
REVIEW ARTICLE

Metabolism and TAM functions—it takes two to tango
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From the evidence on clinical studies and experimental mouse models we

now know that tumor-associated macrophages (TAMs) sustain tumor

development in many different ways. They play a role in angiogenesis,

tumor cell invasion, and metastasis formation. Additionally, TAMs inter-

fere with natural killer and T-cell antitumoral activities, producing an

immune-suppressive environment that protects tumor cell growth. This

indicates that the tumoricidal activity of macrophages within the tumor

microenviroment is lost due to an imbalance of the regulatory mechanisms

underpinning these cells’ function. Since metabolism is emerging as a major

modulator of macrophage function, metabolic changes in response to sig-

nals coming from cancer or other immune cells might promote this imbal-

ance, enhancing the tumorigenic activities of TAMs. In this review we

describe the novel, most recent findings on how metabolism shapes TAM

functions or conversely, how TAMs influence the activity of other cells

through metabolic mechanisms. The complete elucidation of the metabolic

switches between pro- and antitumoral properties of macrophages, now

still in its infancy, is destined to provide scientists with new instruments

not only to understand but also to combat cancer.
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Introduction

In cancer, tumor-associated macrophages (TAMs) sup-

port different functions including the control of adap-

tive immunity and immune escape, regulation of vessel

and matrix remodeling, promotion of cancer cell pro-

liferation, survival, and metastasis [1,2]. In many can-

cer types, TAMs can represent up to 40% of the

cellular content of the tumor mass. Both cancer cells

and tumor microenvironmental signals hijack TAMs

to sustain cancer growth. Thus, TAM-depleting strate-

gies have been evaluated in preclinical and clinical

studies, however, with not always concordant results

[3–5]. This is probably due to the fact that, in princi-

ple, macrophages are supposed to protect the body

against harmful agents. With this respect, a more con-

vincing idea is to re-educate TAMs toward support

their antitumor, immunostimulatory functions [1,2,5–
9]. To this purpose, it is important to dissect which

pathways underline the phenotypic switch in TAMs in

order to be able to therapeutically target protumoral

differentiation states and eventually revert their

response toward their original function, namely their

immune protection against nonself or foreign agents

such as cancer cells. Emerging evidence suggests but

does not always prove that these diverse functions are

sustained by distinct metabolic programs. In general,

metabolic signals and the prototypical polarizing sig-

nals such as, for instance lipopolysaccharide (LPS)/

interferon-c (IFN-c) leading to classically activated

M1 (antitumor-like macrophages), or IL-4 and IL-10

leading to alternatively activated M2 (protumor-like

macrophages), are responsible for metabolic shifts that

underline specific functional properties in macrophages

[10–15]. However, only recently we are learning how

these metabolic shifts are affecting TAM behavior and

thus impact on disease outcome [16,17].

By focusing on some metabolic rheostats and a

short list of defined metabolites, here we present exam-

ples of the evidence on how TAM metabolism shapes

different functions in the context of tumor growth,

angiogenesis, metastasis, and immune cross-talk.

Mammalian target of rapamycin
(mTOR) signaling

The mTOR signaling pathway represents the central

modulator of cell metabolism, growth, proliferation

and survival as a result of a perfect integration of

intracellular and extracellular signals. Crucial cellular

processes such as insulin resistance, adipogenesis,

immune cell activation and tumor development, and

angiogenesis, require an active mTOR pathway. All

these observations, together with the evidence that this

pathway is deregulated in human diseases such as can-

cer and type 2 diabetes, have prompted scientists to

not only investigate the mechanism of its activation

but also to exploit it pharmacologically. mTOR
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inhibitors (rapamycin and its analogs) are currently

used for the treatment of solid tumors, rheumatoid

arthritis and during organ transplantation. The mTOR

kinase plays an essential role in the regulation of cell

growth and proliferation, since it can take part in two

multiprotein complexes, mTOR complex 1 (mTORC1),

which regulates protein synthesis, and mTOR complex

2 (mTORC2), which regulates cytoskeleton reorganiza-

tion [18,19]. Growth factors, Toll-like receptor (TLR)

ligands, or cytokines activate mTOR complex 1

(mTORC1) and mTORC2 through their cognate

receptors. Receptor activation leads to the recruitment

of class I phosphatidylinositol 3-kinases (PI3Ks) to the

receptor complex by different adaptor molecules

including the small GTPase RAB8A in macrophages

[20]. PI3Ks recruit and activate the serine/threonine

kinases AKT1, AKT2, and AKT3 via phosphorylation

by 3-phosphoinositide-dependent protein kinase 1.

This process is negatively regulated by phosphatase

and tensin homolog, which dephosphorylates PtdInsP3

[21]. mTORC2 phosphorylates AKT, leading to its

activation and shaping of its substrate specificity. In

addition, mTORC2 phosphorylates protein kinase C

and serum and glucocorticoid-regulated kinase 1

(SGK1) to control crucial cellular processes such as

cytoskeletal dynamics [22]. Due to the presence of the

regulatory-associated protein of mTOR (Raptor), the

mTORC1 is inhibited by rapamycin. Furthermore, it is

physiologically inhibited by the tuberous sclerosis com-

plex 1 (TSC1) and tuberous sclerosis complex 2

(TSC2) [18,19,23–25].

mTORC1 and inflammation

A strong body of evidence links mTORC1 to inflam-

mation, since macrophages and other cells of the

immune system regulate important modulators of

inflammation such as nuclear factor kappa light-chain

enhancer of activated B cells (NFjB) activity and IL-

10, TGF-b, and PD-L1 expression [26] by means of

mTORC1 activation. Recently, Covarrubias et al. [27]

have shown that glucose metabolism is driven by sig-

naling through AKT and mTORC1 to sustain IL-4-

mediated M2 activation of macrophages. This suggests

that alternative activation might be also mediated by

the mTORC1, which could be context dependent [27],

as suggested by the findings that loss of TSC1 allows

enhanced M1 and diminished M2 activation [28].

TSC1 has been identified as a key modulator of

macrophage polarization via mTOR-dependent and

independent pathways. By exploiting mice models with

myeloid-specific deletion of TSC1, Zhu et al. [29] show

that TSC1 inhibits M1 polarization by suppressing the

RAS GTPase-RAF1-MEK-ERK pathway in a

mTOR-independent manner, whereas it promotes a

M2-like phenotype through mTOR-dependent

CCAAT/enhancer-binding protein b pathways. AKT

kinases can also contribute to macrophage polarization

in different ways. Blockade of AKT1 produces a M1-

like phenotype, whereas blockade of AKT2 produces a

M2-like phenotype. Arranz et al. [30] have shown that

Akt2�/� mice were more resistant to LPS-induced

endotoxin shock and to dextran sulfate sodium-

induced colitis than wild-type mice, whereas AKT1�/�

mice were more sensitive. In general, the PI3K/AKT/

mTOR axis does not seem to convey a linear signal

once activated as it probably integrates different stim-

uli from both intracellular and extracellular origin and

it balances their effect to allow the cell to adapt to

diverse conditions by promoting diverse basic biologi-

cal processes.

mTORC2 and macrophages

At variance with mTORC1, mTORC2 is associated

with the rapamycin-insensitive companion of mTOR

(Rictor) and thus insensitive to rapamycin. The role of

the mTORC2 in macrophages is highlighted by the

findings that mTORC2 activation can be driven by

macrophagic growth factors such as macrophage col-

ony-stimulating factor (M-CSF), suggesting that

mTORC2 plays key roles in the macrophage polariza-

tion and in the regulation of the inflammatory

response [31,32]. Experimental evidence supports this

hypothesis. Macrophages [33] and dendritic cells [34]

increase their inflammatory response in the absence of

the mTORC2. Murine macrophages lacking Rictor are

polarized toward the M1-like phenotype [33].

However, the exact role of mTORC2 was not clearly

elucidated.

Recently, Huang et al. [31] shed light into this mech-

anism, by demonstrating that increased glucose utiliza-

tion is essential for IL-4-stimulated macrophages and

this occurs through the activation of the mTORC2

pathway. M-CSF activates mTORC2 in a pathway

that involved PI3K and AKT leading to induction of

the transcription factor interferon regulatory factor 4

(IRF4). In turn, IRF4 increases glucose flux through

glycolysis. In an in vivo parasitic nematode model, loss

of mTORC2 in macrophages suppressed tumor growth

and decreased immunity.

Role of mTOR in TAM functions

Few studies have highlighted the role of mTOR in

TAM functions. Yang et al. [35] have demonstrated a
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mechanism by which TAMs induce epithelial–mes-

enchymal transition and increase cancer stem cell-like

populations via activation of AKT/mTOR signal, lead-

ing to enhanced renal carcinoma (RCC) cells invasion.

