotes
Recruitment of Tumor-Associated Macrophages. Cell Rep (2017) 21
(9):2471-86. doi: 10.1016/j.celrep.2017.11.014

Huang SC, Smith AM, Everts B, Colonna M, Pearce EL, Schilling JD, et al.
Metabolic Reprogramming Mediated by the Mtorc2-IRF4 Signaling Axis Is
Essential for Macrophage Alternative Activation. Immunity (2016) 45
(4):817-30. doi: 10.1016/j.immuni.2016.09.016

Dibble CC, Cantley LC. Regulation of Mtorcl by PI3K Signaling. Trends Cell
Biol (2015) 25(9):545-55. doi: 10.1016/j.tcb.2015.06.002

Zhu L, Yang T, Li L, Sun L, Hou Y, Hu X, et al. TSC1 Controls Macrophage
Polarization to Prevent Inflammatory Disease. Nat Commun (2014) 5:4696.
doi: 10.1038/ncomms5696

Kim JW, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-Mediated
Expression of Pyruvate Dehydrogenase Kinase: A Metabolic Switch
Required for Cellular Adaptation to Hypoxia. Cell Metab (2006) 3(3):177-
85. doi: 10.1016/j.cmet.2006.02.002

Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC. HIF-1 Mediates
Adaptation to Hypoxia by Actively Downregulating Mitochondrial Oxygen
Consumption. Cell Metab (2006) 3(3):187-97. doi: 10.1016/j.cmet.2006.01.012
Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al.
mTOR- and HIF-1o-Mediated Aerobic Glycolysis as Metabolic Basis for
Trained Immunity. Sci (New York N.Y.) (2014) 345(6204):1250684.
doi: 10.1126/science.1250684

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 840029


https://doi.org/10.1158/0008-5472.CAN-14-3587
https://doi.org/10.1158/0008-5472.CAN-14-3587
https://doi.org/10.1002/mc.22936
https://doi.org/10.1093/carcin/bgq088
https://doi.org/10.3389/fonc.2020.591342
https://doi.org/10.1136/jitc-2020-001946
https://doi.org/10.1016/j.biopha.2021.112112
https://doi.org/10.2741/2692
https://doi.org/10.1186/s12967-020-02251-w
https://doi.org/10.1016/j.lfs.2021.119914
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.3390/ijms22136995
https://doi.org/10.3390/ijms22136995
https://doi.org/10.1007/s10555-010-9261-0
https://doi.org/10.1016/j.ctrv.2008.09.006
https://doi.org/10.7554/eLife.11612
https://doi.org/10.1002/1873-3468.12711
https://doi.org/10.1016/j.coi.2019.05.005
https://doi.org/10.1016/j.coi.2019.05.005
https://doi.org/10.1016/j.cmet.2020.08.002
https://doi.org/10.1182/blood-2008-12-195941
https://doi.org/10.1101/gad.1881410
https://doi.org/10.4049/jimmunol.1401024
https://doi.org/10.3389/fimmu.2021.783780
https://doi.org/10.3389/fimmu.2021.783780
https://doi.org/10.1080/15548627.2022.2062875
https://doi.org/10.7150/thno.53749
https://doi.org/10.1073/pnas.0908641106
https://doi.org/10.1016/j.celrep.2022.110451
https://doi.org/10.1016/j.celrep.2022.110451
https://doi.org/10.1093/infdis/jit177
https://doi.org/10.1189/jlb.0908522
https://doi.org/10.1016/j.ccr.2011.04.016
https://doi.org/10.1158/0008-5472.CAN-15-1524
https://doi.org/10.1002/mnfr.201900768
https://doi.org/10.1016/j.phrs.2021.105796
https://doi.org/10.1016/j.phrs.2021.105796
https://doi.org/10.1016/j.molcel.2010.06.022
https://doi.org/10.1016/j.celrep.2017.11.014
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1016/j.tcb.2015.06.002
https://doi.org/10.1038/ncomms5696
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.1016/j.cmet.2006.01.012
https://doi.org/10.1126/science.1250684
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Metabolic Reprogramming Governs Macrophage Polarization

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wang T, Liu H, Lian G, Zhang SY, Wang X, Jiang C. HIF1-Induced
Glycolysis Metabolism Is Essential to the Activation of Inflammatory
Macrophages. Mediators inflammation 2017 (2017) p:9029327.
doi: 10.1155/2017/9029327

Chen F, Chen J, Yang L, Liu ], Zhang X, Zhang Y, et al. Extracellular Vesicle-
Packaged HIF-1lo-Stabilizing IncRNA From Tumour-Associated
Macrophages Regulates Aerobic Glycolysis of Breast Cancer Cells. Nat
Cell Biol (2019) 21(4):498-510. doi: 10.1038/s41556-019-0299-0

Abe H, Semba H, Takeda N. The Roles of Hypoxia Signaling in the
Pathogenesis of Cardiovascular Diseases. | Atheroscl Thromb (2017) 24
(9):884-94. doi: 10.5551/jat.RV17009

