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ARTICLE INFO ABSTRACT

In response to different microenvironmental stimuli, macrophages are polarized into two populations, M1
macrophages which are classically activated by interferon (IFN)-y with lipopolysaccharides (LPSs) and M2
macrophages which are alternatively activated by interleukin-4 (IL-4), to perform specific roles in innate im-
mune responses. Accordingly, macrophages occupy distinct metabolic profiles, regulated by orchestrated factors
and signaling pathways, including the PI3K-AKT, HIF, c-Myc, AMPK, and PPARs pathways. These factors and
pathways play pivotal roles not only in metabolic regulation but also in macrophage polarization. After acti-
vation, classically activated M1 macrophages and alternatively activated M2 macrophages display distinct
patterns in glucose, lipid, amino acid and iron metabolism. Here, we summarized recently discovered meta-
bolism-related inflammatory signaling factors, along with reprogrammed metabolism, after the activation of
macrophages under conditions related to immunity and cancer. Additionally, macrophage regulatory roles in
infectious diseases, cancer progression and anti-cancer immunotherapy are discussed in terms of metabolic
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profiles, providing insight into the prevention and treatment of immune-associated diseases.

1. Introduction

The innate immune system consists of different populations of cells,
including macrophages, neutrophils, monocytes, eosinophils, basophils,
and natural killer cells, which are responsible for innate immunity
against pathogens to maintain homeostasis of the host. Macrophages, a
key population of innate immune cells, were first described as phago-
cytic cells by Elie Metchnikoff in the 19th century [1]. Macrophages act
as scavengers with phagocytic capability. Additionally, macrophages
function as antigen-presenting cells (APCs) with various receptors on
cell surfaces. In addition, macrophages are regulators of other innate or
adaptive immune cells because they can secrete diverse cytokines.

During activation, macrophages switch from quiescence to an acti-
vated state. Activated macrophages are polarized into two populations,
M1 (classically activated) and M2 (alternatively activated) [2]. The
broad phenotype of macrophages is regulated by various signaling
cascades, many of which have been well studied and reviewed else-
where (Fig. 1) [3]. Research on macrophage metabolic changes began
in the 1970s, when the activation of macrophages was first described as
the phenotype change induced by interferon (IFN)y [4]. It provided
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evidence that during the activation of murine peritoneal macrophages,
there is a concurrent higher level of glycolysis, as well as a lower level
of oxygen consumption [5]. Researchers, in the late 1980s, also found
that the enzymatic activity of glucose metabolism-related enzymes was
correlated with the activation of macrophages, intertwining the im-
mune responses with glucose and glutamine metabolism [6]. In the late
1990s, a bacterial lipopolysaccharide (LPS), an agonist of Toll-like re-
ceptor (TLR) 4, similar to IFNy, was found to be a stimulus to promote
the generation of M1 macrophages [7]. While LPSs associated with
IFNy were known as classical stimuli for M1 macrophages, another type
of activated macrophage induced by interleukin (IL)-4, the alternatively
activated M2 subtype, was described [8].

M1 markers include IL-1f3, IL-12, tumor necrosis factor (TNF) a and
other upregulated pro-inflammatory products. Among them, inducible
nitric oxide synthase (iNOS) plays a bactericidal role and promotes the
catabolism of arginine [9]. M2 macrophages, on the other hand, have
upregulated arginase 1 (Argl), which functions in the urea cycle by
catalyzing the transformation from 1-arginine to r-orthinine, as well as
other anti-inflammatory products [10]. M2 macrophages also play pi-
votal roles in tissue repair and anti-parasitic responses [11]. Further
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Fig. 1. Typical metabolism-related signaling pathways in polarized macrophages. M1 macrophages classically activated in response to IFNy and LPSs are mediated by
the PI3K-AKT-mTOR-HIF-1a signaling cascade pathway. M2 macrophages alternatively activated in response to IL-4 are mediated by JNK-STAT axes.

studies have provided more examples for distinct metabolic profiles of
immune cells during various immune responses. Certain metabolic
characteristics are suggested as key features of activated macrophages
under specific scenarios, such as infection, immunosuppression, cancer-
related angiogenesis and autoimmunity [12,13]. In these activated
macrophages, reprogramming of energy metabolism, lipid metabolism
and iron metabolism is also observed [14].

