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Abstract
We have only recently started to appreciate the extent to which immune cell activation involves significant changes in cellular metabolism. We are now beginning to
understand how commitment to specific metabolic pathways influences aspects of
cellular biology that are the more usual focus of immunological studies, such as activation-induced changes in gene transcription, post-transcriptional regulation of transcription, post-translational modifications of proteins, cytokine secretion, etc. Here,
we focus on metabolic reprogramming in mononuclear phagocytes downstream of
stimulation with inflammatory signals (such as LPS and IFNγ) vs alternative activation
signals (IL-4), with an emphasis on work on dendritic cells and macrophages from our
laboratory, and related studies from others. We cover aspects of glycolysis and its
branching pathways (glycogen synthesis, pentose phosphate, serine synthesis, hexose synthesis, and glycerol 3 phosphate shuttle), the tricarboxylic acid pathway, fatty
acid synthesis and oxidation, and mitochondrial biology. Although our understanding
of the metabolism of mononuclear phagocytes has progressed significantly over the
last 10 years, major challenges remain, including understanding the effects of tissue
residence on metabolic programming related to cellular activation, and the translatability of findings from mouse to human biology.
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1 | I NTRO D U C TI O N

allow the cells to participate in immune responses. We now have
detailed understanding of many of the molecular components of the

All immune cells are characterized by their ability to respond to sig-

core pathways that directly link receptors to transcription factors

nals through pattern recognition receptors, antigen receptors and/

and thereby changes in gene expression. However, we have only

or cytokine/growth factor receptors, and these signals can induce a

recently begun to appreciate the extent to which immune cell ac-

shift from resting to activated states. Activation is associated with

tivation requires metabolic reprogramming.1 We have become in-

cell proliferation and/or the acquisition of effector functions that

creasingly interested in this area over the last decade, and it is our

This article is part of a series of reviews covering Immunometabolism: From Basic
Mechanisms to Translation appearing in Volume 295 of Immunological Reviews.

work in this regard on mononuclear phagocytes, and work from
others that has most directly impacted our approach, which will be

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2020 The Authors. Immunological Reviews published by John Wiley & Sons Ltd.
54

|

	
wileyonlinelibrary.com/journal/imr

Immunological Reviews. 2020;295:54–67.

van

TEIJLINGEN BAKKER and PEARCE

|

55

the central theme of the discussion here. In particular, we will focus

dehydrogenase (GPD1 or 2). This pathway generates NAD+, a re-

on dendritic cells (DCs), which sample the environment and are spe-

quired cofactor for GAPDH, as well as FADH2, which can fuel the

cialized in responding to danger signals within the sampled material

electron transport chain (ETC) for respiration (discussed below),

to become activated to both participate in inflammation and, more

but is also used to generate glycerol for triacyglyceride synthesis

importantly, to stimulate T cells, thereby bridging innate and adap-

(Figure 1). Triacylglycerides, with cholesterol esters, are stored in

Macrophages, like DCs, sample the environment,

lipid droplets, which accumulate in LPS-activated DCs,10 as well as in

and in doing so can become activated to make mediators, such as

inflammatory macrophages.11,12 The activity of GAPDH, the central

cytokines, that influence the biology of other cells. This process

enzyme in the glycolysis pathway, results in the reduction of NAD+

can be influenced not only by direct exposure to danger signals, but

and is a significant consideration in redox balance. Below GAPDH,

also by cytokine produced by other cell types, immune and non-im-

the pathway generates ATP, but can also branch from 3-phospho-

mune. Physiologically, they are broadly important, playing roles in

glycerate into the serine synthesis pathway. Serine is the basis for

the clearance of microbial infections and dead cells, initiating and

further amino acid synthesis, as well as mitochondrial one-carbon

resolving inflammation, and in tissue homeostasis.5

metabolism, which feeds nucleotide synthesis, the provision of

tive immunity.

2-4

methyl donors for protein and DNA methylation, and the synthesis

2 | D E N D R ITI C C E LL S

of glutathione to maintain redox balance (Figure 1). Finally, pyruvate can either be converted into lactate during Warburg metabolism, a process which requires NADH and regenerates NAD+ which

Our initial interest in immune cell metabolism stemmed from the

supports GAPDH activity even in the absence of the generation of

simple observation that tissue culture medium rapidly becomes

NAD+ by mitochondrial respiration (Figure 1), or it can enter mito-

acidified when DCs, differentiated from bone marrow progenitors

chondria via mitochondrial pyruvate carriers, where it is converted

by culture in granulocyte-macrophage-colony stimulating factor

into acetyl coenzyme A (acetyl-CoA), which can also be generated by

(GM-CSF), are activated by the danger signal bacterial lipopolysac-

fatty acid oxidation (FAO), and fuel the tricarboxylic acid (TCA) cycle.