Cowman §J, Fuja DG, Liu XD, Tidwell RSS, Kandula N, Sirohi D, et al.
Macrophage HIF-1o Is an Independent Prognostic Indicator in Kidney
Cancer. Clin Cancer Res an Off ] Am Assoc Cancer Res (2020) 26(18):4970-
82. doi: 10.1158/1078-0432.CCR-19-3890

Long YC, Zierath JR. AMP-Activated Protein Kinase Signaling in Metabolic
Regulation. ] Clin Invest (2006) 116(7):1776-83. doi: 10.1172/JCI29044

Xu F, Cui WQ, Wei Y, Cui J, Qiu J, Hu LL, et al. Astragaloside IV Inhibits
Lung Cancer Progression and Metastasis by Modulating Macrophage
Polarization Through AMPK Signaling. ] Exp Clin Cancer Res CR (2018)
37(1):207. doi: 10.1186/s13046-018-0878-0

O'Neill LAJ, Hardie DG. Metabolism of Inflammation Limited by AMPK
and Pseudo-Starvation. Nature (2013) 493(7432):346-55. doi: 10.1038/
naturel 1862

Sag D, Carling D, Stout RD, Suttles J. Adenosine 5-Monophosphate-
Activated Protein Kinase Promotes Macrophage Polarization to an Anti-
Inflammatory Functional Phenotype. Journal of Immunology (Baltimore,
Md. 1950) (2008) 181(12):8633-41. doi: 10.4049/jimmunol.181.12.8633
Blaschke F, Takata Y, Caglayan E, Collins A, Tontonoz P, Hsueh WA, et al.
A Nuclear Receptor Corepressor-Dependent Pathway Mediates Suppression
of Cytokine-Induced C-Reactive Protein Gene Expression by Liver X
Receptor. Circ Res (2006) 99(12):e88-99. doi: 10.1161/
01.RES.0000252878.34269.06

Szanto A, Balint BL, Nagy ZS, Barta E, Dezso B, Pap A, et al. STAT6
Transcription Factor Is a Facilitator of the Nuclear Receptor Ppary-
Regulated Gene Expression in Macrophages and Dendritic Cells.
Immunity (2010) 33(5):699-712. doi: 10.1016/j.immuni.2010.11.009

Xu M, Wang X, Li Y, Geng X, Jia X, Zhang L, et al. Arachidonic Acid
Metabolism Controls Macrophage Alternative Activation Through
Regulating Oxidative Phosphorylation in Ppary Dependent Manner. Front
Immunol (2021) 12:618501. doi: 10.3389/fimmu.2021.618501

Park ], Lee SE, Hur J, Hong EB, Choi JI, Yang JM, et al. M-CSF From Cancer
Cells Induces Fatty Acid Synthase and Pparf/d Activation in Tumor
Myeloid Cells, Leading to Tumor Progression. Cell Rep (2015) 10(9):1614—
25. doi: 10.1016/j.celrep.2015.02.024

Bae S, Park PSU, Lee Y, Mun SH, Giannopoulou E, Fujii T, et al. MYC-
Mediated Early Glycolysis Negatively Regulates Proinflammatory Responses
by Controlling IRF4 in Inflaimmatory Macrophages. Cell Rep (2021) 35
(11):109264. doi: 10.1016/j.celrep.2021.109264

Wang Y, Lyu Z, Qin Y, Wang X, Sun L, Zhang Y, et al. FOXO1 Promotes
Tumor Progression by Increased M2 Macrophage Infiltration in Esophageal
Squamous Cell Carcinoma. Theranostics (2020) 10(25):11535-48.
doi: 10.7150/thno.45261

Ivashkiv LB. Ifny: Signalling, Epigenetics and Roles in Immunity,
Metabolism, Disease and Cancer Immunotherapy. Nat Rev Immunol
(2018) 18(9):545-58. doi: 10.1038/s41577-018-0029-z

Ishii M, Wen H, Corsa CA, Liu T, Coelho AL, Allen RM, et al. Epigenetic
Regulation of the Alternatively Activated Macrophage Phenotype. Blood
(2009) 114(15):3244-54. doi: 10.1182/blood-2009-04-217620

Raines LN, Zhao H, Wang Y, Chen HY, Gallart-Ayala H, Hsueh PC, et al.
PERK is a Critical Metabolic Hub for Immunosuppressive Function in
Macrophages. Nat Immunol (2022) 23(3):431-45. doi: 10.1038/s41590-022-
01145-x

Liu Y, Wang X, Zhu Y, Cao Y, Wang L, Li F, et al. The CTCF/LncRNA-
PACERR Complex Recruits E1A Binding Protein P300 to Induce Pro-
Tumour Macrophages in Pancreatic Ductal Adenocarcinoma via Directly
Regulating PTGS2 Expression. Clin Trans Med (2022) 12(2):e654.
doi: 10.1002/ctm2.654