Taken together, the metabolic reprogramming of macrophage acti-
vation during immune responses is an issue worthy of interest. Here, we
focus on metabolism-associated signaling pathways that cast effects on
macrophage polarization. We also summarize the reprogrammed me-
tabolic profiles of these regulated macrophages in terms of their glucose
metabolism, lipid metabolism, amino acid metabolism, iron metabo-
lism, energy metabolism and biosynthesis patterns. Immune-associated
diseases relevant to the metabolic reprogramming of macrophages are
also discussed and are mainly centered on infection, cancer progression
and anti-cancer immunotherapy.

2. Metabolism-related signaling pathways in macrophage
polarization

Functional control of macrophages largely occurs at the transcrip-
tional level. Genes specifically up- or downregulated in M1 or M2 status
have been described in the previous reviews [15-17]. Numerous sig-
naling pathways that are essential to promoting functional differ-
entiation of macrophages have been identified over the years [3]. Me-
tabolic profiles, regulated by various signals and pathways, including
the PI3K-AKT, HIF, c-Myc, AMPK, and PPAR pathways, have great in-
fluence on macrophage polarization. Among those regulatory factors
involved in metabolic regulation, some also play pivotal roles in mac-
rophage functional differentiation (Fig. 1 and Table 1).

2.1. PI3K-AKT pathway

To meet the enormous biosynthetic and bioenergetic needs of rapid
inflammatory responses of the innate immune system, M1 macrophages
switch in a highly glycolytic mode. LPSs induce the activation of M1
macrophages via TLR-mediated pathways, such as the PI3K-AKT
pathway. Additionally, PI3K in M1 macrophages is considered to up-
regulate the expression of glucose transporter 1 (Glutl), key enzymes of

15

glycolysis such as hexokinase 2 (HK2) and phosphofructokinase 2
(PFK2) [18]. The signaling via TLR, G protein coupled receptors (GPCR)
and receptor tyrosine kinase all activate the PI3K-AKT pathway, leading
the inflammation infiltrating M1 macrophages to a glycolytic mode and
enhancing cancer-related inflammation in tumor-associated macro-
phages (TAMs) [19]. This evidence indicates that changes in the PI3K-
AKT pathway affect macrophage activation (Table 1).

2.2. mTOR signaling

The TSC/mTOR pathway, activated by inflammatory stimuli, is a
downstream effector of the PI3K/Akt pathway, which is a key sensor of
the cell trophic state, playing an important role in coordinating meta-
bolic and inflammatory signals and helping to determine the phenotype
of macrophages. Mammalian target of rapamycin (mTOR) is an atypical
serine/threonine kinase composed of two scaffolding complexes: mTOR
complex 1 (mTORC1, RAPTOR) and mTOR complex 2 (mTORC2,
RICTOR) [20,21]. mTOR is considered another important regulator of
metabolism in activated macrophages because it couples nutrient sen-
sing with glucose metabolism, lipid metabolism and biosynthesis.

mTORC1 enhances the expression of its downstream signals, such as
HIF-1a, which contributes to enhancing aerobic glycolysis. This is de-
fined as the Warburg effect. Similarly, in terms of glycolysis occurring
in an anaerobic way, regulation cast by the mTORC1-HIF-1a axis is
worthy of interest [22,23]. Mycobacterium tuberculosis induces AKT
activation via TLR2-dependent signaling, which is greatly enhanced
when mTOR signaling is blocked by rapamycin [24]. In LPS-induced
M1 macrophages, mTORC] is necessary for nitric oxide (NO) produc-
tion via IFN, an NO production-related autocrine co-factor [25]. The
mTORC1 pathway is also observed to promote lipid biosynthesis and
inhibit autophagy [26]. It is now known that in T cells, mTORC2 is
activated by PI3K signaling to regulate metabolism and apoptosis and is
also associated with cytoskeletal organization [20]. In innate immunity,
mTORC2 is an M2 macrophage marker. Conditional knockout of the
myeloid-specific RITOR subunit results in a gain of M1 phenotype [27].
mTORC2 is an upstream signal of interferon regulatory factor 4 (IRF4)
in response to IL-4 bypassing the IL-4-signal transducers and activators
of the transcription 6 (STAT6) axis [28].

Constitutive activation of mTOR is found to be immunosuppressive
and likely introduces a tissue repair-supportive M2 phenotype in
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circumstances such as an established tumor microenvironment.
However, this promotion of the immunosuppressive phenotype leads to
inhibition of itself by negative feedback through the PI3K pathway
[29].