charide (LPS). Immunologists have correlated acidification of culture

The TCA cycle generates the reducing equivalents NADH and

medium with successful in vitro proliferation of activated T cells

FADH2. NADH is oxidized to NAD+ by complex I of the ETC.9

for decades. Thompson and colleagues’ work,6,7 and that of oth8

Complex II, succinate dehydrogenase (SDH), oxidizes the TCA cycle

ers, showed that this reflected increased production of lactic acid

intermediate succinate to fumarate, generating FADH2. Electrons

by proliferating cells as a result of the cells committing to aerobic

generated by complex I and II are passed through complex III to com-

glycolysis (or Warburg metabolism), a pathway in which lactic acid

plex IV, which uses oxygen (O2) as final electron acceptor to generate

is made from pyruvate, the terminal intermediate in the glycolysis

H2O. Meanwhile, complex I, III, and IV contribute to pumping pro-

pathway (Figure 1). This pathway has unique characteristics, that will

tons (H+) across the mitochondrial membrane, to generate the mito-

be discussed below, that allow it to support anabolism and thereby

chondrial membrane potential (Δψ), used by complex V to generate

the increase in mass that is required prior to proliferation. However,

ATP (this is illustrated in Figure 2, later in this review). This entire

we knew that DCs do not proliferate after LPS-activation, but rather

process is referred to as oxidative phosphorylation (OXPHOS). Not

change functionally by beginning to secrete large amounts of various

all electrons will be efficiently transferred to complex IV and oxygen,

cytokines and other mediators, and expressing surface molecules

which results in superoxide (O2−) production. O2- is converted to hy-

that allow them to follow chemokine gradients toward lymph nodes,

drogen peroxide in the mitochondrial matrix, which can be detoxified

and therein interact with and activate T cells. 2,3 This prompted us

in the mitochondrial matrix to H2O. Inefficient electron transfer or

to explore the underlying reasons why DCs engage Warburg me-

decreased reduction capacity can result in increased superoxide and

tabolism after stimulation with Toll-like receptor (TLR) agonists. Our

peroxide levels, which can in turn damage proteins, lipids, and DNA.

hypothesis was that the engagement of glycolysis would be broadly

The use of pyruvate to make lactate is usually linked to cell growth

consistent with the adoption, by activated DCs, of a secretory phe-

in hypoxic conditions, where the pathway allows the production of

notype in which the production of a range of molecules destined for

ATP absent respiration. However, it is clear that other signals, includ-

export is significantly increased.

ing those delivered through activating immune receptors, allow the

Glycolysis is able to support anabolism because intermediates

adoption of Warburg metabolism even when oxygen is not limiting.

in the core pathway are able to branch into accessory pathways

We found that, as for T cells, increased acidification of tissue cul-

that play critical roles in the synthesis of amino acids, nucleotides,

ture medium by activated DCs is due to increased production of lactic

and fats.9 For example, glucose-6-phosphate can enter the pentose

acid as a result of a commitment to Warburg metabolism.13 Glucose is

phosphate pathway (PPP), for the synthesis of nucleotides (Figure 1).

critical for DC activation since pharmacologic inhibition of the path-

This pathway additionally generates NADPH which is important

way, or restriction of the amount of glucose available to cells in tissue

for redox balance and serves as an essential cofactor for fatty acid

culture, has a profound inhibitory effect on the production of proteins

synthesis (FAS). Dihydroxyacetone phosphate is the precursor for

linked to activation, as well as on cellular survival, following expo-

glycerol-3 phosphate, and thereby triacylglycerol synthesis, through

sure to TLR agonists.13 Resting DCs utilize FAO to fuel the TCA cycle,

the glycerol phosphate shuttle, mediated by glycerol phosphate

but this pathway, and indeed mitochondrial OXPHOS in general, are
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F I G U R E 1 Inflammatory dendritic cell and macrophage metabolism. Glycolysis allows glucose carbon to be taken up and used not only
to fuel the TCA cycle, but also to feed into the pentose phosphate pathway (Pink), the glycerol phosphate shuttle (Beige), and the serine
synthesis pathway (Lavender), all of which are implicated in inflammatory activation. Core functions associated with these pathways are
noted. Downstream in the glycolysis pathway, pyruvate is converted into lactate, which allows ATP generation in the absence of respiration,
or enters into mitochondria (Yellow) where it is converted into acetyl-CoA which enters the TCA cycle. In inflammatory macrophages,
expression of Idh, the enzyme that converts citrate to α-KG is suppressed, and citrate levels build and fuel both itaconate production within
mitochondria, and following export into the cytoplasm, the production of acetyl-CoA which is used for fatty acid synthesis (FAS, Green), and
as a donor for the acetylation of proteins, including histones. Fatty acids (synthesized and acquired) are used with glycerol for triacylglycerol
synthesis and lipid droplet formation. Malonyl-CoA, an intermediate in the FAS pathway post-translationally modifies GAPDH, the central
enzyme in the glycolysis pathway, to minimize its RNA-binding properties thereby promoting the release and translation of Tnf mRNA.
Succinate dehydrogenase (SDH), which catalyzes the conversion of succinate to fumarate, is inhibited by itaconate. Succinate accumulates
and promotes inflammatory activation through reverse electron transport at Complex I to Complex II, with the accompanying generation
of ROS. This leads to HIF1-α activation which promotes glycolysis. Itaconate also promotes activation of Nrf2, which allows parallel
induction of anti-inflammatory effects (not shown). Induced Nos2 expression leads to the production of NO which results in the cessation of
respiration due to the inhibition of components of the electron transport chain. Under these conditions, production of ATP by glycolysis is
required for cell survival. Aspartate generated from glutamate, fuels the urea cycle in which nitrogens are donated to arginine, the substrate
for NO production by NOS2. The urea cycle feeds the TCA cycle by donating carbons in the form of fumarate, which can generate malate,
aspartate and eventually citrate. Glutamine also back-fills the TCA cycle at α-KG downstream
significantly inhibited 24 hours after DCs have been stimulated with