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Chen D, Zhang X, Li Z, Zhu B. Metabolic Regulatory Crosstalk Between
Tumor Microenvironment and Tumor-Associated Macrophages.
Theranostics (2021) 11(3):1016-30. doi: 10.7150/thno.51777

Wang N, Wang S, Wang X, Zheng Y, Yang B, Zhang J, et al. Research Trends
in Pharmacological Modulation of Tumor-Associated Macrophages. Clin
Trans Med (2021) 11(1):e288. doi: 10.1002/ctm?2.288

Li X, Wenes M, Romero P, Huang SC, Fendt SM, Ho PC, et al. Navigating
Metabolic Pathways to Enhance Antitumour Immunity and
Immunotherapy. Nat Rev Clin Oncol (2019) 16(7):425-41. doi: 10.1038/
541571-019-0203-7

Kelly B, O'Neill LAJ. Metabolic Reprogramming in Macrophages and
Dendritic Cells in Innate Immunity. Cell Res (2015) 25(7):771-84.
doi: 10.1038/cr.2015.68

Palmieri EM, Gonzalez-Cotto M, Baseler WA, Davies LC, Ghesquiére B,
Maio N, et al. Nitric Oxide Orchestrates Metabolic Rewiring in M1
Macrophages by Targeting Aconitase 2 and Pyruvate Dehydrogenase. Nat
Commun (2020) 11(1):698. doi: 10.1038/s41467-020-14433-7

Hao X, Ren Y, Feng M, Wang Q, Wang Y. Metabolic Reprogramming Due
to Hypoxia in Pancreatic Cancer: Implications for Tumor Formation,
Immunity, and More. Biomedicine pharmacotherapy = Biomedecine
pharmacotherapie (2021) 141:111798. doi: 10.1016/j.biopha.2021.111798
Kohl A, Kao K-C, Ho P-C. Can Tumor Cells Take it All Away? Cell Metab
(2021) 33(6):1071-2. doi: 10.1016/j.cmet.2021.05.010

de Goede KE, Driessen AJM, Van den Bossche J. Metabolic Cancer-
Macrophage Crosstalk in the Tumor Microenvironment. Biology (2020) 9
(11):380. doi: 10.3390/biology9110380

Puthenveetil A, Dubey S. Metabolic Reprograming of Tumor-Associated
Macrophages. Ann Trans Med (2020) 8(16):1030. doi: 10.21037/atm-20-
2037

Liu D, Chang C, Lu N, Wang X, Lu Q, Ren X, et al. Comprehensive
Proteomics Analysis Reveals Metabolic Reprogramming of Tumor-
Associated Macrophages Stimulated by the Tumor Microenvironment. |
Proteome Res (2017) 16(1):288-97. doi: 10.1021/acs.jproteome.6b00604
Penny HL, Sieow JL, Adriani G, Yeap WH, See ChiEe P, San Luis B, et al.
Warburg Metabolism in Tumor-Conditioned Macrophages Promotes Metastasis
in Human Pancreatic Ductal Adenocarcinoma. Oncoimmunology (2016) 5(8):
e1191731. doi: 10.1080/2162402X.2016.1191731

Arts RJ, Plantinga TS, Tuit S, Ulas T, Heinhuis B, Tesselaar M, et al.
Transcriptional and Metabolic Reprogramming Induce an Inflammatory
Phenotype in non-Medullary Thyroid Carcinoma-Induced Macrophages.
Oncoimmunology (2016) 5(12):¢1229725. doi: 10.1080/2162402X.2016.1229725
Goetze K, Walenta S, Ksiazkiewicz M, Kunz-Schughart LA, Mueller-Klieser
W. Lactate Enhances Motility of Tumor Cells and Inhibits Monocyte
Migration and Cytokine Release. Int ] Oncol (2011) 39(2):453-63.
doi: 10.3892/ij0.2011.1055

Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al.
Functional Polarization of Tumour-Associated Macrophages by Tumour-
Derived Lactic Acid. Nature (2014) 513(7519):559-63. doi: 10.1038/
naturel3490

Van denBossche ], Baardman J, Otto NA, van derVelden S, Neele AE, van
denBerg SM, et al. Mitochondrial Dysfunction Prevents Repolarization of
Inflammatory Macrophages. Cell Rep (2016) 17(3):684-96. doi: 10.1016/
j.celrep.2016.09.008

Rodrigues Mantuano N, Stanczak MA, Oliveira IA, Kirchhammer N, Filardy
AA, Monaco G, et al. Hyperglycemia Enhances Cancer Immune Evasion by
Inducing Alternative Macrophage Polarization Through Increased O-
GlcNAcylation. Cancer Immunol Res (2020) 8(10):1262-72. doi: 10.1158/
2326-6066.CIR-19-0904