The TSC2–mTOR pathway has been identified as a

key modulator of the differentiation of monocytes into

M2-like TAMs, with TSC2 ablation being able to

increase IL-10 secretion and promote tumor angiogen-

esis in murine xenografts. This effect is reverted by

rapamycin. Additionally, growth in murine xenografts

were promoted or reduced by infusion of hosts with

TSC2-deficient or TSC2-overexpressing monocytes,

respectively [36]. PI3Kc signaling through AKT and

mTOR has been shown to promote immune suppres-

sion during inflammation and tumor development by a

transcriptional rewiring leading to NFjB inhibition

and C/EBPb activation. Blockade of PI3Kc restores

the cytotoxic properties of CD8+ activated T cell,

identifying in PI3Kc a modulator of tumor regression

and increased survival in mouse models of cancer in

synergy with immune checkpoint inhibitors to promote

tumor regression and increased survival in mouse

models of cancer [37].

We have recently shown that mTOR inhibition plays

a crucial role in hypoxic TAMs by establishing a cau-

sative link between TAM metabolism and tumor vessel

morphogenesis (Fig. 1) [16]. REDD1 (regulated in

development and DNA damage response 1; otherwise

known as RTP801 or DDIT4) is a mTOR complex1

(mTORC1) inhibitor [38], which is induced by a vari-

ety of other stress conditions, including endoplasmic

reticular [39], oxidative [40], and osmotic stress [39],

DNA-damaging agents [41], and cytokine stimulation

such as IL-6 [42]. REDD1 is also involved in

mTORC1 inhibition during hypoxia [43]. We have

recently shown that metabolic changes dictated by

REDD1-mediated mTOR inhibition in TAMs specifi-

cally prevents vascular remodeling and oxygen deliv-

ery, thus increasing hypoxia in a vicious cycle and

fostering metastasis, without which these metabolic

changes modulate the influence of TAMs on cancer

cell invasion or on the immune system. TAM-specific

deletion of REDD1 breaks this vicious loop and pro-

motes tumor vessel normalization, tumor reoxygena-

tion and metastasis inhibition (Fig. 1). Metabolically,

this feature is paralleled by an increased flux through

Fig. 1. Role of REDD1 in TAM metabolism and tumor angiogenesis. REDD1 induction in TAMs by tumor hypoxia (a mix of low oxygen,

stress conditions and cytokines) hinders mTOR activation, resulting in decreased glucose uptake. It results in the fact that more glucose will

be available for the neighboring endothelial cells that, when glycolytic, acquire a hyperactive phenotype. These endothelial cells fail to build a

normal, functional vessel sprout and thus fail to rescue hypoxia (white area). REDD1 deletion by genetic means enhances glucose uptake

and glycolysis in hypoxic TAMs via mTOR. Enhanced glucose uptake and glycolysis in REDD1 KO TAMs leads to glucose competition with

tumor endothelial cells. As a consequence, glucose competition by REDD1 KO TAMs stabilizes tumor endothelial cells junctions and

vessels, establishing tumor tissue reoxygenation (normoxia; blue area), also preventing cancer cell intravasation and metastasis.
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glycolysis, which causes tumor vessel normalization by

decreasing availability of glucose for endothelial cells.

This is the first demonstration of metabolic competi-

tion between two different stromal compartments,

namely TAMs and endothelial cells. Other examples of

metabolic competition have been shown between can-

cer cells and T cells [44] or cancer-associated macro-

phages and cancer cells [45], always pointing to the

direction that metabolic rivalry between cell types can

drastically affect, for better (our study) [16,17] or for

worse [44,45], the phenotypic features of cellular com-

partments and thus the disease outcome.

In conclusion, mTOR activation produces different

effects. On one side, mTOR overexpression (secondary

to TSC2 knockdown) switches macrophages into M2-

like phenotype that promotes angiogenesis [36]. On the

other side, mTORC1 activation (secondary to REDD1

knockdown) in hypoxic TAMs switches macrophages

into a new metabolic phenotype that promotes tumor

vessel normalization and metastasis inhibition [16].

For these reasons, the mTOR pathway is a critical reg-

ulator of monocyte differentiation to TAM and

requires further investigation.

Lactate

Altered aerobic glycolysis or Warburg effect [46] is con-

sidered a key metabolic feature of cancer [47]. In normal

conditions, glycolytic pyruvate enters the tricarboxylic

acid (TCA) cycle for oxidative phosphorylation

(OXPHOS) in aerobic conditions, whereas lactate con-

version from pyruvate is enhanced in anaerobic condi-

tions. In cancer cells, pyruvate to lactate conversion

takes place even in the presence of oxygen due to meta-

bolic alterations [47] producing metabolic acidosis with

pH of the solid cancers as low as 6.0–6.5 [48]. By virtue

of metabolic symbiosis, more hypoxic cancer cells would

release lactate in favor of the more oxygenated cells that

would then engage lactate into the TCA cycle [49,50].

Recently [51] an elegant investigation has established

the mitochondrial utilization of lactate to produce

pyruvate and enter the TCA cycle, although a clear

localization of lactate dehydrogenase (LDH) in the

mitochondrial matrix was not demonstrated. The

model presented supports the hypothesis that lactate

could be transported across the inner mitochondrial

membrane and intramitochondrially oxidized by

LDHB (Fig. 2). This important event would convey

the reducing power of lactate inside mitochondria,

untying cell metabolism from the malate–aspartate
shuttle. In different cellular models [52–55] it has been

shown that the demand for NADH to NAD+ recy-

cling by increased glycolytic flux overwhelms the

ability of glycerol phosphate and malate–aspartate
shuttles to equilibrate the NADH/NAD+ ratio. For

instance, in cancer cells it has been shown that < 20%

of the amount of NADH produced by glycolysis can

be oxidized by the malate–aspartate shuttle working at

its maximum capacity [52]. This explains why cancer

cells require high production of lactate. The transport

of lactate into mitochondria would be then crucial to

support cancer growth, as it would provide both car-

bon and reducing equivalents generated by glycolysis.

Another route for lactate is the extracellular space,

where it has been considered for a long time a waste

product (Fig. 2). Recently, several findings point to

secreted lactate as a signal going from cancer cells to

TAMs. Colegio et al. [56] identified lactate as a soluble

factor influencing recruitment of macrophages by can-

cer cells. Lactate produced by cancer cells is capable

of inducing the expression of vascular endothelial

growth factor and the M2-like polarization of TAMs

by a mechanism mediated by hypoxia-inducible factor

1a (HIF-1a). Additionally, TAMs respond to lactate

by inducing the expression of Arginase-1 which helps

tumor growth by suppressing T-cell responses (Fig. 2).

The mechanism by which macrophages sense lactate

in the tumor milieu has been highlighted in breast can-

cer, in which it has been shown to occur through G

protein-coupled receptor 132 (Gpr132) [57,58]. Activa-

tion of Gpr132 by lactate promotes the alternatively

activated macrophage M2-like phenotype, enhancing

cancer cell adhesion, migration, and invasion, whereas

its deletion reduces M2 macrophages and lowers breast

cancer lung metastasis in mice. This target is under the

suppressive regulation of PPARc and this has

prompted a pharmacological strategy aiming at inter-

rupting the lactate-Gpr132 axis, through Gpr silencing

or treatment with PPARc agonists [57,58]. A further

pharmacological approach includes inhibition of LDH

by oxamic acid that has been shown to interrupt the

flux of lactate from cancer cells [57,58]. The excess of

extracellular lactate results also in the disruption of

aerobic glycolysis, proliferation and survival of T cells

and natural killer (NK) cells. In contrast, Foxp3-

expressing Treg cells are able to proliferate and to

maintain redox balance under low-glucose/high-lactate

concentrations because NAD+ is regenerated by the

TCA cycle (Fig. 2) [56,59–61].

Amino acids

Arginine

The specific adaptations involving amino acid metabo-

lism of TAMs within the tumor are still poorly
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elucidated. The metabolism of arginine by inducible

nitric oxide synthase (iNOS) or Arginase-1 results in

different biological effects [62,63]. Nitric oxide (NO)

production by iNOS under physiologic conditions

plays an important role in killing parasites, bacteria,

viruses, and cancer cells and producing vasodilatation

[64]. Ornithine and urea are the main products gener-

ated by the catabolism of arginine by Arginase-1.

Ornithine is a precursor of different products, includ-

ing polyamines and proline, promoting cell prolifera-

tion [65] and wound healing [66,67]. It is known that

TAMs express Arginase-1. This consumption of argi-

nine due to Arginase-1 upregulation in TAMs can

stimulate nearby cancer cells [68]. Furthermore, by

upregulating Arginase-1, M2 TAMs interfere with the

anti-tumor activity of T cells as this depletes the argi-

nine pool for NO and protein synthesis, which impairs

T-cell receptor (TCR) function (Fig. 3) [69,70] and

T-cell differentiation [71].