with the induction of expression of nitric oxide synthase (Nos2), which

LPS, at which point the cells are primarily utilizing Warburg metab-

uses arginine as a substrate for producing nitric oxide (NO) (Figure 1),

olism.13,14 Closer examination revealed that there is, in fact, a rapid

a molecule with anti-microbial properties and significant effects on

increase in OXPHOS within hours of stimulation with LPS that is fol-

mammalian cell biology, including the inhibition of respiration due

lowed by a decline in oxygen consumption after 6 h.14 This correlates

to effects on the ETC.15 Being able to use aerobic glycolysis is a
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requirement for survival in cells that strongly express NOS2. Indeed,

important in the strong transcriptional response that results from TLR

the profound decline in OXPHOS following stimulation of bone mar-

engagement. Our findings suggest that ATP derived from either gly-

row-derived DCs with LPS for greater than 6 hours is not apparent in

colysis or OXPHOS is sufficient to provide bioenergetic support for

DCs recovered from lymphoid tissues and stimulated ex vivo with TLR

DC activation and reinforce the view that the importance of glycolysis

agonists, a finding consistent with the fact that these cells do not ex-

as a core anabolic pathway is critical for DC activation and function.

press NOS2. However, inflammatory monocyte-derived DCs induced

We explored how TLRs are coupled to metabolic pathways

in vivo by exposure to Listeria monocytogenes, do express NOS2 in

and found that Akt, a kinase known from work on other cells to be

response to LPS and also exhibit diminished respiration.14

critical for growth factor receptor driven increases in glycolysis, is

The finding that pharmacologic inhibition of NOS2 blocks the

essential for both early and late TLR agonist induced changes in

commitment to aerobic glycolysis but does not affect DC activation

glycolysis.10 TLR mediated Akt activation occurs via TANK-binding

was initially at odds with observations that targeted inhibition of gly-

kinase 1 (TBK1) and I-kappa-B kinase (IKKε) and directs changes

colysis has marked inhibitory effects on activation. Subsequent stud-

in metabolism by phosphorylating the enzyme that catalyzes the

ies revealed very rapid (within minutes) metabolic responses to TLR

first step in glycolysis, Hexokinase II (HKII), thereby promoting its

agonists, measurable as an increased rate of extracellular acidification

interaction with mitochondria, a process that increases its activ-

(ECAR), a mark of lactate release.10 This occurs in response to mul-

ity and thereby increases glycolytic flux. Over the same early time

tiple different TLR agonists and differs from the late-stage commit-

frame poststimulation that Akt is activated, 5′ AMP-activated pro-

ment to Warburg metabolism in that it is apparent in DCs grown from

tein kinase (AMPK) becomes transiently dephosphorylated. AMPK

bone marrow in FMS-like tyrosine kinase 3 ligand (Flt3L) as well as in

senses increased AMP/ATP ratios and usually promotes increased

GM-CSF, and in the absence of NO.10 Unbiased metabolomics sup-

OXPHOS to promote ATP generation through catabolic processes

ports the view that glycolysis, the PPP and OXPHOS are all increased

such as mitochondrial FAO or glutamine (processes which will be

13

C-glucose carbon tracing showed

discussed in greater detail below) and inhibits processes that energy

increased incorporation into TCA cycle citrate following activation. A

demanding such as protein synthesis. Reduced AMPK phosphory-

more recent report showed that, in addition to extracellular glucose,

lation plays an important role in DC activation since the inclusion

DCs utilize the breakdown of stored intracellular glycogen, to release

of the AMPK-activator 5-Aminoimidazole-4-carboxamide ribonu-

glucose to support this early increase in glycolysis that is important

cleotide (AICAR) in the stimulation cultures resulted in decreased

within hours of stimulation and

for activation.

16

Citrate exported from mitochondria to the cytoplasm

activation as measured by IL-12 production and CD86 expression,

is converted back into acetyl-CoA, the primary substrate for FAS10,13

by inhibiting the glycolytic switch.13 Moreover, loss of AMPK func-

(Figure 1). Data, derived from inhibitor and genetic loss of function

tion resulted in exaggerated activation.13 Thus, we envisage DC ac-

approaches targeting enzymes and transporters throughout the path-

tivation as encompassing the temporally connected activation of a

ways of interest, support the view that FAS is important for DC acti-

TBK-IKKε-Akt-HK axis, and the deactivation of AMPK to together

vation because it allows the expansion of endoplasmic reticulum (ER)

promote anabolic processes linked to cellular activation.19

and Golgi, which are important for the changes in synthetic and secre-

The mammalian target of rapamycin mTOR pathway, which inter-

tory functions of these cells as they increase production of cytokines

sects with the Akt pathway, is linked to the promotion of glycolysis and

and other molecules destined for secretion or incorporation into the

related anabolic pathways. We found that loss of function of mTOR

plasma membrane.10 It is important to point out that acetyl-CoA de-

had no measurable effect on the early metabolic changes linked to

rived from citrate can also be used as an acetyl donor for the acetyl-

DC activation, but had a profound effect on Nos2 expression and the

ation of proteins including histones, and that histone acetylation in

commitment to aerobic glycolysis at later timepoints poststimulation

the regulation of chromatin structure and therefore transcriptional po-

in GM-CSF DCs. We showed that inhibition of mTORC1 with rapa-

tential is clearly important during myeloid cell activation (as discussed

mycin promotes the ability of DCs to activate T cells in vitro and to

later herein). Moreover, acetyl-CoA derived from citrate can be used

induce anti-tumor immunity in vivo20 and postulated that this is due

not only for FAS in the broad sense, but also for synthesis of the lipid

to increased DC survival linked to increased mitochondrial function in

mediator, PGE2.