Batista-Gonzalez A, Vidal R, Criollo A, Carrefo L]. New Insights on the Role
of Lipid Metabolism in the Metabolic Reprogramming of Macrophages.
Front Immunol (2019) 10:2993. doi: 10.3389/fimmu.2019.02993

Ecker ], Liebisch G, Englmaier M, Grandl M, Robenek H, Schmitz G.
Induction of Fatty Acid Synthesis Is a Key Requirement for Phagocytic
Differentiation of Human Monocytes. Proc Natl Acad Sci United States
America (2010) 107(17):7817-22. doi: 10.1073/pnas.0912059107

Moon JS, Lee S, Park MA, Siempos II, Haslip M, Lee PJ, et al. UCP2-Induced
Fatty Acid Synthase Promotes NLRP3 Inflaimmasome Activation During
Sepsis. J Clin Invest (2015) 125(2):665-80. doi: 10.1172/JCI78253

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 840029


https://doi.org/10.1155/2017/9029327
https://doi.org/10.1038/s41556-019-0299-0
https://doi.org/10.5551/jat.RV17009
https://doi.org/10.1158/1078-0432.CCR-19-3890
https://doi.org/10.1172/JCI29044
https://doi.org/10.1186/s13046-018-0878-0
https://doi.org/10.1038/nature11862
https://doi.org/10.1038/nature11862
https://doi.org/10.4049/jimmunol.181.12.8633
https://doi.org/10.1161/01.RES.0000252878.34269.06
https://doi.org/10.1161/01.RES.0000252878.34269.06
https://doi.org/10.1016/j.immuni.2010.11.009
https://doi.org/10.3389/fimmu.2021.618501
https://doi.org/10.1016/j.celrep.2015.02.024
https://doi.org/10.1016/j.celrep.2021.109264
https://doi.org/10.7150/thno.45261
https://doi.org/10.1038/s41577-018-0029-z
https://doi.org/10.1182/blood-2009-04-217620
https://doi.org/10.1038/s41590-022-01145-x
https://doi.org/10.1038/s41590-022-01145-x
https://doi.org/10.1002/ctm2.654
https://doi.org/10.7150/thno.51777
https://doi.org/10.1002/ctm2.288
https://doi.org/10.1038/s41571-019-0203-7
https://doi.org/10.1038/s41571-019-0203-7
https://doi.org/10.1038/cr.2015.68
https://doi.org/10.1038/s41467-020-14433-7
https://doi.org/10.1016/j.biopha.2021.111798
https://doi.org/10.1016/j.cmet.2021.05.010
https://doi.org/10.3390/biology9110380
https://doi.org/10.21037/atm-20-2037
https://doi.org/10.21037/atm-20-2037
https://doi.org/10.1021/acs.jproteome.6b00604
https://doi.org/10.1080/2162402X.2016.1191731
https://doi.org/10.1080/2162402X.2016.1229725
https://doi.org/10.3892/ijo.2011.1055
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/nature13490
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1158/2326-6066.CIR-19-0904
https://doi.org/10.1158/2326-6066.CIR-19-0904
https://doi.org/10.3389/fimmu.2019.02993
https://doi.org/10.1073/pnas.0912059107
https://doi.org/10.1172/JCI78253
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Metabolic Reprogramming Governs Macrophage Polarization

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Malandrino MI, Fucho R, Weber M, Calderon-Dominguez M, Mir JF,
Valcarcel L, et al. Enhanced Fatty Acid Oxidation in Adipocytes and
Macrophages Reduces Lipid-Induced Triglyceride Accumulation and
Inflammation. Am ] Physiol Endocrinol Metab (2015) 308(9):E756-69.
doi: 10.1152/ajpendo.00362.2014

Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR, et al.
Oxidative Metabolism and PGC-1lbeta Attenuate Macrophage-Mediated
Inflammation. Cell Metab (2006) 4(1):13-24. doi: 10.1016/j.cmet.2006.05.011
Nomura M, Liu ], Rovira II, Gonzalez-Hurtado E, Lee ], Wolfgang MJ, et al.
Fatty Acid Oxidation in Macrophage Polarization. Nat Immunol (2016) 17
(3):216-7. doi: 10.1038/ni.3366

Huang SC, Everts B, Ivanova Y, O'Sullivan D, Nascimento M, Smith AM,
et al. Cell-Intrinsic Lysosomal Lipolysis is Essential for Alternative
Activation of Macrophages. Nat Immunol (2014) 15(9):846-55.
doi: 10.1038/ni.2956

Choi SY, Collins CC, Gout PW, Wang Y. Cancer-Generated Lactic Acid: A
Regulatory, Immunosuppressive Metabolite? ] Pathol (2013) 230(4):350-5.
doi: 10.1002/path.4218