There are also some negative regulators of mTOR activity. In T cells,
tuberous sclerosis 1 (TSC1) and TSC2 have been documented to inhibit
mTORC1 signaling. Much of the upstream regulation is cast on
mTORC1 via the TSC1/2 complex, which is inactivated via the PI3K-
AKT pathway by direct phosphorylation of the TSC1/2 complex, or
activated via the adenosine monophosphate-activated protein kinase
(AMPK) pathway [20]. Similarly, in macrophages, TSC1 deficiency
promotes the activation of mTORC1 and c-Jun N-terminal kinase 1/2
(JNK1/2), as well as upregulates the NO production and secretion of
pro-inflammatory cytokines [21]. Whether this regulation is also im-
plemented by the upstream signaling pathway PI3K-AKT-TSC1/2 is
worthy of discussion.

2.3. HIF

The hypoxia-induced factor (HIF) is a key factor in metabolic reg-
ulation, especially in glycolysis. Responses of mammalian cells to low
oxygen conditions (hypoxia) are introduced by HIF. However, HIF is
not only induced by hypoxia but also by TLR agonists and cytokines,
especially those pro-inflammatory ones such as TNFa and IL-1f3 [30].
Cytokine-induced HIF-1a is known to be a crucial player in deciding
how cells convert pyruvate to lactate. In the presence of oxygen, cells
utilize pyruvate by glycolysis to produce lactate. Additionally, HIF-1a
can promote cells to utilize acetyl-CoA by promoting the expression of
lactate dehydrogenase (LDHA) and pyruvate dehydrogenase kinase
(PDK), which converts pyruvate to lactate and inhibits pyruvate dehy-
drogenase, respectively [31,32].

NAD* generated by NADH is necessary to maintain the flux of
glycolysis. When the oxidative phosphorylation (OXPHOS) pathway is
available, the conversion from pyruvate to lactate in cells is executed by
the malate-aspartate shuttle. However, if OXPHOS is inhibited by sig-
nals upstream of HIF, cells utilize acetyl-CoA, rather than pyruvate, to
generate NAD " even in the presence of oxygen [33]. Therefore, the HIF
isoforms induced by pro-inflammatory cytokines, while OXPHOS in-
hibited, promote aerobic glycolysis in macrophages and dendritic cells
(DCs) [34,35], performing the Warburg effect. On the other hand, HIF-
la, as a key transcription factor, directly regulates the expression of
glycolysis-related enzymes such as glucose transporter 1 (Glutl), hex-
okinase 2 (HK2), and fructose-2,6-bisphosphatase 3 (PFKFB3) [36].

HIF-1a-dependent glycolysis is tightly associated with the M1
phenotype of macrophages since HIF-la is induced by pro-in-
flammatory cytokines. However, studies have shown that HIF-1a can
upregulate pro-inflammatory cytokines in LPS-treated glycolytic mac-
rophages as well [22]. It also introduces a ‘trained immunity’ in (-
glucan-treated glycolytic macrophages [37]. In response to bacterial or
fungal infection, HIF-1a is reported to be critical for pro-inflammatory
macrophage differentiation in vitro and in vivo, accompanied by changes
in glycolytic activity [38]. Our previous studies also showed that HIF-
la-dependent glycolysis controls the functional differentiation of other
immune cells [39,40].

However, HIF-1a, as well as HIF-2q, are reported to enhance tumor-
related inflammation via IL-1f production and growth factors in rela-
tion to tumor angiogenesis [41,42] and drive tumorigenic behavior in
tumor-associated macrophages (TAMs) exposed to hypoxia. HIF-la
likely upregulates glycolysis in TAMs and enhances pro-inflammatory
effects in rapidly growing tumors, whereas it skews the tumor into an
immunosuppressed state by inducing angiogenesis and im-
munosuppression via factors such as programmed death-1 (PD-L1), as
occurred in myeloid-derived suppressor cells (MDSC) [43].

There is a plasticity displayed by HIF-1a-regulated immune cells in
their immune responses, which is especially obvious over the course of
tumor progression. This provides an interesting point for further
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exploration; the regulatory effects of HIF-la on macrophages might
also vary dynamically under other conditions.

2.4. c-Myc

In combination with HIF, c-Myc, the oncogenic transcription factor,
contributes to the production of LDHA and PDK1, which enhance gly-
colytic activity, as stated above. In amino acid metabolism, c-Myc also
plays an important role by upregulating the expression of glutamine
transporters and glutamines, which function chiefly in glutaminolysis
[44,45]. In addition to its important role in metabolic regulation, c-Myc
is also involved in M2 macrophage polarization and tumor promotion
of TAMs, as it can regulate pro-tumor factors such as transforming
growth factor-f3 (TGF-f) and vascular endothelial growth factor (VEGF)
[46,47]. c-Myc has effects on many metabolic pathways. Nevertheless,
the detailed effects of c-Myc on the metabolism of TAMs are far from
revealed.