Tryptophan

Tryptophan metabolism is an emerging route in

macrophages. The indoleamine 2,3 dioxygenase (IDO),

which is strongly expressed in TAMs, catalyzes the

first and rate-limiting step in the kynurenine pathway

by converting tryptophan to formylkynurenine [72,73].

IDO activity can significantly decrease tryptophan con-

centration limiting its availability for T cells (Fig. 3)

[72,74]. Furthermore, tryptophan depletion induces the

stress kinase general control nonderepressible 2, which

in turn downregulates the CD3 zeta-chain in CD8+

cytotoxic T cells and inhibits Th17 cell differentiation

[75,76]. In addition, kynurenine itself is a potent and

active suppressor of T-cell activation since it can inter-

fere with T-cell receptor (TCR) signaling by downregu-

lating CD3 expression or can induce T-cell death.

Mechanistically, kynurenine has been shown to be an

endogenous ligand of the aryl hydrocarbon receptor

Fig. 2. Role of lactate in TAM function. Lactate can be secreted and also directly used as fuel, it enters mitochondria by mitochondrial

monocarboxylate transporters (MCT) where it is oxidized to pyruvate and then acetyl CoA (A-CoA) through mitochondrial lactate oxidation

complex (LOC). The enhanced production of lactate is associated with an increased acidity in the TME. Tumor-derived high-lactate

concentrations interfere with the export of intracellular lactate by T cells in vitro, and disrupts aerobic glycolysis through the PI3K/Akt/mTOR

pathway. Furthermore, lactic acidosis selectively inhibits Janus Kinase (JNK) and p38-mediated stimulation of IFNc production by T cells and

NK cells. In Treg cells, Foxp3 promotes OXPHOS, facilitating proliferation under high-lactate concentrations because NAD+ is regenerated by

the TCA cycle. Treg cell function coupled with impaired T effector (Teff) proliferation results in amplified Teff response suppression.

Macrophages are polarized in an immunosuppressive phenotype M2 by Gpr132 receptor. Furthermore, lactic acid is sufficient to induce

VEGF and Arg1 via HIF-1a stabilization.
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(AhR), which can induce Treg cells (Fig. 3) [72]. Tryp-

tophan catabolites including picolinic acid, quinolinic

acid [77], and 3-hydroxyanthranilic acid [78] has been

shown to inhibit T-cell proliferation via mechanisms

that are not yet fully understood. The decrease in per-

forin noticed in IDO overexpressing CD8 T cells might

indicate a role of IDO in modulating their cytolytic

capacity [79].

Glutamine

Glutamine metabolism is crucial in cancer cells, but

recent evidences are linking glutamine to macrophages

in general and TAM functions. The role of glutamine

has been always referred as proinflammatory, as the

amino acid has been widely recognized as an impor-

tant metabolic fuel for immune cells [80]. Several stud-

ies have shown that glutamine may become

‘conditionally essential’ during inflammation as it can

not only be a respiratory fuel but also an enhancer of

the immune function [80], with some interesting evi-

dences on the role of extracellular glutamine concen-

tration on lymphocyte and macrophage activities [80].

Our study on glutamine synthetase (GS) in adipocytes

has allowed to define a novel path in the interpretation

of the role of glutamine metabolism in cell function.

GS is a key enzyme involved in nitrogen metabolism,

acid–base homeostasis, and cell signaling across multi-

ple species of prokaryotes and eukaryotes [81]. One of

the main roles of GS in vertebrates is to produce glu-

tamine from glutamate and ammonia, which are toxic

to the central nervous system [82–84]. Moreover, a

continuous supply of glutamine is required for several

physiological processes, including synthesis of gluta-

mate, synthesis of proteins, and osmoregulation [85].

Since GS is the only known enzyme in humans capable

of synthesizing glutamine, alterations in its expression

and activity are likely to have significant biological

effects. Furthermore, brain GS holds the important

task of removing excitotoxic glutamate, and with this

respect, its susceptibility to oxidative stress has been

extensively studied. Indeed ROS-mediated loss of func-

tion of GS has been demonstrated in many neurode-

generative disorders [86–88].
Our study in 3T3-L1 adipocyte cell cultures show

that modulation of intracellular glutamine levels by

Fig. 3. Role of arginine and tryptophan in TAM function. In TAMs, Arginase-1 (Arg1) is strongly expressed and has an important role in

producing polyamines, which are substrates that have a critical role in cell proliferation and wound healing. TAMs through Arg1 deplete

Arginine, which is an important substrate in T-cell activation. IDO is also strongly expressed in TAMs. IDO metabolizes tryptophan to

kynurenine and limits T-cell function by reducing tryptophan. Kynurenine itself can interfere with TCR signaling by downregulating CD3

expression or induce T-cell death. Mechanistically, kynurenine is a ligand of the AhR, which can induce Treg cells.
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GS expression represents an endogenous mechanism

through which mature adipocytes control the inflam-

matory response. GS expression at the late stages of

differentiation desensitized mature adipocytes to bacte-

rial LPS by increasing intracellular glutamine levels

[89] and this effect is reverted by GS inhibition. Inter-

estingly, supraphysiological levels of extracellular glu-

tamine (10 mM) rescue the adipocytes’ insensitivity to

LPS that was lost following GS inhibition. This obser-

vation suggests that an increase in intracellular glu-

tamine due to GS activity (and mimicked by

incubating cells with 10 mM glutamine) is responsible

for the effect above described, pointing to the intrigu-

ing possibility that glutamine could exert a regulatory

or signaling role. This concept is actually not novel to

the scientific community, since glutamine has been

described as a transcriptional modulator in many

cases. For instance glutamine mediates heat shock

transcription factor 1 [90], argininosuccinate synthase

[91] and PPARc [92] gene expression. Furthermore,

glutamine has been reported to induce autophagy [93].

The role of glutamine has been always referred as

proinflammatory, as the amino acid has been widely

recognized as an important metabolic fuel for immune

cells [80]. However, there are many cases in which

treatment with glutamine is associated with reduction

in the pro-inflammatory response [94–96]. The evi-

dence that GS is expressed also by human macro-

phages and microglia [97,98] prompted us to evaluate

the physiological role also in these cells. In microglia,

we show that GS inhibition strongly enhances the

response to a proinflammatory stimulus leading to per-

turbation of the redox balance and decreased viability

of cocultured neurons [99]. Based on these encouraging

findings we investigated the role of GS in human

macrophages also in the context of the tumor microen-

vironment. With this respect, we took advantage of

the availability of the GS conditional knockout (cKO)

mouse, which is GS floxed and expressing a tamox-

ifen-induced Cre under the macrophage promoter

Csf1r [17,99]. GS cKO bone marrow-derived macro-

phages stimulated with IL-10 display a unique meta-

bolic feature that was also confirmed in blood-derived

human macrophages treated with IL-10 in the presence

of methionine sulfoximine, a GS inhibitor. GS inhibi-

tion induces a strong increase in intracellular gluta-

mate, which is synthesized preferentially from glucose

rather than glutamine. Glutamine metabolism is

rerouted to succinate synthesis through c-aminobutyric

acid, and this could be responsible to the clear revert

from M2- to M1-like phenotype, at least in part,

through HIF-1a (Fig. 4). This switch toward the M1

phenotype was evident in resting macrophages treated

with 10 mM glutamate, indicating that the glutamine/

glutamate intracellular ratio is responsible for this

revert. These effects were also evident in TAMs iso-

lated from tumors developed in GS cKO mice

implanted with Lewis lung carcinomas, which were

Fig. 4. Role of GS- related glutamine synthesis in TAMs. In vitro GS inhibition lowers intracellular glutamine while increasing glutamate

levels. Reduction of glutamine levels increases glucose flux toward glutamate, which strongly accumulates in the cell. Glutamine uptake is

not decreased but channeled toward succinate synthesis through GABA. Functionally, GS inhibition or gene deletion reduces M2 and

increases M1 markers through stabilization of HIF-1a by succinate, leading to lower T-cell suppression, reduction in angiogenesis with

features of tumor vessel normalization, and inhibition of cancer cell invasiveness. Altogether, these findings translate in a strong inhibition of

metastasis formation in mice.
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prevalently MHC-IIhigh and CD206low (M1-like) com-

pared with the WT controls, and displayed similar

metabolic features as the pharmacologically GS-inhib-

ited macrophages. Their reduced expression of M2-

specific markers such as Arg1, CD206/Mrc1, Ccl17,

and Ccl22 further confirmed that GS KO TAMs were

skewed away from the M2-like phenotype. The effect

of the acquired phenotypic switch of GS-deficient

TAMs strongly impacts tumor metastasis, that were

twofold decreased in GS cKO versus GS wild-type

(WT) mice, with an increase of 75% cytotoxic CD8+

T cells upon GS deletion in TAMs. In line with this

shift in macrophage phenotype we found a decrease in

vessel formation in tumors from GS cKO versus WT

mice, although in GS cKO versus GS wild-type (WT)