10,17

PGE2 has multiple functions and can play roles

in inflammation and in the resolution of inflammation, depending on

the absence of the inhibitory effect of NO on respiration.21 Hypoxia
inducible factor 1 α (HIF-1α), which upregulates the glycolysis pathway

context and is a major output of mononuclear phagocytes upon stim-

under hypoxic conditions,22-24 is also playing a role in the response of

ulation with TLR agonists, and it is of interest that its production is

DCs to danger signals, where it is necessary for increased glycolysis

10,17

inhibited by the blockade of FAS.

Of further significance, PGE2

and DC activation even under normoxic conditions.25

has recently been shown to play an important role as a necessary autocrine stimulant for the production of pro-IL-1β by LPS-stimulated
macrophages (discussed further below).18 We found that the PPP
plays an important role in these processes by supporting the produc-

3 | M AC RO PH AG E S : I N FL A M M ATO RY
AC TI VATI O N

tion of NADPH, an important cofactor for FAS (Figure 1). In addition,
the PPP generates ribose for nucleotide synthesis (Figure 1), which is

In parallel with work on DCs, there has been increased interest in

critical for DNA and RNA synthesis with the latter presumably being

changes in cellular metabolism linked to activation in other innate
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immune cells. Initial work indicated that inflammatory macrophages

membrane-permeable than underivatized itaconate, to inflamma-

26

tory cells.41,42 Work with dimethyl-itaconate has indicated that addi-

and we now know that broad features of metabolic rewiring asso-

tional Nrf2-independent anti-inflammatory effects are mediated by

ciated with activation in macrophages, characterized by increased

inhibition of IκBξ protein induction.42 Moreover, 4-octyl itaconate

flux of glucose into the PPP and into lactate in LPS-stimulated cells,

can induce the alkylation of cysteine 22 in GAPDH, thereby inhibit-

(those stimulated through TLRs) begin to use Warburg metabolism,

echo those discussed above for DCs.

27,28

In addition, macrophages

ing its activity, glycolytic flux and inflammatory activation.44 These

stimulated with LPS plus interferon gamma (IFNγ) have greatly di-

findings and others have generated considerable interest in the ther-

minished OXPHOS, as is the case for LPS-stimulated DCs.12,29 A de-

apeutic potential of itaconate and in understanding, in greater detail,

cline in OXPHOS is also apparent after stimulation with LPS alone,

the biology of this fascinating metabolite.45

but is not as marked as in LPS-stimulated DCs.

29,30

This reflects a

A second TCA cycle break at the succinate to fumarate transi-

requirement for IFNγ as well as LPS to promote maximal NO pro-

tion was also revealed by the integrative analysis. 27 This break had

duction in macrophages, but not DCs.

been implied previously by work which had revealed a buildup of
succinate28 (Figure 1) as discussed above. Others later showed that
this was dependent on Acod1 expression and thus itaconate pro-

3.1 | A broken TCA cycle

duction.39,40 In LPS-stimulated macrophages, this correlates with
reverse electron transport from complex II to complex I, and the

An integrative analysis of metabolism and transcription in inflam-

subsequent production of ROS at complex I, which serves to stabi-

matory macrophages (cultured from bone marrow in CSF-1), rein-

lize HIF-1α and thereby promote the commitment to glycolysis and

forced developing ideas of changes in metabolism associated with

production of the potent inflammatory mediator IL-1β. 28 HIF-1α is

inflammatory activation, while also illuminating several previously

essential for the induction of glycolytic metabolism and inflamma-

unrecognized or underappreciated aspects of the metabolic changes

tory macrophage activation. 28,46 Pyruvate kinase M2 (PKM2), which

that occur following stimulation.

27

In particular, it focused attention

converts phosphoenolpyruvic acid to pyruvate in glycolysis, plays a

on critical metabolic changes centered around citrate within the

key role in stabilizing HIF-1α activity to promote glycolysis, succinate

TCA cycle (reviewed recently in the broader context of metabolic

buildup, and inflammatory activation, in part through its ability to

reprogramming in inflammatory macrophages in31). It emphasized

exist in tetrameric vs dimeric forms, with the latter being less enzy-

that although glucose carbon enters mitochondria and is used to

matically active but capable of playing a second role within the nu-

produce citrate, a break occurs after this point in the TCA cycle, at

cleus in complex with HIF-1α, to promote the expression of HIF-1α

least in part due to reduced expression of isocitrate dehydrogenase

target genes.47 Intriguingly, the relationship between tetrameric and

(Idh), that substantially diminishes the production of α-ketoglutarate

dimeric PKM2 depends on post-translational modifications of the

(α-KG) from glucose carbon (Figure 1). This favors the accumulation

enzyme, by amongst other things, succinylation,48 which promotes

10

and export of citrate for FAS, which allows membrane synthesis,

dimerization. This suggests a self-promoting system in which succi-

as well as lipid droplet development that, if inhibited, has marked ef-

nate buildup, promoted by PKM2 dimerization, promotes succinyla-

fects in macrophage inflammatory potential32 (Figure 1). Moreover,

tion of PKM2 thereby reinforcing further succinate buildup.