2.5. AMPK

IL-4-induced M2 macrophage glucose metabolism mainly through
OXPHOS rather than glycolysis. Adenosine 5’-monophosphate-acti-
vated protein kinase (AMPK), a key factor regulating OXPHOS, is ac-
tivated by adenosine, its substrates, and some anti-inflammatory fac-
tors, skewing the macrophages to an immunosuppressive state with a
metabolism pattern that emphasizes OXPHOS [48]. On the other hand,
LPS-induced M1 macrophages display suppressed activation of AMPK
and prefer glycolysis as their major glucose metabolism pathway [49].

2.6. PPAR

Peroxisome proliferator-activated receptors (PPARs) are key sensors
for lipids. As nuclear receptors and transcription factors, they directly
initiate or suppress the expression of many target genes. Induced by IL-
4 and IL-13, PPARy is involved in M2 macrophage polarization, in
combination with some corepressors to repress the expression of pro-
inflammatory factors, such as histone deacetylase-3. IL-4-induced
phosphorylated STAT6 also appears to be in crosstalk with PPARy
[50,51]. PPARy deficiency leads to inhibited M2 macrophage polar-
ization. Additionally, PPARy deficiency results in obesity and insulin
resistance when treated with a high fat diet [52]. PPARS, another
member of the PPAR family, plays a scavenging role in clearing apop-
totic cells [11], which might be involved in the building up of tumors.
PPARa/P account for the activation of TAMs by enhancing IL-10 ex-
pression, which induces the macrophages to a pro-tumor phenotype
[53]. PPARS also plays an important role in regulating macrophage
biology [54].

Although metabolism and macrophage polarization are regulated by
many factors, these signals in metabolic regulation are not separate
(Fig. 1). For example, HIF-1a is downstream of the PI3K-AKT pathway
in macrophages [55]. Additionally, HIF-1a can be regulated by mTOR
signals. c-Myc in M2 macrophages is correlated with Hif-1a, as the in-
hibition of c-Myc can block the expression of HIF-1a [56]. In addition,
AMPK is reported to be downstream of PPAR [57].

3. Metabolic reprogramming of polarized macrophages in
immune responses

Regulated by some factors, the metabolic profiles of macrophages
are orchestrated in immune responses. It is important to determine how
metabolic alterations in macrophages lead to pro- or anti-inflammatory
effects (Fig. 2 and Table 1).

3.1. Glucose metabolism

Polarized macrophages display distinct patterns of glucose
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Fig. 2. Metabolic reprogramming of polarized macrophages. The glycolytic pattern of glucose metabolism is preferred by M1 macrophages. Fatty acid oxidation
occurs in response to M2 stimuli. Arginosuccinate shunts under conditions of classical activation and glutamine metabolism in conditions of alternative activation.

Glutamine metabolism gives rise to N-glycosylation of M2 markers as well.

metabolism. M1 macrophages, induced by LPSs and IFNy, are char-
acterized by boosted glycolysis alone. IL-4 exposure-induced M2 mac-
rophages preferentially increase the rate of OXPHOS in Mus musculus
[37,58]. Human monocytes, similarly, skew to the glycolytic mode with
concomitant decreased OXPHOS under B-glucan treatment. This al-
teration is mediated via the AKT-mTOR-HIF-1a pathway [22].

More details on glucose metabolism are studied in mice. As men-
tioned above, HIF-1a can upregulate the expression of glycolysis-re-
lated enzymes and factors in M1 macrophages, such as Glutl, HK2,
PFKFB3, pyruvate kinase 2 (PKM2) and phosphoglycerate kinase 1
(PGK1) [59,60]. In addition, over the course of the classical activation
of macrophages, PFK2 is activated via an isoform switch from the liver
form (L-PFK2) to the ubiquitous form (u-PFK2) [58]. LPS-induced
preference of glycolysis in macrophages therefore leads to higher rates
of glucose consumption through glycolysis. The pentose phosphate
pathway (PPP), a bypass of glycolysis, is also found to play a role in
promoting the metabolic shift and the classical activation of macro-
phages. Carbohydrate kinase-like protein (CARKL) is a factor re-
sponsible for the production of sedoheptulose-7-phosphate (S7P), a PPP
intermediate and PPP flux restraint. In response to LPSs, CARKL is
downregulated. Therefore, S7P is a restraint on the PPP. Thus, an en-
hanced PPP is found in response to M1 macrophage activation. In ad-
dition, over the course of the PPP, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase results in increased levels of reactive
oxygen species (ROS), a typical product of classically activated mac-
rophages. In contrast, overexpression of CARKL leads to repressed
production of pro-inflammatory cytokines such as TNFa, providing
additional support for the positive correlation between PPP and clas-
sical activation of macrophages [61].