Raez LE, Papadopoulos K, Ricart AD, Chiorean EG, Dipaola RS, Stein MN,
et al. A Phase I Dose-Escalation Trial of 2-Deoxy-D-Glucose Alone or
Combined With Docetaxel in Patients With Advanced Solid Tumors.
Cancer chemotherapy Pharmacol (2013) 71(2):523-30. doi: 10.1007/
500280-012-2045-1

Wang Y, Hao F, Nan Y, Qu L, Na W, Jia C, et al. PKM2 Inhibitor Shikonin
Overcomes the Cisplatin Resistance in Bladder Cancer by Inducing
Necroptosis. Int ] Biol Sci (2018) 14(13):1883-91. doi: 10.7150/ijbs.27854
Zerhouni M, Martin AR, Furstoss N, Gutierrez VS, Jaune E, Tekaya N, et al.
Dual Covalent Inhibition of PKM and IMPDH Targets Metabolism in
Cutaneous Metastatic Melanoma. Cancer Res (2021) 81(14):3806-21.
doi: 10.1158/0008-5472.CAN-20-2114

Garon EB, Christofk HR, Hosmer W, Britten CD, Bahng A, Crabtree M],
et al. Dichloroacetate Should be Considered With Platinum-Based
Chemotherapy in Hypoxic Tumors Rather Than as a Single Agent in
Advanced Non-Small Cell Lung Cancer. ] Cancer Res Clin Oncol (2014)
140(3):443-52. doi: 10.1007/s00432-014-1583-9

Palayoor ST, Mitchell JB, Cerna D, Degraft W, John-Aryankalayil M,
Coleman CN. PX-478, an Inhibitor of Hypoxia-Inducible Factor-lalpha,
Enhances Radiosensitivity of Prostate Carcinoma Cells. Int ] Cancer (2008)
123(10):2430-7. doi: 10.1002/ijc.23807

Wu J, Contratto M, Shanbhogue KP, Manji GA, O'Neil BH, Noonan A, et al.
Evaluation of a Locked Nucleic Acid Form of Antisense Oligo Targeting
HIF-1at in Advanced Hepatocellular Carcinoma. World J Clin Oncol (2019)
10(3):149-60. doi: 10.5306/wjco.v10.i3.149

Jonasch E, Donskov F, Iliopoulos O, Rathmell WK, Narayan VK, Maughan
BL, et al. Belzutifan for Renal Cell Carcinoma in Von Hippel-Lindau
Disease. New Engl ] Med (2021) 385(22):2036-46. doi: 10.1056/
NEJMoa2103425

Sun P, Zhang X, Wang RJ, Ma QY, Xu L, Wang Y, et al. Pi3ko. Inhibitor
CYH33 Triggers Antitumor Immunity in Murine Breast Cancer by Activating
CDB8T Cells and Promoting Fatty Acid Metabolism. ] immunotherapy Cancer
(2021) 9(8):e003093. doi: 10.1136/jitc-2021-003093

Chien AJ, Tripathy D, Albain KS, Symmans WF, Rugo HS, Melisko ME,
et al. MK-2206 and Standard Neoadjuvant Chemotherapy Improves
Response in Patients With Human Epidermal Growth Factor Receptor 2-
Positive and/or Hormone Receptor-Negative Breast Cancers in the I-SPY 2
Trial. J Clin Oncol Off ] Am Soc Clin Oncol (2020) 38(10):1059-69.
doi: 10.1200/JCO.19.01027

Mascarenhas L, Chi YY, Hingorani P, Anderson JR, Lyden ER, Rodeberg
DA, et al. Randomized Phase II Trial of Bevacizumab or Temsirolimus in
Combination With Chemotherapy for First Relapse Rhabdomyosarcoma: A
Report From the Children's Oncology Group. ] Clin Oncol Off ] Am Soc Clin
Oncol (2019) 37(31):2866-74. doi: 10.1200/]JCO.19.00576

Fan Y, Sun T, Shao Z, Zhang Q, Ouyang Q, Tong Z, et al. Effectiveness of
Adding Everolimus to the First-Line Treatment of Advanced Breast Cancer
in Premenopausal Women Who Experienced Disease Progression While
Receiving Selective Estrogen Receptor Modulators: A Phase 2 Randomized
Clinical Trial. JAMA Oncol (2021) p:e213428. doi: 10.1001/
jamaoncol.2021.3428

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Rugo HS, Trédan O, Ro J, Morales SM, Campone M, Musolino A, et al. A
Randomized Phase II Trial of Ridaforolimus, Dalotuzumab, and Exemestane
Compared With Ridaforolimus and Exemestane in Patients With Advanced
Breast Cancer. Breast Cancer Res Treat (2017) 165(3):601-9. doi: 10.1007/
510549-017-4375-5

Garcia-Saenz ]A, Martinez-Jaiiez N, Cubedo R, Jerez Y, Lahuerta A,
Gonzalez-Santiago S, et al. Sapanisertib Plus Fulvestrant in
Postmenopausal Women With Estrogen Receptor-Positive/HER2-Negative
Advanced Breast Cancer After Progression on Aromatase Inhibitor. Clin
Cancer Res an Off ] Am Assoc For Cancer Res (2022) 28(6):1107-16.
doi: 10.1158/1078-0432.CCR-21-2652