mice tumors displayed functionality and vascular

integrity as indicated, respectively, by reduced tumor

hypoxia and decreased accumulation of leaked red

blood cells in the perivascular space [17]. All these

results point to fundamental role of metabolism in

shaping TAM function, thus influencing tumor devel-

opment. Intracellular, GS-mediated, glutamine synthe-

sis appears to be a fundamental step during M2-like

differentiation of macrophages. Besides its channeling

into the TCA cycle, glutamine contributes to nucleo-

tide and uridine diphosphate N-acetylglucosamine

(UDP-GlcNAc) synthesis for support of protein fold-

ing and trafficking [100]. In M2 macrophages, the glu-

tamine route toward UDP-GlcNAc is particularly

enhanced [101] as the molecule represents the building

block for the synthesis of glycosylation moieties of lec-

tin/mannose receptors, which, in their highly glycosy-

lated form, are among the most typical M2 polarization

markers [102]. However, the large body of evidence on

the regulatory role of glutamine [17,89] prompted us to

hypothesize that glutamine could exert also a regulatory

role inside the cell through GS activity, that may

increase the levels of the amino acid above a threshold

level capable of promoting regulatory effect on anti-

inflammatory genes. Our results on the effect of extra-

cellular supraphysiological glutamine is clearly evident

on M1-like macrophages, in which administration of

10 mM glutamine strongly increases the expression of

M2-like markers (Fig. 5). Based on these findings, we

propose a signaling role of intracellular glutamine due

to GS activity, the expression of which may represent a

cellular commitment to specific functions. With this

respect glutamine and succinate might be defined as two

opposite mediators of the M2- and M1-like phenotypes,

respectively, and the swinging between the two different

states might be driven by perturbations in the synthesis

of the two molecules.

Another important element regarding GS expression

is the fact that in blood-derived macrophages GS is

specifically expressed following stimulation with IL-10,

whereas it responds to a lesser, almost marginal extent

to IL-4 and IL-13 [17]. Several evidences highlight the

importance of IL-10 signaling in the anti-inflammatory

phenotype of macrophages. IL-10 inhibits inflamma-

tory cytokine release from macrophages and the

expression of major histocompatibility complex II

[103]. Recently, IL-10 has been shown to inhibit LPS-

induced glucose uptake and glycolysis and promotes

OXPHOS [103]. IL-10 induces mitophagy and reduces

LPS-dependent IL-1b production by preventing exces-

sive ROS release from complex II in damaged

Fig. 5. Strongly supraphysiological extracellular glutamine levels polarize LPS/IFNc macrophages toward a M2-like phenotype. Human

monocytes were obtained from healthy blood donor buffy coats under an Institutional Review Board approved protocol and isolated with

CD14 MicroBeads (Miltenyi Biotec Inc., Bergisch Gladbach, Germany). After differentiation for 6 days with 1000 U�mL�1 rhGM-CSF,

macrophages were stimulated for 24 h with 100 ng�mL�1 LPS and 20 ng�mL�1 IFNc for M1 polarization, with and/or without 2 h

preincubation with 10 mM glutamine. RNA isolation and subsequent qRT-PCR analysis was performed on M2 marker genes: CD163, CCL13,

CXCR4, CD209, MRC1, and MSR1 (n = 3). Interestingly, strongly supraphysiological levels of extracellular glutamine increased the

expression of M2-like markers. These findings suggest the intriguing possibility that glutamine could control macrophage response to

proinflammatory stimuli and exert a regulatory or signaling role. Results are shown as means � SEM. Statistical significance was calculated

by one-way ANOVA with Tukey post hoc test and considered statistically significant as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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mitochondria and limiting inflammasome activation

[103]. This event is accompanied by mTORC1 inhibi-

tion, by means of a specific activation of REDD1

(Fig. 6) [103].

As glutamine synthesized from GS is known to inhi-

bit mTOR activity [93,104] (in apparent contrast to

extracellularly uptaken glutamine), the effect of IL-10

on macrophages could be unified in a comprehensive

model in which the specificity protein 1 (Sp1) tran-

scription factor may play a crucial role. Our hypothe-

sis is that GS could represent the link mediating

IL-10-driven REDD1 expression. Supraphysiological

levels of glutamine are known not only to induce the

O-glycosylation of Sp1, increasing its activity

[105,106], but also to promote its nuclear translocation

[105]. Since REDD1 is also a Sp1 target [107,108], it is

conceivable that the increase in intracellular levels of

glutamine due to IL-10-mediated GS expression could

in turn promote the anti-inflammatory events typical

of M2-like macrophages in synergy with REDD1

expression through Sp1, which inhibits mTOR

(Fig. 6). Incidentally, GS inhibition, similar to

REDD1 ablation, leads to enhanced glycolytic meta-

bolism [16,17]. GS and REDD1 might then represent a

‘consistent pair’ that, under the effect of IL-10, might

coherently polarize TAMs toward the multiple tasks

typical of M2-like macrophages.

Lipids precursors and lipids

Studies on M2-like macrophages have demonstrated

that M2-polarized cells enhance their metabolism

toward oxidative metabolism and fatty acid oxidation

[109,110], to sustain the typical energetically demand-

ing secretory program. In contrast, M1-like macro-

phages promote de novo synthesis of fatty acids to

respond to the cellular increase in biosynthetic demand

for prostaglandin production [12]. With this respect,

the contribution of the citrate carrier (CIC), a mito-

chondrial transport protein involved in the channeling

of citrate in exchange with malate, has been estab-

lished. Transport of citrate via the CIC and citrate

metabolism appear to be critical for the activation of

macrophages [111–113]. A large body of evidence has

shown a role for CIC and ATP citrate lyase in tumori-

genesis suggesting that lipid biogenesis play a signifi-

cant role in cancer cell proliferation and progression

[114,115].

Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) are present at

high concentrations in the tumor microenvironment

(TME) [116]. These fatty acids are not only associated

with cancer cells migration and survival but also with

Fig. 6. The emerging role of IL-10 signaling in modulating TAM function through metabolism. IL-10 alters macrophage function by

promoting the clearance of damaged mitochondria and modulating cellular metabolism to limit inflammation. IL-10 signaling via STAT3

inhibits mTORC1 activation through REDD1, and improves mitochondrial function, favoring the channeling of nutrients toward the TCA cycle

for ATP production. IL-10 contributes to the inhibition of mTOR through an increased phosphorylation of adenosine 50-monophosphate-

activated kinase (AMPK). IL-10 treatment increases GS expression and activity. The increased intracellular glutamine negatively modulates

mTOR activity and regulates autophagy. Glutamine increases the transcriptional activity of Sp1, which might enhance REDD1 expression

leading to mTORC1 inhibition (see also Fig. 1). GS is also a downstream effector of the PI(3)K–PKB–FOXO signaling network. Under

starving conditions GS expression is enhanced by the FOXO transcription factors leading to autophagy, which is a consequence of the

increased intracellular glutamine levels due to GS activity. Since GS is sensitive to nutrient starvation, depauperation of nutrients by cancer

cells might enhance GS expression in macrophages and force them to secrete glutamine into TME, thus acting as tumor metabolic

servants.
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TAM polarization (Fig. 7) [116]. The uptake of triacyl-

glycerol substrates via CD36 and their subsequent

lipolysis by lysosomal acid lipase (LAL) is important

for the engagement of elevated OXPHOS, enhanced

spare respiratory capacity (SRC), prolonged survival

and expression of genes that together define the M2-

like activation status [110]. Furthermore, these fatty

acids (and in particular linoleic acid) act as potent

agonists of the peroxisome proliferator-activated recep-

tor b/d (PPARb/d) in macrophages and accumulate in

lipid droplets, thereby providing a reservoir of

PPARb/d ligands. PPARb/d is a transcription factor

associated with M2 gene expression (Fig. 7) [116].

Prostaglandin E2

Prostaglandin E2 (PGE2) is an important factor which

can reprogram M1 macrophages to M2-like cells [117].

PGE2 binding to EP4 receptors activates cAMP path-

way which leads to the inhibition of glycogensynthase

kinase (GSK) and subsequent activation of cAMP

response element-binding protein (CREB) signaling,

which leads to the transcription of genes associated

with the M2 macrophage phenotype (Fig. 7) [117].

PGE2 further enhances STAT3 expression and phos-

phorylation, controlling macrophage polarization

[118]. PGE2, via EP4 signaling, suppresses the cytotox-

icity and cytokine production of NK cells and can also

potently induce Foxp3 expression in na€ıve T cells, a

transcription factor that is necessary for the develop-

ment of Treg-associated immunosuppressive properties

[119]. Cancer cell or TAM-secreted PGE2 and sphin-

gosine-1-phosphate (S1P) mediate immunosuppressive

and metastasis-promoting functions [119–122]. Block-

ade of PGE2-producing enzymes microsomal PGE2

synthase 1 (mPGES1) and cyclooxygenase-2 (COX-2)

is known to promote M2-to-M1 polarization of TAMs

in an Apcmin/+ colon cancer model [123]. Further-

more, reduced PGE2 level due to COX-2 inhibition in

bone marrow cell/MBT-2 bladder cancer cell coculture

reduces the expression of T-cell-suppressive pro-

grammed cell death ligand 1 (PD-L1) in an MBT-2

cancer model [122].