In the tricarboxylic acid cycle (Krebs cycle, TCA) of M1 macro-
phages, there are two key points (Fig. 2). Expression of the isocitrate
dehydrogenase (IDH) that converts citrate to a-ketoglutarate (a-KG) is
downregulated, leading to citrate accumulation [37]. Citrate accumu-
lation results in its conversion to itaconic acid, a metabolic intermediate
involved in host defense against microbes [62]. Spared citrate also
contributes to lipid biosynthesis. Another important point is at the
succinate oxidation step. Because of the deficiency in succinate dehy-
drogenase (SDH) in activated M1 macrophages, succinate accumulates
in cells. Succinate-derived fumarate is downregulated, in contrast to its
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upstream reactant. Fumarate and malate, supporting the Krebs cycle,
are no longer converted from succinate here, but from an arginosucci-
nate shunt, providing aspartate aminotransferase-catalyzed fumarate
and enhancing the production of NO and IL-6 [63]. On the other hand,
accumulated succinate enhances the expression of pro-inflammatory IL-
1P via HIF-1a, which can be rescued by the glycolysis blocker, 2-
deoxyglucose (2-DG), in accordance with pro-inflammatory and gly-
colytic characteristics in M1 macrophages [37].

In M2 macrophages alternatively activated by IL-4, PFKFB1 is ex-
pressed followed by the main isoform of L-PFK2 and downregulated
levels of fructose-2,6-bisphosphate. Glucose metabolism in cells
switches to mitochondrial respiration and oxidative phosphorylation
instead of glycolysis. This switch is known to be regulated by tran-
scription factor STAT6, which responds to activation of IL-4 and then
induces transcription factor PPARy-coactivator-1f3 (PGC1p) [64]. Nu-
clear respiratory factor 1 (NRF1), estrogen-related receptor a and
PGC1p signals together regulate the expression of functional compo-
nents in the mitochondria, such as ATP synthase and cytochrome c [65]
(Figs. 1 and 2). However, glycolysis is not just important to pro-in-
flammatory responses; it is also critical for the M2 macrophage acti-
vation induced by IL-4. The inhibition of mitochondrial ATP synthase
with oligomycin and of glycolysis with 2-DG both can suppress IL-4-
regulated genes, surface markers, and functions [66], which demon-
strate that glucose fuels the TCA cycle for mitochondrial respiration in
M2 macrophages [67]. In general, these current studies highlight the
essential need for glycolysis in both inflammatory and anti-in-
flammatory macrophage responses.

3.2. Lipid metabolism

Under different microenvironmental stimuli, the lipid metabolism
pattern of macrophages can also be altered (Fig. 2).

Fatty acid uptake and fatty acid oxidation (FAO) are downregulated
in M1 macrophages [11]. In contrast, FAO and mitochondrial activity in
IL-4-induced M2 macrophages are enhanced concurrently. Uptake of
triacylglycerol (TAG) is found to be essential for FAO in M2 macro-
phages [26]. This regulation is orchestrated by PPAR and liver X re-
ceptor (LXR) [68]. Additionally, FAO is enhanced in macrophages
promoted by IL4-STAT6 axis-triggered PGC1f. PGC1p can also promote



S. Wang, et al.

cells to an oxidative mode of glucose metabolism, which relies more on
mitochondrial activity (Fig. 2) [11,64,69]. Similarly, etomoxir, an FAO
inhibitor, can block IL-4-induced M2 macrophage polarization [26].
However, blocking FAO in human macrophages failed to block the IL-4
response [70], FAO can also contribute to inflammatory macrophage
phenotypes through NLRP3 activation [71]. After all, these findings
suggest that the requirement for FAO in M2 macrophage polarization is
very complex and many questions remain to be answered.

In M1 macrophages classically activated by LPSs in combination
with IFNy, arachidonic acid metabolism displays distinct character-
istics, such as higher levels of cyclooxygenase 2 (COX2), lower levels of
COX1 and microsomal isoforms of Prostaglandin E synthase (mPGEs).
In IL-4-induced M2 macrophages, contrasting changes are observed
[14]. Lipidomic profiling of activated macrophages demonstrates the
correlation between inflammation and lipid metabolism in macro-
phages, and these lipidomics can provide potential biomarkers for in-
flammation [72].