Naing A, Aghajanian C, Raymond E, Olmos D, Schwartz G, Oelmann E,
et al. Safety, Tolerability, Pharmacokinetics and Pharmacodynamics of
AZDB8055 in Advanced Solid Tumours and Lymphoma. Br | Cancer
(2012) 107(7):1093-9. doi: 10.1038/bjc.2012.368

Deng L, Meng T, Chen L, Wei W, Wang P. The Role of Ubiquitination in
Tumorigenesis and Targeted Drug Discovery. Signal transduction targeted
Ther (2020) 5(1):11. doi: 10.1038/s41392-020-0107-0

Zhao Q, Chu Z, Zhu L, Yang T, Wang P, Liu F, et al. 2-Deoxy-D-Glucose
Treatment Decreases Anti-Inflammatory M2 Macrophage Polarization in
Mice With Tumor and Allergic Airway Inflammation. Front Immunol (2017)
8:637. doi: 10.3389/fimmu.2017.00637

Yan L, Tu B, Yao J, Gong J, Carugo A, Bristow CA, et al. Targeting Glucose
Metabolism Sensitizes Pancreatic Cancer to MEK Inhibition. Cancer Res
(2021) 81(15):4054-65. doi: 10.1158/0008-5472.CAN-20-3792

Yang W, Lu Z. Regulation and Function of Pyruvate Kinase M2 in Cancer.
Cancer Lett (2013) 339(2):153-8. doi: 10.1016/j.canlet.2013.06.008

Zhao X, Zhu Y, Hu J, Jiang L, Li L, Jia S, et al. Shikonin Inhibits Tumor
Growth in Mice by Suppressing Pyruvate Kinase M2-Mediated Aerobic
Glycolysis. Sci Rep (2018) 8(1):14517. doi: 10.1038/s41598-018-31615-y
Sun RC, Fadia M, Dahlstrom JE, Parish CR, Board PG, Blackburn AC.
Reversal of the Glycolytic Phenotype by Dichloroacetate Inhibits Metastatic
Breast Cancer Cell Growth In Vitro and In Vivo. Breast Cancer Res Treat
(2010) 120(1):253-60. doi: 10.1007/s10549-009-0435-9

Populo H, Caldas R, Lopes JM, Pardal J, Maximo V, Soares P.
Overexpression of Pyruvate Dehydrogenase Kinase Supports
Dichloroacetate as a Candidate for Cutaneous Melanoma Therapy. Expert
Opin Ther Targets (2015) 19(6):733-45. doi: 10.1517/14728222.
2015.1045416

Ma Z, Xiang X, Li S, Xie P, Gong Q, Goh BC, et al. Targeting Hypoxia-
Inducible Factor-1, for Cancer Treatment: Recent Advances in Developing
Small-Molecule Inhibitors From Natural Compounds. Semin Cancer Biol
(2020) 80:379-390. doi: 10.1016/j.semcancer.2020.09.011

Koh MY, Spivak-Kroizman T, Venturini S, Welsh S, Williams RR,
Kirkpatrick DL, et al. Molecular Mechanisms for the Activity of PX-478,
an Antitumor Inhibitor of the Hypoxia-Inducible Factor-1alpha. Mol Cancer
Ther (2008) 7(1):90-100. doi: 10.1158/1535-7163.MCT-07-0463

Parczyk J, Ruhnau J, Pelz C, Schilling M, Wu H, Piaskowski NN, et al.
Dichloroacetate and PX-478 Exhibit Strong Synergistic Effects in a Various
Number of Cancer Cell Lines. BMC Cancer (2021) 21(1):481. doi: 10.1186/
512885-021-08186-9

Shirai Y, Chow CCT, Kambe G, Suwa T, Kobayashi M, Takahashi I, et al. An
Overview of the Recent Development of Anticancer Agents Targeting the
HIF-1 Transcription Factor. Cancers (2021) 13(11):2813. doi: 10.3390/
cancers13112813

First HIF-2 Antagonist for VHL Tumors. Nat Biotechnol (2021) 39(9)1032.
doi: 10.1038/s41587-021-01063-7

Peng W, Chen JQ, Liu C, Malu S, Creasy C, Tetzlaff MT, et al. Loss of PTEN
Promotes Resistance to T Cell-Mediated Immunotherapy. Cancer Discovery
(2016) 6(2):202-16. doi: 10.1158/2159-8290.CD-15-0283

Yang Z, Xu G, Wang B, Liu Y, Zhang L, Jing T, et al. USP12 Downregulation
Orchestrates a Protumourigenic Microenvironment and Enhances Lung
Tumour Resistance to PD-1 Blockade. Nat Commun (2021) 12(1):4852.
doi: 10.1038/s41467-021-25032-5