Conclusions and perspectives

Targeting TAMs is emerging as a strategy to improve

the effects of cancer therapy. The fact that these

macrophages are normal diploid cells might in some

way prevent drug resistance that inevitably accompa-

nies tumor cells with an enhanced mutation rate. Clini-

cal trials targeting CSF1R signaling to block the

protumoral role of TAMs are showing some clinical

efficacy [124]. However, this general targeting might

produce harmful consequences. The role of metabo-

lism on shaping TAM function might be useful with

Fig. 7. The role of lipids and lipid precursors in TAM function. PUFAs are present at high concentrations in TME and interfere with TAM

polarization. The uptake of triacylglycerol substrates via CD36 and their subsequent lipolysis by LAL foster M2 activation by engaging

OXPHOS and SRC. They also act as potent nuclear receptor peroxisome proliferator-activated receptor b/d (PPARb/d) agonists in

macrophages and accumulate in lipid droplets, thereby providing a reservoir of PPARb/d ligands. PGE2 promotes skewing of M1 to M2-

macrophages through CREB signaling, which is activated by cAMP pathway that leads to the inhibition of GSK. PGE2 further enhances

STAT3 expression and phosphorylation, controlling macrophage polarization. PGE2, via EP4 signaling, suppresses the cytotoxicity and

cytokine production of NK cells and can also potently induce Foxp3 expression in na€ıve T cells.
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this respect. First of all, understanding the role of

metabolic enzymes in the balance between pro- and

anti-inflammatory properties of macrophages might

lead to selective inhibition of the specific enzymes

rather than ablation of general macrophage function

[7–9]. Furthermore, use of small molecules as enzyme

inhibitors, rather than antibodies, might produce

important consequences with respect to both costs and

efficacy. By targeting enzymatic activities linked to

their protumoral phenotypes, these inhibitors might

reduce the immunosuppressive activities of macro-

phages, leading to a more effective chemotherapeutic

and/or immunotherapeutic regimen. Combined strate-

gies are probably the future in the cure for cancer.

Additional definitions of how metabolism shapes

immunoregulatory mechanisms in macrophages will be

very useful.

References

1 Singh S, Mehta N, Lilan J, Budhthoki MB, Chao F &

Yong L (2017) Initiative action of tumor-associated

macrophage during tumor metastasis. Biochim Open 4,

8–18.
2 Noy R & Pollard JW (2014) Tumor-associated

macrophages: from mechanisms to therapy. Immunity

41, 49–61.
3 Tang X, Mo C, Wang Y, Wei D & Xiao H (2013)

Anti-tumour strategies aiming to target tumour-

associated macrophages. Immunology 138, 93–104.
4 Panni RZ, Linehan DC & DeNardo DG (2013)

Targeting tumor-infiltrating macrophages to combat

cancer. Immunotherapy 5, 1075–1087.
5 Binnemars-Postma K, Storm G & Prakash J (2017)

Nanomedicine strategies to target tumor-associated

macrophages. Int J Mol Sci 18, pii: E979.

6 Colvin EK (2014) Tumor-associated macrophages

contribute to tumor progression in ovarian cancer.

Front Oncol 4, 137.

7 Casazza A, Laoui D, Wenes M, Rizzolio S, Bassani N,

Mambretti M, Deschoemaeker S, Van Ginderachter

JA, Tamagnone L & Mazzone M (2013) Impeding

macrophage entry into hypoxic tumor areas by

Sema3A/Nrp1 signaling blockade inhibits angiogenesis

and restores antitumor immunity. Cancer Cell 24, 695–
709.

8 Rolny C, Mazzone M, Tugues S, Laoui D, Johansson

I, Coulon C, Squadrito ML, Segura I, Li X, Knevels E

et al. (2011) HRG inhibits tumor growth and

metastasis by inducing macrophage polarization and

vessel normalization through downregulation of PlGF.

Cancer Cell 19, 31–44.
9 Beatty GL, Chiorean EG, Fishman MP, Saboury B,

Teitelbaum UR, Sun W, Huhn RD, Song W, Li D,

Sharp LL et al. (2011) CD40 agonists alter tumor

stroma and show efficacy against pancreatic carcinoma

in mice and humans. Science 331, 1612–1616.
10 Biswas SK & Mantovani A (2012) Orchestration of

metabolism by macrophages. Cell Metab 15, 432–437.
11 El Kasmi KC & Stenmark KR (2015) Contribution of

metabolic reprogramming to macrophage plasticity

and function. Semin Immunol 27, 267–275.
12 Kelly B & O’Neill LA (2015) Metabolic

reprogramming in macrophages and dendritic cells in

innate immunity. Cell Res 25, 771–784.
13 Langston PK, Shibata M & Horng T (2017)

Metabolism supports macrophage activation. Front

Immunol 8, 61.

14 Baseler WA, Davies LC, Quigley L, Ridnour LA,

Weiss JM, Hussain SP, Wink DA & McVicar DW

(2016) Autocrine IL-10 functions as a rheostat for M1

macrophage glycolytic commitment by tuning nitric

oxide production. Redox Biol 10, 12–23.
15 Mills EL & O’Neill LA (2016) Reprogramming

mitochondrial metabolism in macrophages as an anti-

inflammatory signal. Eur J Immunol 46, 13–21.
16 Wenes M, Shang M, Di Matteo M, Goveia J, Mart�ın-

P�erez R, Serneels J, Prenen H, Ghesqui�ere B,

Carmeliet P & Mazzone M (2016) Macrophage

metabolism controls tumor blood vessel morphogenesis

and metastasis. Cell Metab 24, 701–715.
17 Palmieri EM,Menga A, Mart�ın-P�erez R, Quinto A, Riera-

Domingo C, De Tullio G, Hooper DC, Lamers WH,

Ghesqui�ere B, McVicar DW et al. (2017) Pharmacologic

or genetic targeting of glutamine synthetase skews

macrophages toward an M1-like phenotype and inhibits

tumor metastasis. Cell Rep 20, 1654–1666.
18 Zarogoulidis P, Lampaki S, Turner JF, Huang H,

Kakolyris S, Syrigos K & Zarogoulidis K (2014)

mTOR pathway: a current, up-to-date mini-review

(Review). Oncol Lett 8, 2367–2370.
19 D€uvel K, Yecies JL, Menon S, Raman P, Lipovsky

AI, Souza AL, Triantafellow E, Ma Q, Gorski R,

Cleaver S et al. (2010) Activation of a metabolic gene

regulatory network downstream of mTOR complex 1.

Mol Cell 39, 171–183.
20 Luo L, Wall AA, Yeo JC, Condon ND, Norwood SJ,

Schoenwaelder S, Chen KW, Jackson S, Jenkins BJ,

Hartland EL et al. (2014) Rab8a interacts directly with

PI3Kc to modulate TLR4-driven PI3K and mTOR

signalling. Nat Commun 5, 4407.

21 Shimobayashi M & Hall MN (2014) Making new

contacts: the mTOR network in metabolism and

signalling crosstalk. Nat Rev Mol Cell Biol 15, 155–162.
22 Weichhart T, Hengstschlager M & Linke M (2015)

Regulation of innate immune cell function by mTOR.

Nat Rev Immunol 15, 599–614.
23 Mercalli A, Calavita I, Dugnani E, Citro A, Cantarelli

E, Nano R, Melzi R, Maffi P, Secchi A, Sordi V et al.

711The FEBS Journal 285 (2018) 700–716 ª 2017 Federation of European Biochemical Societies

M. Mazzone et al. TAM metabolism drives function



(2013) Rapamycin unbalances the polarization of

human macrophages to M1. Immunology 140, 179–190.
24 Huang S-C, Chuang H-C, Chen T-D, Chi C-L, Ng K-

F, Yeh T-S & Chen T-C (2015) Alterations of the

mTOR pathway in hepatic angiomyolipoma with

emphasis on the epithelioid variant and loss of

heterogeneity of TSC1/TSC2. Histopathology 66, 695–
705.

25 Housden BE, Valvezan AJ, Kelley C, Sopko R, Hu Y,

Roesel C, Lin S, Buckner M, Tao R, Yilmazel B et al.

(2015) Identification of potential drug targets for

tuberous sclerosis complex by synthetic screens

combining CRISPR-based knockouts with RNAi. Sci

Signal 8, rs9.

26 Katholnig K, Linke M, Pham H, Hengstschl€ager M &

Weichhart T (2013) Immune responses of macrophages

and dendritic cells regulated by mTOR signalling.