3.3. Amino acid metabolism

The metabolism mode of amino acids is also a distinct indicator of
polarized macrophages (Fig. 2).

Altered r-arginine metabolism was one of the first characteristics
used to classify macrophage polarization subsets, which varies under
conditions of different stimuli [73]. In LPS- and IFNy-induced M1
macrophages, inducible nitric oxide synthase (iNOS) is upregulated,
supporting the urea cycle by converting r-arginine to NO and t-citrul-
line. In IL-4-induced M2 macrophages, the upregulated enzyme is liver
type Argl, which converts r-arginine to r-orthinine and drives poly-
amine synthesis [74]. Initially, the differences in arginine metabolism
by either iNOS or arginase-1 were used to define classically and alter-
natively activated macrophage subsets, respectively.

Glutamine-related pathways are also highly involved in the polar-
ization and function of macrophages. Glutamine is essential for three
major functions of macrophages: antigen presentation, phagocytosis
and cytokine secretion [75]. Glutaminolysis driven by glutaminase is
the main event in glutamine metabolism. Related intermediates, in-
cluding glutamate and glutamic-pyruvic transaminase 2 (GPT2), are
upregulated in IL-4-induced M2 macrophages. In the absence of them,
M2 polarization is decreased [76]. Glutamate also functions to support
TCA; almost one-third of the carbons in the TCA cycle were derived
from glutamine [77], which converted to a-ketoglutaric acid (a-KG)
after deamination [77]. In addition, the N-glycosylation-essential ur-
idine diphosphate N-acetylglucosamine (UDP-GlcNAc) synthesis is also
coupled with glutaminolysis, giving rise to N-glycosylation, thus pro-
moting the expression of M2 macrophage markers, such as cluster of
differentiation 301 (CD301), CD206 (Mannose receptor 1, Mrcl), in-
terferon regulatory factor 4(IRF4), Krupple such as factor 4 (KLF4) and
C-C motif ligand 22 (CCL22) [78].

3.4. Heme-iron metabolism

Macrophages can scavenge senescent RBCs, playing a crucial role in
iron recycling and homeostasis. Changes in iron homeostasis are also
involved in the polarization of macrophages (Table 1).

In LPSs in combination with IFNy-induced M1 macrophages, iron is
stored rather than exported. Therefore, less ferroportin (iron trans-
porter) and low CD163 (heme uptake), coupled with higher levels of H-
ferritin (iron storage), are expressed. In M2 macrophages, on the con-
trary, there is a higher level of ferroportin coupled with high levels of
CD163 and CD94 (heme uptake) to work against ferritin, giving rise to
iron secretion and release [79]. The hemeoxygenase-1 (HO-1), a rate-
limiting enzyme in the heme degradation pathway which upregulates
the expression of IL-10, is regarded as an indicator of M2 polarized
macrophages [80]. An immunosuppressive phenotype of M2 macro-
phages that enhances tissue repair and regeneration is also regulated via
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increased iron excretion by ferroportin, enhanced heme catabolism by
HO-1 and restricted iron retention by ferritin [81]. Lipocalin (LCN),
another iron-releasing protein, is also upregulated in TAMs of human
breast cancer cells [82]. However, the anti-inflammatory regulatory
effect of iron-releasing HO-1 does not always occur. HO-1 is found to be
pro-inflammatory in chronic metabolic inflammation that is related to
obesity [83]. Taken together, recent studies have demonstrated a cru-
cial role of iron metabolism in determining the polarized phenotype
and functions of macrophages.

4. Metabolic profiles of macrophages in infection and cancer

An abundance of evidence indicates that metabolism is highly in-
volved in macrophage polarization and function in both homeostasis
maintenance and pathology. As there are shifts in macrophage meta-
bolism patterns in response to microenvironmental changes, macro-
phages have distinct metabolic profiles during both infections and
cancer occurrence. Infectious diseases and tumors related to macro-
phage development and function are listed. Metabolic changes during
infectious diseases and cancer progression are specifically discussed
(Table 1).

4.1. Metabolic profiles of macrophages during infection

In inflammation and host defense responses against infection,
macrophages produce more pro-inflammatory cytokines and bacter-
icidal molecules, such as TNF and ROS, respectively. (Fig. 3 and
Table 1). Additionally, macrophage metabolism patterns, including
glucose metabolism and amino acid metabolism, change concurrently.