Becher OJ, Gilheeney SW, Khakoo Y, Lyden DC, Haque S, De Braganca KC,
et al. A Phase I Study of Perifosine With Temsirolimus for Recurrent
Pediatric Solid Tumors. Pediatr Blood Cancer (2017) 64(7). doi: 10.1002/
pbc.26409

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 840029


https://doi.org/10.1152/ajpendo.00362.2014
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1038/ni.3366
https://doi.org/10.1038/ni.2956
https://doi.org/10.1002/path.4218
https://doi.org/10.1007/s00280-012-2045-1
https://doi.org/10.1007/s00280-012-2045-1
https://doi.org/10.7150/ijbs.27854
https://doi.org/10.1158/0008-5472.CAN-20-2114
https://doi.org/10.1007/s00432-014-1583-9
https://doi.org/10.1002/ijc.23807
https://doi.org/10.5306/wjco.v10.i3.149
https://doi.org/10.1056/NEJMoa2103425
https://doi.org/10.1056/NEJMoa2103425
https://doi.org/10.1136/jitc-2021-003093
https://doi.org/10.1200/JCO.19.01027
https://doi.org/10.1200/JCO.19.00576
https://doi.org/10.1001/jamaoncol.2021.3428
https://doi.org/10.1001/jamaoncol.2021.3428
https://doi.org/10.1007/s10549-017-4375-5
https://doi.org/10.1007/s10549-017-4375-5
https://doi.org/10.1158/1078-0432.CCR-21-2652
https://doi.org/10.1038/bjc.2012.368
https://doi.org/10.1038/s41392-020-0107-0
https://doi.org/10.3389/fimmu.2017.00637
https://doi.org/10.1158/0008-5472.CAN-20-3792
https://doi.org/10.1016/j.canlet.2013.06.008
https://doi.org/10.1038/s41598-018-31615-y
https://doi.org/10.1007/s10549-009-0435-9
https://doi.org/10.1517/14728222.2015.1045416
https://doi.org/10.1517/14728222.2015.1045416
https://doi.org/10.1016/j.semcancer.2020.09.011
https://doi.org/10.1158/1535-7163.MCT-07-0463
https://doi.org/10.1186/s12885-021-08186-9
https://doi.org/10.1186/s12885-021-08186-9
https://doi.org/10.3390/cancers13112813
https://doi.org/10.3390/cancers13112813
https://doi.org/10.1038/s41587-021-01063-7
https://doi.org/10.1158/2159-8290.CD-15-0283
https://doi.org/10.1038/s41467-021-25032-5
https://doi.org/10.1002/pbc.26409
https://doi.org/10.1002/pbc.26409
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Metabolic Reprogramming Governs Macrophage Polarization

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Marks DK, Gartrell RD, El Asmar M, Boboila S, Hart T, Lu Y, et al. Akt
Inhibition Is Associated With Favorable Immune Profile Changes Within the
Tumor Microenvironment of Hormone Receptor Positive, HER2 Negative
Breast Cancer. Front Oncol (2020) 10:968. doi: 10.3389/fonc.2020.00968
Ben-Sahra I, Manning BD. Mtorcl Signaling and the Metabolic Control of
Cell Growth. Curr Opin Cell Biol (2017) 45:72-82. doi: 10.1016/
j.ceb.2017.02.012

Trivedi ND, Armstrong S, Wang H, Hartley M, Deeken J, Ruth He A, etal. A
Phase I Trial of the mTOR Inhibitor Temsirolimus in Combination With
Capecitabine in Patients With Advanced Malignancies. Cancer Med (2021)
10(6):1944-54. doi: 10.1002/cam4.3672

Jerusalem G, de Boer RH, Hurvitz S, Yardley DA, Kovalenko E, Ejlertsen B,
et al. Everolimus Plus Exemestane vs Everolimus or Capecitabine
Monotherapy for Estrogen Receptor-Positive, HER2-Negative Advanced
Breast Cancer: The BOLERO-6 Randomized Clinical Trial. JAMA Oncol
(2018) 4(10):1367-74. doi: 10.1001/jamaoncol.2018.2262

Myrehaug S, Chan DL, Rodriguez-Freixinos V, Chung H, Hallet J, Law C,
et al. A Pilot Study of Everolimus and Radiation for Neuroendocrine Liver
Metastases. Endocrine-related Cancer (2021) 28(8):541-8. doi: 10.1530/ERC-
21-0030

Calimeri T, Ferreri AJM. M-TOR Inhibitors and Their Potential Role in
Haematological Malignancies. Br J haematology (2017) 177(5):684-702.
doi: 10.1111/bjh.14529

Papa A, Zaccarelli E, Caruso D, Vici P, Benedetti Panici P, Tomao F.
Targeting Angiogenesis in Endometrial Cancer - New Agents for Tailored
Treatments. Expert Opin investigational Drugs (2016) 25(1):31-49.
doi: 10.1517/13543784.2016.1116517