Biochem Soc Trans 41, 927–933.
27 Covarrubias AJ, Aksoylar HI & Horng T (2015)

Control of macrophage metabolism and activation by

mTOR and Akt signaling. Semin Immunol 27, 286–
296.

28 Byles V, Covarrubias AJ, Ben-Sahra I, Lamming DW,

Sabatini DM, Manning BD & Horng T (2013) The

TSC-mTOR pathway regulates macrophage

polarization. Nat Commun 4, 2834.

29 Zhu L, Yang T, Li L, Sun L, Hou Y, Hu X, Zhang L,

Tian H, Zhao Q, Peng J et al. (2014) TSC1 controls

macrophage polarization to prevent inflammatory

disease. Nat Commun 5, 4696.

30 Arranz A, Doxaki C, Vergadi E, Martinez de la Torre

Y, Vaporidi K, Lagoudaki ED, Ieronymaki E,

Androulidaki A, Venihaki M, Margioris AN et al.

(2012) Akt1 and Akt2 protein kinases differentially

contribute to macrophage polarization. Proc Natl Acad

Sci USA 109, 9517–9522.
31 Huang SCC, Smith AM, Everts B, Colonna M, Pearce

EL, Schilling JD & Pearce EJ (2016) Metabolic

reprogramming mediated by the mTORC2-IRF4

signaling axis is essential for macrophage alternative

activation. Immunity 45, 817–830.
32 Festuccia WT, Pouliot P, Bakan I, Sabatini DM &

Laplante M (2014) Myeloid-specific Rictor deletion

induces M1 macrophage polarization and potentiates

in vivo pro-inflammatory response to

lipopolysaccharide. PLoS One 9, e95432.

33 Moynihan KD, Opel CF, Szeto GL, Tzeng A, Zhu

EF, Engreitz JM, Williams RT, Rakhra K, Zhang

MH, Rothschilds AM et al. (2016) Eradication of

large established tumors in mice by combination

immunotherapy that engages innate and adaptive

immune responses. Nat Med 22, 1402–1410.
34 Ohara Y, Oda T, Yamada K, Hashimoto S, Akashi Y,

Miyamoto R, Kobayashi A, Fukunaga K, Sasaki R &

Ohkohchi N (2012) Effective delivery of

chemotherapeutic nanoparticles by depleting host

Kupffer cells. Int J Cancer 131, 2402–2410.
35 Yang Z, Xie H, He D & Li L (2016) Infiltrating

macrophages increase RCC epithelial mesenchymal

transition (EMT) and stem cell-like populations via

AKT and mTOR signaling. Oncotarget 7, 44478–
44491.

36 Chen W, Ma T, Shen X-N, Xia X-F, Xu G-D, Bai X-

L & Liang T-B (2012) Macrophage-induced tumor

angiogenesis is regulated by the TSC2-mTOR

pathway. Cancer Res 72, 1363–1372.
37 Kaneda MM, Messer KS, Ralainirina N, Li H, Leem

CJ, Gorjestani S, Woo G, Nguyen AV, Figueiredo

CC, Foubert P et al. (2016) PI3Kc is a molecular

switch that controls immune suppression. Nature 539,

437–442.
38 Brugarolas J, Lei K, Hurley RL, Manning BD, Reiling

JH, Hafen E, Witters LA, Ellisen LW & Kaelin WG

(2004) Regulation of mTOR function in response to

hypoxia by REDD1 and the TSC1/TSC2 tumor

suppressor complex. Genes Dev 18, 2893–2904.
39 Wang Z, Malone MH, Thomenius MJ, Zhong F, Xu

F & Distelhorst CW (2003) Dexamethasone-induced

gene 2 (dig2) is a novel pro-survival stress gene

induced rapidly by diverse apoptotic signals. J Biol

Chem 278, 27053–27058.
40 Lin L, Stringfield TM, Shi X & Chen Y (2005)

Arsenite induces a cell stress-response gene, RTP801,

through reactive oxygen species and transcription

factors Elk-1 and CCAAT/enhancer-binding protein.

Biochem J 392, 93–102.
41 Ellisen LW, Ramsayer KD, Johannessen CM, Yang

A, Beppu H, Minda K, Oliner JD, McKeon F &

Haber DA (2002) REDD1, a developmentally

regulated transcriptional target of p63 and p53, links

p63 to regulation of reactive oxygen species. Mol Cell

10, 995–1005.
42 Song S, Abdelmohsen K, Zhang Y, Becker KG,

Gorospe M & Bernier M (2011) Impact of pyrrolidine

dithiocarbamate and interleukin-6 on mammalian

target of rapamycin complex 1 regulation and global

protein translation. J Pharmacol Exp Ther 339, 905–
913.

43 Cam H, Easton JB, High A & Houghton PJ (2010)

mTORC1 signaling under hypoxic conditions is

controlled by ATM-dependent phosphorylation of

HIF-1a. Mol Cell 40, 509–520.
44 Ho P-C, Bihuniak JD, Macintyre AN, Staron M, Liu

X, Amezquita R, Tsui Y-C, Cui G, Micevic G, Perales

JC et al. (2015) Phosphoenolpyruvate is a metabolic

checkpoint of anti-tumor T cell responses. Cell 162,

1217–1228.
45 Yang L, Achreja A, Yeung T-L, Mangala LS, Jiang

D, Han C, Baddour J, Marini JC, Ni J, Nakahara R

et al. (2016) Targeting stromal glutamine synthetase in

712 The FEBS Journal 285 (2018) 700–716 ª 2017 Federation of European Biochemical Societies

TAM metabolism drives function M. Mazzone et al.



tumors disrupts tumor microenvironment-regulated

cancer cell growth. Cell Metab 24, 685–700.
46 Feron O (2009) Pyruvate into lactate and back: from

the Warburg effect to symbiotic energy fuel exchange

in cancer cells. Radiother Oncol 92, 329–333.
47 Hsu PP & Sabatini DM (2008) Cancer cell

metabolism: Warburg and beyond. Cell 134, 703–707.
48 Webb BA, Chimenti M, Jacobson MP & Barber DL

(2011) Dysregulated pH: a perfect storm for cancer

progression. Nat Rev Cancer 11, 671–677.
49 Sonveaux P, V�egran F, Schroeder T, Wergin MC,

Verrax J, Rabbani ZN, De Saedeleer CJ, Kennedy

KM, Diepart C, Jordan BF et al. (2008) Targeting

lactate-fueled respiration selectively kills hypoxic

tumor cells in mice. J Clin Invest 118, 3930–3942.
50 Allen E, Mi�eville P, Warren CM, Saghafinia S, Li L,

Peng M-W & Hanahan D (2016) Metabolic symbiosis

enables adaptive resistance to anti-angiogenic therapy

that is dependent on mTOR signaling. Cell Rep 15,

1144–1160.
51 Chen Y-J, Mahieu NG, Huang X, Singh M, Crawford

PA, Johnson SL, Gross RW, Schaefer J & Patti GJ

(2016) Lactate metabolism is associated with

mammalian mitochondria. Nat Chem Biol 12, 937–943.
52 Chiaretti B, Casciaro A, Minotti G, Eboli ML &

Galeotti T (1979) Quantitative evaluation of the

activity of the malate-aspartate shuttle in Ehrlich

ascites tumor cells. Cancer Res 39, 2195–2199.
53 Greenhouse WV & Lehninger AL (1977) Magnitude of

malate-aspartate reduced nicotinamide adenine

dinucleotide shuttle activity in intact respiring tumor

cells. Cancer Res 37, 4173–4181.
54 O’Donnell JM, Kudej RK, LaNoue KF, Vatner SF &

Lewandowski ED (2004) Limited transfer of cytosolic

NADH into mitochondria at high cardiac workload.

Am J Physiol Heart Circ Physiol 286, H2237–H2242.

55 B€ucher T & Klingenberg M (1958) Wege des

Wasserstoffs in der lebendigen organisation. Angew

Chem 70, 552–570.
56 Colegio OR, Chu N-Q, Szabo AL, Chu T, Rhebergen

AM, Jairam V, Cyrus N, Brokowski CE, Eisenbarth

SC, Phillips GM et al. (2014) Functional polarization

of tumour-associated macrophages by tumour-derived

lactic acid. Nature 513, 559–563.
57 Cheng WY, Huynh H, Chen P, Pe~na-Llopis S &Wan Y

(2016) Macrophage PPARc inhibits Gpr132 to mediate

the anti-tumor effects of rosiglitazone. Elife 5, pii: e18501.

58 Chen P, Zuo H, Xiong H, Kolar MJ, Chu Q,

Saghatelian A, Siegwart DJ & Wan Y (2017) Gpr132

sensing of lactate mediates tumor-macrophage

interplay to promote breast cancer metastasis. Proc

Natl Acad Sci USA 114, 580–585.
59 Wang R & Green DR (2012) Metabolic

reprogramming and metabolic dependency in T cells.