the parallel induction of expression of aconitate decarboxylase 1

Findings support the view that in inflammatory macrophages glu-

(encoded by Acod1, also referred to as Irg1) allows the use of (iso)

tamine carbon is used to refill the TCA cycle and produce succinate

citrate carbon, via aconitate, for high output synthesis of the me-

27,41

tabolite itaconate (Figure 1). This finding coalesced with a series of

nate in the inflammatory response,49 it is interesting that glutamine

other papers which pointed to itaconate as a major inflammatory

withdrawal did not affect expression of NOS2, a major mark of in-

macrophage product33,34 and initiated a search for the biological

flammatory activation in cells stimulated with LPS plus IFNγ. 27 Apart

function of this metabolite. Initial work indicated that itaconate is

from glutamine carbon, glutamine nitrogen can be utilized to fuel

an anti-microbial, able to stunt growth of multiple microorganisms

NO production, an integral part of inflammatory macrophage func-

by inhibiting bacterial enzymes isocitrate lyase and propionyl-CoA

tion. Here, the aspartate-arginosuccinate shunt is using glutamate

carboxylase,35-37 especially when glucose availability is limited.33,38

and aspartate derived nitrogen to generate arginine for NO produc-

Further studies have indicated that it may serve important immune

tion and aspartate derived carbon to generate fumarate to fuel the

cell-intrinsic functions, acting to inhibit SDH resulting in accumula-

TCA cycle27 (Figure 1). Inhibition of this process by targeting glu-

tion of succinate

39,40

(Figure 1). However, despite clear evidence for a role for succi-

(Figure 1). Furthermore, itaconate regulates the

tamic-oxaloacetic transaminase 1 (GOT1), the essential enzyme used

inflammatory potential of macrophages through a mechanism that

to generate aspartate from the TCA cycle, is sufficient to block NO

involves the alkylation of multiple cysteines in Keap1 that result in

production, with coincident and anticipated increases in OXPHOS

it dissociating from, and thereby activating, nuclear factor eryth-

and decreases in ECAR. GOT1 inhibition unexpectedly also resulted

NRF2 induces the expression of

in a marked reduction in interleukin-6 (IL-6) production. 27 While the

anti-oxidant genes and represses pro-inflammatory gene transcrip-

underlying reason for this is unclear, we postulate that it may reflect

tion.41-43 These results are recapitulated by the addition of 4-octyl

collateral reductions in cytosolic NAD+ levels due to inhibition of

itaconate or dimethyl-itaconate, derivatives believed to be more cell

the role of GOT1 in the malate aspartate shuttle, which serves to

roid-2-related factor 2 (Nrf2).

41
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promote redox balance between the nucleus and cytoplasm.9 In this

in the importance of upregulated glycolysis for activation, since en-

case, reduced NAD+ would affect the NAD+-dependent activity of

gagement of GAPDH in glycolysis effectively diminishes its ability to

GAPDH, and thereby the role of glycolysis in the activation events

sequester cytokine mRNAs, thereby permitting maximal translation

that lead to IL-6 production.

and cytokine production.59 In a parallel fashion, Tnf mRNA is bound
to GAPDH in resting macrophages, and LPS-stimulated GAPDH mal-

3.2 | Post-translational modifications driven
by metabolism

onylation mediates both the release of the cytokine coding mRNA,
thereby allowing translation, and simultaneously favors enhanced
glycolysis to support subsequent steps in activation including the
production of IL-1β.60

The realization that itaconate can alkylate cysteines and thereby alter
protein function41 is a recent discovery highlighting the ability of metabolites to post-translationally modify proteins, which is an area of

3.3 | NAD+: Maintaining glycolysis

growing importance. This encompasses the critical role of regulated
histone methylation and acetylation in the epigenetic control of gene

Because of the importance of glycolysis in inflammatory activation,

expression (discussed for macrophage activation in50,51). Increases in

and the central role of GAPDH in this pathway, there has been consid-

the flux of glucose carbon into the TCA cycle early after inflammatory

erable interest in further understanding the biology of this enzyme in

activation result in increased levels of acetyl-CoA that are used for

the context of immune cell activation. NAD+ is an essential cofactor

histone acetylation (Figure 1), to promote gene expression of pro-in-

for GAPDH and other enzymes involved in anabolic pathways, and

flammatory cytokines. This is promoted by TLR-driven increases in the

in respiring cells is usually in sufficient supply to fulfill this role, since

activity of ATP citrate lyase (Acly)52,53 (Figure 1). Interestingly, the pro-

redox balance is maintained by, amongst other things, the mitochon-

cess becomes attenuated over prolonged stimulation, due to a reduc-

drial redox shuttles (the malate aspartate shuttle and the glycerol

tion of the entry of glucose carbon into the TCA cycle due its diversion,

phosphate shuttle), which exchange NADH and NAD+ equivalents

through the conversion of DHAP into G3P by glycerol-3-phosphate

across the mitochondrial membrane.9 To some extent, reductions in

dehydrogenase (GPD2), into the glycerol phosphate shuttle, a path-

the TCA cycle and respiration in inflammatory macrophages and asso-

way that feeds glycerol synthesis53 (Figure 1). Serine biosynthesis is

ciated changes in redox balance are compensated in so far as GAPDH

also increased as a result of inflammatory activation and is critical for

activity is concerned by the conversion of pyruvate to lactate, which

IL-1β production because the pathway intersects with one-carbon me-

is linked to the oxidation of NADH (Figure 1). Nevertheless, it was rec-

tabolism. One-carbon metabolism is also increased in LPS-activated

ognized for some time that NAD+ levels decline during inflammatory

cells, to produce S-adenosyl methionine, which is needed as a donor

activation. Recent reports showed that there is a significant contribu-

for histone tri-methylation at lysine 36,

54

an activating mark (Figure 1).