The glucose metabolic mode is tightly associated with host defense.
Bactericidal molecules, ROS, mainly come from two different pathways,
NADPH oxidase and the mitochondria stress-dependent pathway [84].
When macrophages are activated by LPSs via TLR4 and glycolysis and
PPP are enhanced, while OXPHOS and mitochondrial activity are sup-
pressed. Additionally, the PPP flux restraint CARKL is repressed. En-
hanced NADPH oxidase in the PPP leads to an increase in ROS levels
[61,85]. HIF-1a and c-Myc are key factors in glycolysis and macro-
phage polarization. They also play pivotal roles in macrophage-medi-
ated infections. Studies have shown that macrophage responses to M.
tuberculosis infection can be modulated by nitric oxide through activa-
tion of HIF-la and repression of NF-kB [86]. c-Myc is reported to
function in human macrophages and as a novel Leishmania virulence
factor that is essential for survival by targeting the host miRNA system
[87]. On the other hand, regulated by TNF receptor-associated factor 6

LPS

!
\

TRAF6

lMitochondriaI recruitment

TLR4

Pentose phosphate
pathway

NADPH Oxidase

NLRP3 inflammasome

| l

ROS IL-18 caspase1
Bactericalcidal Pyroptosis

Fig. 3. Infections related to the metabolism of macrophages. Reactive oxidative
species and pyroptosis occurs, performing pro-inflammatory functions during
infection.
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(TRAF6) [84], mitochondria are recruited towards phagolysosomes,
enhancing the production of ROS as well [37]. Mitochondrial stress is
also essential for the activation of the leucine-rich repeat pyrin-3
(NLRP3) inflammasome [88]. Under some conditions, such as bacterial
and viral infection or under danger signals such as monosodium urate
and extracellular ATP, this mitochondrial ROS production process is
accompanied by an upregulated level of pyroptosis-essential Caspase-1
and pro-inflammatory IL-1f [89].

In accordance with the glycolytic or mitochondrial pattern of glu-
cose metabolism, distinct modes of amino acid metabolism are also
displayed. In M1 macrophages, arginine is utilized to contribute to
iNOS production, which promotes the production of NO, one of the
bactericidal molecules. Additionally, arginosuccinate shunts under pro-
inflammatory stimuli, such as infections in M1 macrophages, to com-
pensate for the TCA break [37]. Arginine is converted to polyamines by
Argl when macrophages are alternatively activated [90].

4.2. Metabolic profiles of macrophages in cancer progression

The glucose, amino acid, lipid and iron metabolic profiles of mac-
rophages have all been shown to be altered throughout tumor pro-
gression [91]. The metabolic signatures of macrophages have been
studied in various types of tumors (Fig. 4 and Table 1).

Tumor-associated macrophages are typical lymphoreticular in-
filtrates that play an essential role in pro- or anti-tumor regulation
[92,93]. Usually, TAMs are considered an anti-inflammatory pheno-
type. TAMs are able to produce pro-inflammatory cytokines such as
TNFa, IL-1 and IL-6, as well as reactive oxygen intermediates (ROI) and
reactive nitrogen intermediates (RNI) to enhance chronic inflammation
that is related to tumors [94]. Macrophages can also regulate T cell
functions in tumor progression. Recent studies have shown that M1
macrophage polarization contributes to preventing the disease pro-
gression of glioblastoma, along with increased T effector to T regulatory
cell ratios [95]. In addition, Ly6C°“F4/80" macrophages that reside
outside of the tumor microenvironment can promote infiltration of T
cells into pancreatic ductal adenocarcinomas [96]. While it is not al-
ways the case, TAMs also play a role as negative regulators of tumor-
igenesis, as anti-inflammatory factors are upregulated in TAMs, such as
IL-10, TGFfp and metalloprotease (MMP), rendering the tumor micro-
environment a relatively immunosuppressive state, which gives rise to
metastasis and extravasation of tumor cells [92,97]. Macrophages also
provide tumor angiogenesis-related factors, such as VEGFA [98]. Some
metabolism regulators also play important roles in macrophage-asso-
ciated responses against tumors, including HIF and c-Myc. It has been
reported that HIF-2a, induced by vascular niche IL-6, can induce al-
ternative macrophage activation in glioblastoma [99]. While c-Myc is
reported to be expressed in tumor-associated macrophages and can be a
potential therapeutic target in pathologies [56], a dynamic plasticity in
TAM function is observed, which might depend on different metabolic

4 )
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Fig. 4. Cancer progression in relation to metabolism of macrophages. Both M1
and M2 characteristics are present over the course of tumor progression.
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needs in different stages of tumor progression (Table 1).