Immunol Rev 249, 14–26.

60 Angelin A, Gil-de-G�omez L, Dahiya S, Jiao J, Guo L,

Levine MH, Wang Z, Quinn WJ, Kopinski PK, Wang

L et al. (2017) Foxp3 reprograms T cell metabolism to

function in low-glucose, high-lactate environments.

Cell Metab 25, 1282–1293.e7.
61 Haas R, Smith J, Rocher-Ros V, Nadkarni S,

Montero-Melendez T, D’Acquisto F, Bland EJ,

Bombardieri M, Pitzalis C, Perretti M et al. (2015)

Lactate regulates metabolic and pro-inflammatory

circuits in control of T cell migration and effector

functions. PLoS Biol 13, e1002202.

62 Morris SM (2004) Enzymes of arginine metabolism. J

Nutr 134, 2743S–2747S; discussion 2765S–2767S.
63 Bernard AC, Mistry SK, Morris SM, O’Brien WE, Tsuei

BJ, Maley ME, Shirley LA, Kearney PA, Boulanger BR

& Ochoa JB (2001) Alterations in arginine metabolic

enzymes in trauma. Shock 15, 215–219.
64 Bogdan C (2001) Nitric oxide and the immune

response. Nat Immunol 2, 907–916.
65 Bronte V, Serafini P, De Santo C, Marigo I, Tosello

V, Mazzoni A, Segal DM, Staib C, Lowel M, Sutter G

et al. (2003) IL-4-induced arginase 1 suppresses

alloreactive T cells in tumor-bearing mice. J Immunol

170, 270–278.
66 Mandal A (2006) Do malnutrition and nutritional

supplementation have an effect on the wound healing

process? J Wound Care 15, 254–257.
67 Bronte V & Zanovello P (2005) Regulation of immune

responses by L-arginine metabolism. Nat Rev Immunol

5, 641–654.
68 Mills CD (2012) M1 and M2 macrophages: oracles of

health and disease. Crit Rev Immunol 32, 463–488.
69 Popovic PJ, Zeh HJ & Ochoa JB (2007) Arginine and

immunity. J Nutr 137, 1681S–1686S.
70 Rath M, M€uller I, Kropf P, Closs EI & Munder M

(2014) Metabolism via arginase or nitric oxide

synthase: two competing arginine pathways in

macrophages. Front Immunol 5, 532.

71 Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y,

Fuhrer T, Kogadeeva M, Picotti P, Meissner F, Mann

M et al. (2016) L-arginine modulates T cell

metabolism and enhances survival and anti-tumor

activity. Cell 167, 829–842.e13.
72 Platten M, von Knebel Doeberitz N, Oezen I, Wick W

& Ochs K (2015) Cancer immunotherapy by targeting

IDO1/TDO and their downstream effectors. Front

Immunol 5, 673.

73 Wang X-F, Wang H-S, Wang H, Zhang F, Wang K-

F, Guo Q, Zhang G, Cai S-H & Du J (2014) The role

of indoleamine 2,3-dioxygenase (IDO) in immune

tolerance: focus on macrophage polarization of THP-1

cells. Cell Immunol 289, 42–48.
74 O’Neill LAJ, Kishton RJ & Rathmell J (2016) A guide

to immunometabolism for immunologists. Nat Rev

Immunol 16, 553–565.

713The FEBS Journal 285 (2018) 700–716 ª 2017 Federation of European Biochemical Societies

M. Mazzone et al. TAM metabolism drives function



75 Munn DH, Sharma MD, Baban B, Harding HP,

Zhang Y, Ron D & Mellor AL (2005) GCN2 kinase in

T cells mediates proliferative arrest and anergy

induction in response to indoleamine 2,3-dioxygenase.

Immunity 22, 633–642.
76 Fallarino F, Grohmann U, You S, McGrath BC,

Cavener DR, Vacca C, Orabona C, Bianchi R,

Belladonna ML, Volpi C et al. (2006) The combined

effects of tryptophan starvation and tryptophan

catabolites down-regulate T cell receptor zeta-chain

and induce a regulatory phenotype in naive T cells. J

Immunol 176, 6752–6761.
77 Frumento G, Rotondo R, Tonetti M, Damonte G,

Benatti U & Ferrara GB (2002) Tryptophan-derived

catabolites are responsible for inhibition of T and

natural killer cell proliferation induced by indoleamine

2,3-dioxygenase. J Exp Med 196, 459–468.
78 Weber WP, Feder-Mengus C, Chiarugi A, Rosenthal

R, Reschner A, Schumacher R, Zajac P, Misteli H,

Frey DM, Oertli D et al. (2006) Differential effects of

the tryptophan metabolite3-hydroxyanthranilic acid on

the proliferation of human CD8+ T cells induced by

TCR triggering or homeostatic cytokines. Eur J

Immunol 36, 296–304.
79 Liu H, Liu L, Liu K, Bizargity P, Hancock WW &

Visner GA (2009) Reduced cytotoxic function of

effector CD8 + T cells is responsible for indoleamine

2,3-dioxygenase-dependent immune suppression. J

Immunol 183, 1022–1031.
80 Newsholme P (2001) Why is L-glutamine metabolism

important to cells of the immune system in health,

postinjury, surgery or infection? J Nutr 131, 2515S–
2522S; discussion 2523S–4S.

81 Stadtman ER (2001) The story of glutamine synthetase

regulation. J Biol Chem 276, 44357–44364.
82 Butterworth RF (2003) Hepatic encephalopathy.

Alcohol Res Health 27, 240–246.
83 Albrecht J & Doli�nska M (2001) Glutamine as a

pathogenic factor in hepatic encephalopathy. J

Neurosci Res 65, 1–5.
84 Olney JW (1990) Excitotoxicity: an overview. Can Dis

Wkly Rep 16(Suppl 1E), 47–57.
85 Norenberg MD, Jayakumar AR, Rama Rao KV &

Panickar KS (2007) New concepts in the mechanism of

ammonia-induced astrocyte swelling. Metab Brain Dis

22, 219–234.
86 Castegna A, Aksenov M, Aksenova M,

Thongboonkerd V, Klein JB, Pierce WM, Booze R,

Markesbery WR & Butterfield DA (2002) Proteomic

identification of oxidatively modified proteins in

Alzheimer’s disease brain. Part I: creatine kinase BB,

glutamine synthase, and ubiquitin carboxy-terminal

hydrolase L-1. Free Radic Biol Med 33, 562–571.
87 Castegna A, Palmieri L, Spera I, Porcelli V, Palmieri

F, Fabis-Pedrini MJ, Kean RB, Barkhouse DA, Curtis

MT & Hooper DC (2011) Oxidative stress and reduced

glutamine synthetase activity in the absence of

inflammation in the cortex of mice with experimental

allergic encephalomyelitis. Neuroscience 185, 97–105.
88 Butterfield DA, Hensley K, Cole P, Subramaniam R,

Aksenov M, Aksenova M, Bummer PM, Haley BE &

Carney JM (1997) Oxidatively induced structural

alteration of glutamine synthetase assessed by analysis

of spin label incorporation kinetics: relevance to

Alzheimer’s disease. J Neurochem 68, 2451–2457.
89 Palmieri EM, Spera I, Menga A, Infantino V,

Iacobazzi V & Castegna A (2014) Glutamine

synthetase desensitizes differentiated adipocytes to

proinflammatory stimuli by raising intracellular

glutamine levels. FEBS Lett 588, 4807–4814.
90 Xue H, Slavov D & Wischmeyer PE (2012)

Glutamine-mediated dual regulation of heat shock

transcription factor-1 activation and expression. J Biol

Chem 287, 40400–40413.
91 Brasse-Lagnel C, Lavoinne A, Loeber D, Fairand A,

Bôle-Feysot C, Deniel N & Husson A (2007) Glutamine

and interleukin-1b interact at the level of Sp1 and

nuclear factor-jB to regulate argininosuccinate

synthetase gene expression. FEBS J 274, 5250–5262.
92 Ban K, Sprunt JM, Martin S, Yang P & Kozar RA

(2011) Glutamine activates peroxisome proliferator-

activated receptor-c in intestinal epithelial cells via 15-

S-HETE and 13-OXO-ODE: a novel mechanism. Am J

Physiol Gastrointest Liver Physiol 301, G547–G554.