tion of de novo NAD+ synthesis from tryptophan via the kynurenine

Synthesized serine is also used for glycine and thereby glutathione

pathway to the NAD+ pool in resting macrophages.61 This plays an im-

production, which is essential for the ability of activated cells to make

portant role as a substrate for the activity of sirtuin 3 (SIRT 3), which

IL-1β55 (Figure 1). The role of metabolic reprogramming to accentuate

promotes respiration by deacetylating critical lysines in Complex I of

changes in histone acetylation and methylation is also critical for the

the ETC. Following activation with LPS, tryptophan catabolism is in-

establishment of trained immunity. Here, activation by, for example,

creased in human monocyte-derived macrophages, with associated

the fungal carbohydrate danger signal β-glucan confers the ability of

increases in the levels of intermediates in the kynurenine pathway,

the innate immune system, and in particular monocyte-derived mac-

but at the same time, expression of quinolate phosphoribosyltrans-

rophages, to subsequently respond in an enhanced way to the same

ferase, the critical enzyme involved in de novo NAD+ synthesis, is

or distinct inflammatory signals, thereby conferring on the innate im-

downregulated. This contributes to decreased OXPHOS due to in-

mune system a degree of memory and the potential to clear infection

creased Complex I acetylation, and the accumulation of succinate,

more quickly after a priming event. The nature of the priming signal

which is linked to inflammation (as discussed above). In these cells,

has been shown to be an mTORC1-and HIF-1α-mediated increase in

approaches for increasing NAD+ were sufficient to restore respiration

glycolysis and one-carbon metabolism leading to epigenetic changes

and suppress the inflammatory function of the LPS-stimulated cells.61

at target loci, that include changes in histone acetylation and meth-

In mouse macrophages27 and in human monocyte-derived mac-

ylation that maintain genes in open, more transcriptionally permissive,

rophages,61 inflammatory activation leads to significant consumption

chromatin.

56-58

of NAD+ by poly ADP-ribose polymerases (PARPs). In mouse inflam-

Malonyl-CoA is an intermediate in FAS, which has recently been

matory macrophages, PARPs are activated as part of the response

shown to play an additional role in the post-translational malonyla-

initiated by oxidative DNA damage occurring as a result of increased

tion of K213 in the active site of GAPDH (Figure 1). This is important

ROS production at Complex III,29 reiterating the important role of

because GAPDH is an RNA-binding protein, within the active site

ROS in macrophage metabolic adaptations, 28,41,62 as well as to anti-

of which mRNAs bind via their 3′UTRs. This both prevents mRNA

microbial functions.63 As part of the response to reduced NAD+ levels

translation and limits GAPDH activity. In T cells, this moonlighting

and the loss of the redox balancing power of the TCA cycle, inflam-

activity of GAPDH activity was established to be a critical factor

matory mouse macrophages upregulate expression of nicotinamide

60
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phsophoribosyltransferase (NAMPT) to salvage NAD+ from nicotina-

delineate alternatively activated macrophage function. For inflam-

mide, which is produced when NAD+ is consumed by PARPs. The im-

matory macrophages, the production of cytokines such as TNF and

portance of this pathway in inflammatory macrophages is illustrated

IL-1β are clearly linked to important functions in health and disease

by the fact that FK866, an inhibitor of NAMPT, results in reductions in

in humans that are recapitulated in mice. However, for alternatively

NAD+, glycolysis, and inflammatory activation, which can be reversed

activated macrophages, specific links between gene expression and

by the addition of nicotinamide mononucleotide, the NAD+ salvage

function are less clear. Exceptions to this include resistin-like mole-

pathway intermediate downstream of NAMPT.29

cule-alpha (Retlna/RELMα), which is implicated in wound healing48

We would argue that the ability of FK866 to regulate inflamma-

and metabolic homeostasis,69 chitinase-like 3 (Chil3/YM-1), which

tory activation reflects the inhibitory effects of NAD+ depletion

regulates neutrophil infiltration of damaged tissue70 and tissue repair71

on GAPDH. Direct targeting of GAPDH by koningic acid (heptelidic

and arginase 1 (ARG1), which can effectively deplete environmental

acid), which covalently modifies the active site cysteine, results

arginine, thereby limiting the access of other cells to this important

in similar effects on activation as those observed using FK866. 29

amino acid and in so doing exert a level of control of activation in

Moreover, there is a recent realization that dimethylfumarte, a drug

these cells.5,72

used extensively for the treatment of psoriasis, a disease caused by
Th17 cells, which are highly glycolytic, functions by succinating the
GAPDH active site cysteine and thereby inhibiting enzymatic activ-

4.1 | Integration of various metabolic pathways

ity, with suppressive effects on the inflammatory capacity of macrophages and Th17 cells.64 The ability of dimethylfumarate, which

Whereas flux through the TCA cycle and OXPHOS are significantly

is more cell permeable and electrophilic derivative of the TCA cycle

diminished as a result of inflammatory activation, the opposite is true

intermediate fumarate, to inhibit GAPDH may indicate inherent reg-

during alternative activation. 27 This reflects increased usage of three

ulatory properties of bona fide fumarate on glycolysis.

major fuels for the TCA cycle, glucose, glutamine, and fatty acids27,73
(Figure 2), and inhibition of pathways that use these fuels have been

4 | M AC RO PH AG E S : A LTE R N ATI V E
AC TI VATI O N

shown to affect alternative activation. These three fuels contribute
together to a metabolic pathway that is significantly upregulated
as a result of alternative activation, the hexosamine biosynthesis
pathway27 (Figure 2). This pathway emerges from fructose-6-phos-