Lamhamedi-Cherradi SE, Menegaz BA, Ramamoorthy V, Vishwamitra D,
Wang Y, Maywald RL, et al. IGF-1R and mTOR Blockade: Novel Resistance
Mechanisms and Synergistic Drug Combinations for Ewing Sarcoma. ] Natl
Cancer Institute (2016) 108(12):djw182. doi: 10.1093/jnci/djw182

Voss MH, Gordon MS, Mita M, Rini B, Makker V, Macarulla T, et al. Phase 1
Study of Mtorcl/2 Inhibitor Sapanisertib (TAK-228) in Advanced Solid
Tumours, With an Expansion Phase in Renal, Endometrial or Bladder
Cancer. Br ] Cancer (2020) 123(11):1590-8. doi: 10.1038/s41416-020-
01041-x

Arts R], Novakovic B, Ter Horst R, Carvalho A, Bekkering S, Lachmandas E,
et al. Glutaminolysis and Fumarate Accumulation Integrate Immunometabolic

and Epigenetic Programs in Trained Immunity. Cell Metab (2016) 24(6):807-
19. doi: 10.1016/j.cmet.2016.10.008

Zhao J, Li H, Zhao S, Wang E, Zhu J, Feng D, et al. Epigenetic Silencing of
miR-144/451a Cluster Contributes to HCC Progression via Paracrine HGF/
MIF-Mediated TAM Remodeling. Mol Cancer (2021) 20(1):46. doi: 10.1186/
$12943-021-01343-5

Wenes M, Shang M, Di Matteo M, Goveia ], Martin-Pérez R, Serneels J, et al.
Macrophage Metabolism Controls Tumor Blood Vessel Morphogenesis and
Metastasis. Cell Metab (2016) 24(5):701-15. doi: 10.1016/j.cmet.2016.09.008
Andon FT, Digifico E, Maeda A, Erreni M, Mantovani A, Alonso M]J, et al.
Targeting Tumor Associated Macrophages: The New Challenge for
Nanomedicine. Semin Immunol (2017) 34:103-13. doi: 10.1016/
j.smim.2017.09.004

Huang Y, Guan Z, Dai X, Shen Y, Wei Q, Ren L, et al. Engineered
Macrophages as Near-Infrared Light Activated Drug Vectors for Chemo-
Photodynamic Therapy of Primary and Bone Metastatic Breast Cancer. Nat
Commun (2021) 12(1):4310. doi: 10.1038/s41467-021-24564-0

Liaw K, Reddy R, Sharma A, Li J, Chang M, Sharma R, et al. Targeted
Systemic Dendrimer Delivery of CSF-1R Inhibitor to Tumor-Associated
Macrophages Improves Outcomes in Orthotopic Glioblastoma.
Bioengineering Trans Med (2021) 6(2):e10205. doi: 10.1002/btm2.10205

126.

127.

128.

129.

130.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Liu, Li and Pan. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 840029


https://doi.org/10.3389/fonc.2020.00968
https://doi.org/10.1016/j.ceb.2017.02.012
https://doi.org/10.1016/j.ceb.2017.02.012
https://doi.org/10.1002/cam4.3672
https://doi.org/10.1001/jamaoncol.2018.2262
https://doi.org/10.1530/ERC-21-0030
https://doi.org/10.1530/ERC-21-0030
https://doi.org/10.1111/bjh.14529
https://doi.org/10.1517/13543784.2016.1116517
https://doi.org/10.1093/jnci/djw182
https://doi.org/10.1038/s41416-020-01041-x
https://doi.org/10.1038/s41416-020-01041-x
https://doi.org/10.1016/j.cmet.2016.10.008
https://doi.org/10.1186/s12943-021-01343-5
https://doi.org/10.1186/s12943-021-01343-5
https://doi.org/10.1016/j.cmet.2016.09.008
https://doi.org/10.1016/j.smim.2017.09.004
https://doi.org/10.1016/j.smim.2017.09.004
https://doi.org/10.1038/s41467-021-24564-0
https://doi.org/10.1002/btm2.10205
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Metabolic Reprogramming Induces Macrophage Polarization in the Tumor Microenvironment
	Introduction
	Metabolism-Related Signaling Pathways in Macrophage Polarization
	PI3K/AKT Pathway
	mTOR Pathway
	HIF
	AMPK
	PPARs
	Other Signaling Pathways

	Effects of The Microenvironment on Macrophage Polarization and Metabolism
	The Influence of Glucose-Rich Milieu on Macrophage Function
	The Influence of Free Fatty Acid-Rich Milieu on Macrophage Function

	Control of Cellular Metabolism as a Target for Cancer Therapy
	Glycolysis Inhibition
	PDK Inhibition
	HIF Inhibition
	Inhibition of the PI3K-AKT-mTOR Pathway

	Conclusion and Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