During the onset stage of tumors, glucose metabolism appears more
glycolytic, as HIF-1a upregulates the production of RNI and ROS. Apart
from inflammatory effects, this pattern seems more adaptive to the
hypoxic environment caused by fast growing tumors. Lactic acid, one of
the accumulated glycolysis products, is crucial for a switch to the M2
mode of glucose metabolism that emphasizes OXPHOS of the TAMs.
Lactic acid skews the TAMs to display a more immunosuppressive,
tumor promoting state with upregulated Argl, angiogenesis factors and
other anti-inflammatory factors [78]. This process occurs gradually in
tumors from early establishment to a late stably progressing stage.
However, lactic acid does not always play an M2 inhibitory role but is
also found to be supportive of pro-inflammatory IL-23 in murine B16
melanoma TAMs [100].

Arginine-derived polyamines contribute to tissue repair and cell
proliferation, which occur in stable stages of tumor progression [101].
Upregulated Argl in immunosuppressive TAMs also leads to im-
munosuppression in T cells [102]. Data have shown that expression of
Argl is upregulated in Lewis lung carcinoma and B16 melanoma
[13,103]. Key enzymes in glutaminolysis, such as glutamine transami-
nase and synthetase (GLUL), are also upregulated in the M2 state [78].
In MDSCs, tryptophan is also involved in tumor progression, which
provides another interesting point about TAM amino acid metabolism
to study in the future [104].

In TAMs, fatty acid synthesis (FAS) is considered pro-tumor while
being anti-inflammatory, with a supported expression of IL-10. This is
controversial in specific cancer cells, such as Lewis lung carcinoma
cells, in which increased FAS appears anti-tumor [53,105]. The ex-
pression of IFNf is upregulated in these TAMs, along with an increased
size of lipid droplets. IFNf, on the other hand, plays a role in recruiting
natural killer cells, which are responsible for the anti-tumor in-
flammation [106]. In lipid metabolism, there is also an obvious plas-
ticity depending on tumor stage and specific metabolic needs.

HO-1, an iron metabolic marker for M2 macrophages, is reported to
be a pro-tumor in the 4T1 mammary carcinoma model [107], indicating
an involvement of iron metabolism in tumor progression as well. In
addition, the intracellular iron level also casts an inhibitory effect on
the stability of HIF-1a, which is associated with TAM development,
survival and pro-tumor function [108].

4.3. Concluding remarks

Metabolic reprogramming is highly involved in the activation of
macrophages. Either classically activated M1 or alternatively activated
M2 macrophages display distinct metabolic features, which are closely
associated with their function in innate immunity in response to mi-
croenvironmental stimuli. For M1 macrophages, glycolysis is the pre-
ferential pathway of glucose metabolism, even in aerobic conditions,
which is described as the Warburg effect. The enhanced pentose
phosphate pathway is employed accordingly in M1 macrophages.
Upregulated lipid oxidation, glutaminolysis and r-arginine conversion
are metabolic signatures for M2 macrophages activated by IL-4. N-
glycosylation of other M2 markers executed by UDP-GlcNAc is also
reported as a typical event in alternative activation conditions.

The profiles of glucose, lipid, amino acid and heme-iron metabolism
of macrophages are regulated by broad intercellular and intracellular
signaling, in which key regulatory agents are studied. The PI3K-AKT
pathway is reported to be crucial in the regulation of glycolysis. The
pro- or anti-inflammatory effects of macrophages mediated by mTORC1
and mTORC2 are still far from being known. HIF isoforms as tran-
scription factors contribute to the expression of key glycolysis enzymes.
AMPK, a downstream signal of the IL-4-STAT3 axis, is involved in
oxidative phosphorylation, a known M2 metabolic event. PPAR regu-
lated by STAT6 has been shown to account for the M2 characteristic
lipid metabolism.

The metabolic profile of macrophages is closely associated with
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immune-associated diseases, infectious diseases, cancer progression and
anti-cancer immunotherapy. The redox status and arginine metabolism
of M1 macrophages induce host defenses against infection. A switch
from the M1-like to the M2-like state of TAMs over the course of tumor
progression takes place in accordance with the build-up of an aerobic,
proliferation-supporting microenvironment. Metabolic changes in line

with

immune-associated disease occurrence provide a meaningful

etiologic view for us. However, determining how this knowledge can be
converted to anti-cancer immunotherapeutic approaches requires fur-
ther studies.
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