A particularly interesting aspect of macrophage biology is the abil-

phate and integrates metabolic signals from nucleotide synthesis

ity of these cells to assume different functions in response to the

(UDP), glycolysis (Glc), glutamine metabolism (N) and acetyl-CoA

receipt of distinct signals. The cells express many different types of

(Ac), which can be derived from, for example, FAO or glucose oxida-

receptors that allow them to respond to a range of signals emanat-

tion (Figure 2). Grossly, hexosamine biosynthesis appears to be of

ing from external as well as cell-internal environments, and the tran-

particular importance due to its ability to provide UDP-GlcNAc for

scriptional response initiated by these different receptor types can

N-glycosylation, since tunicamycin, an inhibitor of this process can

include overlapping or largely distinct gene sets.65 Therefore, the

block aspects of IL-4 driven activation. 27 However, it is possible that

potential for functional diversity within the macrophage response

increased emphasis on hexosamine biosynthesis reflects additional

is large, and the issue of whether or not metabolism is fine-tuned

aspects of the biology of alternatively activated macrophages that

and distinct to support each activation state is largely unexplored

remain to be determined. Increased use of glucose following IL-4

with most work having focused on inflammatory macrophages, for

stimulation is important for alternative activation, 27,73,74 since both

example, those stimulated by TLR agonists.

2-DG, which blocks very early steps in glycolysis, and UK5099, a se-

An exception to the focus on inflammatory macrophages has been

lective inhibitor of the mitochondrial pyruvate channel, lead to di-

the interest in “alternatively activated” macrophages. This in itself is

minished expression of alternative activation marks.74,75 Alternative

a complex area since what constitutes an alternatively activated

macrophage activation in vitro, and during helminth infection, is de-

However, we have

pendent on mTOR, with evidence for roles for both mTORC173 and

focused on IL-4 (which shares a signaling receptor with IL-13)-driven

mTORC2.74,76 We found that mTORC2 is responsible for phospho-

activation, since this was how alternatively activated macrophages

inositide 3-kinase/Akt-dependent induction of glycolysis in alterna-

were first described,67 and moreover is consistent with the ongoing

tively activated macrophages, a function that it also serves in other

interest in the laboratory on the mechanism of action of IL-4 during

cells such as brown adipocytes77 and in glioblastoma cells.78 In this

helminth infections, where it is a defining cytokine produced by Th2

case, the upstream signal for mTORC2 activation is CSF-1, an impor-

cells, innate lymphoid cells 2 (ILC2s), eosinophils and other cells as-

tant macrophage growth and survival factor, and interferon regu-

sociated with type 2 immunity.68 There is considerable interest in

latory factor-4 (IRF4)-dependent changes in glucose metabolism

the function of alternatively activated macrophages, as they are im-

downstream of this pathway synergize with IL-4 induced signaling

plicated in important processes, such as immunity against helminths,

through STAT6 to support alternative activation.74

macrophage has been the subject of discussion.

66

5

wound healing, and adipose tissue homeostasis. However, it is also

An important requirement for glucose carbon that has entered

true that there is a less clear view of the effector mechanisms that

the TCA cycle is for the ACLY-dependent synthesis of acetyl-CoA as a
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F I G U R E 2 Alternatively activated macrophage metabolism. Alternatively activated macrophages use fatty acids, glutamine and glucose
to fuel the TCA cycle, and respiration is generally increased in these cells. Exogenous fatty acids and triacylglycerols are taken up by CD36,
and lysosomal lipolysis is used to generate fatty acids for fatty acid oxidation (FAO). Activated fatty acids enter the mitochondria, mediated
by Cpt1a, to engage in fatty acid oxidation, which generates acetyl-CoA, to contribute to the TCA cycle. Glucose carbon is also critical for
citrate synthesis. Unlike in inflammatory macrophages, Idh is expressed in alternatively activated macrophages, and in addition to being
used for the production of acetyl-CoA, which is used for histone acetylation, citrate is converted to α-KG, which is also generated from
glutamine by glutaminolysis. α-KG inhibits DNA methylases, and therefore the process of methylation, and in this way facilitates increased
expression of genes and downstream processes associated with alternative activation. α-KG cycles through the TCA cycle by conversion
into succinate, fumarate, malate, aspartate, and eventually back to citrate. These steps of the TCA cycle, as well as FAO, generate NADH and
FADH < sub>2</sub> (not shown) which can donate electrons to Complex I and II of the electron transport chain (ETC), while complex I, III
and IV pump protons into the intermembrane space, to generate mitochondrial membrane potential (ΔΨ), which provides the motive force
for ATP generation by complex V. The cells integrate fructose 6-phosphate (Glc), glutamine (N) and acetyl-CoA (Ac) for emphasized synthesis
of UDP-GlcNAc, a sugar donor for glycosylation (green)
donor for the activating acetylation of histones associated with genes

activation. In the setting of alternative activation, glutaminolysis is

that are targets of IL-4 signaling.73 Glutamine also plays an import-

also linked strongly to increased FAO and the development of spare

ant role in the epigenetic regulation of IL-4 induced gene expression

respiratory capacity that are hallmarks of alternatively activated mac-

through the production of αKG, by glutaminolysis, which acts to pro-

rophages. An intriguing development here is the finding that the nu-

mote the jumonji domain containing 3 (Jmjd3)-dependent demethyl-

clear receptor peroxisome proliferator-activated receptor-γ (PPARγ),

ation of the repressive H3K27me3 mark at IL-4-responsive loci, and

which is most usually thought of as regulating the expression of genes

thereby promote expression of genes associated with alternative ac-

that control fatty acid metabolism including FAO,80,81 has recently

79

tivation

(Figure 2). An interesting subtlety here is that the ratio of

been shown to be critical for glutaminolysis in IL-4-stimulated mac-

αKG to succinate is telling, with a high ratio being important for alter-

rophages.82 In the absence of PPARγ, macrophages fail to become

native activation, and a low ratio predisposing toward inflammatory

alternatively activated and begin to make itaconate and take on other
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features of inflammatory macrophages. Indeed, early work showed