93 van der Vos KE, Eliasson P, Proikas-Cezanne T,

Vervoort SJ, van Boxtel R, Putker M, van Zutphen IJ,

Mauthe M, Zellmer S, Pals C et al. (2012) Modulation

of glutamine metabolism by the PI(3)K–PKB–FOXO

network regulates autophagy. Nat Cell Biol 14, 829–837.
94 Co€effier M, Marion R, Ducrott�e P & D�echelotte P

(2003) Modulating effect of glutamine on IL-1beta-

induced cytokine production by human gut. Clin Nutr

22, 407–413.
95 Hubert-Buron A, Leblond J, Jacquot A, Ducrott�e P,

D�echelotte P & Co€effier M (2006) Glutamine

pretreatment reduces IL-8 production in human

intestinal epithelial cells by limiting IkappaBalpha

ubiquitination. J Nutr 136, 1461–1465.
96 da Silva Lima F, Rogero MM, Ramos MC, Borelli P

& Fock RA (2013) Modulation of the nuclear factor-

kappa B (NF-jB) signalling pathway by glutamine in

peritoneal macrophages of a murine model of protein

malnutrition. Eur J Nutr 52, 1343–1351.
97 Chr�etien F, Vallat-Decouvelaere A-V, Bossuet C,

Rimaniol A-C, Le Grand R, Le Pavec G, Cr�eminon

C, Dormont D, Gray F & Gras G (2002) Expression

of excitatory amino acid transporter-2 (EAAT-2) and

glutamine synthetase (GS) in brain macrophages and

microglia of SIVmac251-infected macaques.

Neuropathol Appl Neurobiol 28, 410–417.

714 The FEBS Journal 285 (2018) 700–716 ª 2017 Federation of European Biochemical Societies

TAM metabolism drives function M. Mazzone et al.



98 Gras G, Porcheray F, Samah B & Leone C (2006) The

glutamate-glutamine cycle as an inducible, protective

face of macrophage activation. J Leukoc Biol 80,

1067–1075.
99 Palmieri EM, Menga A, Lebrun A, Hooper DC,

Butterfield DA, Mazzone M & Castegna A (2016)

Blockade of glutamine synthetase enhances

inflammatory response in microglial cells. Antioxid

Redox Signal 26, 351–363.
100 Wellen KE & Thompson CB (2012) A two-way street:

reciprocal regulation of metabolism and signalling.

Nat Rev Mol Cell Biol 13, 270–276.
101 Jha AK, Huang SC-C, Sergushichev A,

Lampropoulou V, Ivanova Y, Loginicheva E,

Chmielewski K, Stewart KM, Ashall J, Everts B et al.

(2015) Network integration of parallel metabolic and

transcriptional data reveals metabolic modules that

regulate macrophage polarization. Immunity 42, 419–
430.

102 Sica A & Mantovani A (2012) Macrophage plasticity

and polarization: in vivo veritas. J Clin Invest 122,

787–795.
103 Ip WKE, Hoshi N, Shouval DS, Snapper S &

Medzhitov R (2017) Anti-inflammatory effect of IL-10

mediated by metabolic reprogramming of

macrophages. Science 356, 513–519.
104 van der Vos KE & Coffer PJ (2012) Glutamine

metabolism links growth factor signaling to the

regulation of autophagy. Autophagy 8, 1862–1864.
105 Singleton KD & Wischmeyer PE (2008) Glutamine

induces heat shock protein expression via O-

glycosylation and phosphorylation of HSF-1 and Sp1.

JPEN J Parenter Enteral Nutr 32, 371–376.
106 Brasse-Lagnel C, Fairand A, Lavoinne A & Husson A

(2003) Glutamine stimulates argininosuccinate

synthetase gene expression through cytosolic O-

glycosylation of Sp1 in Caco-2 cells. J Biol Chem 278,

52504–52510.
107 Salsman J, Stathakis A, Parker E, Chung D, Anthes

LE, Koskowich KL, Lahsaee S, Gaston D, Kukurba

KR, Smith KS et al. (2017) PML nuclear bodies

contribute to the basal expression of the mTOR

inhibitor DDIT4. Sci Rep 7, 45038.

108 Jin H-O, An S, Lee H-C, Woo S-H, Seo S-K, Choe T-

B, Yoo D-H, Lee S-B, Um H-D, Lee S-J et al. (2007)

Hypoxic condition- and high cell density-induced

expression of Redd1 is regulated by activation of

hypoxia-inducible factor-1a and Sp1 through the

phosphatidylinositol 3-kinase/Akt signaling pathway.

Cell Signal 19, 1393–1403.
109 O’Neill LAJ & Hardie DG (2013) Metabolism of

inflammation limited by AMPK and pseudo-

starvation. Nature 493, 346–355.
110 Huang SC-C, Everts B, Ivanova Y, O’Sullivan D,

Nascimento M, Smith AM, Beatty W, Love-Gregory

L, Lam WY, O’Neill CM et al. (2014) Cell-intrinsic

lysosomal lipolysis is essential for alternative

activation of macrophages. Nat Immunol 15, 846–855.
111 Palmieri EM, Spera I, Menga A, Infantino V, Porcelli

V, Iacobazzi V, Pierri CL, Hooper DC, Palmieri F &

Castegna A (2015) Acetylation of human

mitochondrial citrate carrier modulates mitochondrial

citrate/malate exchange activity to sustain NADPH

production during macrophage activation. Biochim

Biophys Acta 1847, 729–738.
112 Infantino V, Iacobazzi V, Menga A, Avantaggiati ML

& Palmieri F (2014) A key role of the mitochondrial

citrate carrier (SLC25A1) in TNFa- and IFNc-
triggered inflammation. Biochim Biophys Acta 1839,

1217–1225.
113 Infantino V, Iacobazzi V, Palmieri F & Menga A

(2013) ATP-citrate lyase is essential for macrophage

inflammatory response. Biochem Biophys Res Commun

440, 105–111.
114 Kolukula VK, Sahu G, Wellstein A, Rodriguez OC,

Preet A, Iacobazzi V, D’Orazi G, Albanese C,

Palmieri F & Avantaggiati ML (2014) SLC25A1, or

CIC, is a novel transcriptional target of mutant p53

and a negative tumor prognostic marker. Oncotarget

5, 1212–1225.
115 Khwairakpam AD, Shyamananda MS, Sailo BL,

Rathnakaram SR, Padmavathi G, Kotoky J &

Kunnumakkara AB (2015) ATP citrate lyase (ACLY):

a promising target for cancer prevention and

treatment. Curr Drug Targets 16, 156–163.
116 Schumann T, Adhikary T, Wortmann A, Finkernagel

F, Lieber S, Schnitzer E, Legrand N, Schober Y,

Nockher WA, Toth PM et al. (2015) Deregulation of

PPARb/d target genes in tumor-associated

macrophages by fatty acid ligands in the ovarian

cancer microenvironment. Oncotarget 6, 13416–13433.
117 Barminko JA, Nativ NI, Schloss R & Yarmush ML

(2014) Fractional factorial design to investigate

stromal cell regulation of macrophage plasticity.

Biotechnol Bioeng 111, 2239–2251.
118 Wang Z, Brandt S, Medeiros A, Wang S, Wu H, Dent

A & Serezani CH (2015) MicroRNA 21 is a

homeostatic regulator of macrophage polarization and

prevents prostaglandin E2-mediated M2 generation.

PLoS One 10, e0115855.

119 Nakanishi M & Rosenberg DW (2013) Multifaceted

roles of PGE2 in inflammation and cancer. Semin

Immunopathol 35, 123–137.
120 Beloribi-Djefaflia S, Vasseur S & Guillaumond F

(2016) Lipid metabolic reprogramming in cancer cells.

Oncogenesis 5, e189.

121 Jung M, Oren B, Mora J, Mertens C, Dziumbla S,

Popp R, Weigert A, Grossmann N, Fleming I &

Brune B (2016) Lipocalin 2 from macrophages

stimulated by tumor cell-derived sphingosine

715The FEBS Journal 285 (2018) 700–716 ª 2017 Federation of European Biochemical Societies

M. Mazzone et al. TAM metabolism drives function



1-phosphate promotes lymphangiogenesis and tumor

metastasis. Sci Signal 9, ra64.

122 Prima V, Kaliberova LN, Kaliberov S, Curiel DT &

Kusmartsev S (2017) COX2/mPGES1/PGE2 pathway

regulates PD-L1 expression in tumor-associated

macrophages and myeloid-derived suppressor cells.

Proc Natl Acad Sci USA 114, 1117–1122.
123 Nakanishi Y, Nakatsuji M, Seno H, Ishizu S, Akitake-

Kawano R, Kanda K, Ueo T, Komekado H, Kawada

M, Minami M et al. (2011) COX-2 inhibition alters

the phenotype of tumor-associated macrophages from

M2 to M1 in ApcMin/+ mouse polyps. Carcinogenesis

32, 1333–1339.
124 Ries CH, Cannarile MA, Hoves S, Benz J, Wartha K,

Runza V, Rey-Giraud F, Pradel LP, Feuerhake F,

Klaman I et al. (2014) Targeting tumor-associated

macrophages with anti-CSF-1R antibody reveals a

strategy for cancer therapy. Cancer Cell 25, 846–859.

716 The FEBS Journal 285 (2018) 700–716 ª 2017 Federation of European Biochemical Societies

TAM metabolism drives function M. Mazzone et al.