etomoxir-treated macrophages, since they continue to be able to

that PPARγ can attenuate expression of macrophage inflammatory

express a range of genes that are considered markers of alternative

programmes.83-85 Functionally, IL-4 stimulates PPARγ expression

activation in response to IL-4.92 Similarly, LysM-Cre x Cpt2 f/f macro-

via STAT6, and PPARγ promotes glutaminolysis, and the increased

phages managed to alternatively activate.93-95 Moreover, despite the

OXPHOS that is a mark of alternative activation. PPARγ has been

fact that their ability to synthesize long-chain acyl-carnitines, and ox-

86-88

idize exogenous palmitate, is significantly reduced, Cpt1a-deficient

and it is now apparent that deletion of PPARγ and removal of glu-

macrophages continue to be susceptible to the inhibitory effects of

tamine effectively phenocopy each other in terms of their effect

etomoxir, at the concentrations used in the work described above, on

on IL-4 driven activation.82 Consistent with the observed function

the expression of genes associated with IL-4-driven alternative acti-

known for some time to be important for alternative activation,

of PPARγ, overexpression of PPARγ coactivator 1β (PGC1β), a tran-

vation, and on oxygen consumption rate and spare respiratory capac-

scriptional coactivator that promotes mitochondrial biogenesis and

ity.93-96 In these studies, the specificity of etomoxir as a Cpt1 inhibitor

the expression of OXPHOS related genes by interacting with PPARγ

was shown to be dose-dependent and apparent in cells treated with

downstream of AMPK activation, is able to suppress inflammatory

3 µmol/L of the drug, and off-target effects, most prominently the

activation and promote the expression of some marks of alternative

dysregulation of the free CoA pool, were observed at concentrations

activation, such as Arginase 1.89 Broadly consistent with this, PGC1β-

of the drug that had been used to demonstrate an effect on alter-

deficient macrophages display increased inflammation.89,90

native activation (>100 µmol/L).96 Here, a metabolomics approach
identified increased levels of pantothenate, the precursor in CoA

4.2 | The etomoxir controversy—a role for FAO?

synthesis, alongside reduced levels of CoA itself, as features of alternatively activated macrophages treated with high doses of etomoxir,
vs. the lower dose which was shown to be capable of inhibiting FAO.

Work by Chawla was the first to show that etomoxir, a drug that

The addition of exogeneous CoA was able to recover alternative ac-

inhibits carnitine palmitoyl transferase 1 (CPT1), was able to block

tivation in the presence of high dose etomoxir, suggesting that CoA

aspects of alternative activation.89 Cpt1 facilitates long-chain fatty

deficiency is the critical high dose etomoxir induced perturbation

acid transport through the outer mitochondrial membrane by the

that results in the suppression of alternative activation. Moreover,

production of acyl-carnitines which are then transported through

exogenous CoA was able to boost IL-4-driven alternate activation in

the carnitine-acylcarnitine transporter, SLC25A20. Transfer of fatty

the absence of etomoxir. The hypothesized mechanism of action of

acids across the inner membrane into the matrix is then mediated

etomoxir in the inhibition of alternative activation is that it depletes

by Cpt2 through a process that is coupled to the removal of carni-

free CoA through the formation of etomoxiryl-CoA. CoA is critically

tine.91 Within the matrix, fatty acids can be used to fuel FAO. This

required for a range of important cellular processes including, but

work therefore linked increased mitochondrial activity and FAO spe-

not limited to FAS, protein acetylation, the oxidation of pyruvate, and

cifically in the IL-4 driven activation process.89 Expanding on this

for FAO itself. Moreover, apart from acetyl-CoA, FAO also provides

work, we also observed increased respiration in IL-4-activated mac-

macrophages with NADH and FADH2, which can be utilized to fuel

rophages, and etomoxir-sensitive expression of alternative activa-

the ETC and generate ATP, but at this time which of these is affected

12

In these studies, the data indicated that FAO is fueled

by etomoxir to inhibit alternative activation is unclear. It should be

by a process that involves lysosomal lipolysis of triacylglycerides

tion marks.

noted that even at high concentrations etomoxir does not affect the

acquired via CD36; inhibition of this pathway, by varied loss of func-

expression of genes linked to IL-4-driven activation in human macro-

tion approaches to diminish lysosomal acid lipase, Cpt1a or CD36

phages97, although here it is important to bear in mind that IL-4 tar-

activity, resulted in diminished expression of IL-4 induced genes. As

get genes in mouse and human macrophages overlap to only a small

a component of these studies, increased mitochondrial respiration,

degree.30 As of now, considerable confusion exists around this topic,

and enhanced spare respiratory capacity, marks of alternative ac-

and a role for FAO and the Cpt1a/Cpt2 system in alternative macro-

tivation in bone marrow-derived macrophages stimulated with IL-4

phage activation remains to be resolved.

in vitro, were shown to also be characteristics of peritoneal mac-

While Cpt1a/Cpt2 per se are not an absolute requirement for

rophages in mice mounting a strong type 2 response to infection

alternative activation, it remains clear that increased FAO is a mark

with the parasitic helminth Heligmosomoides polygyrus. Moreover,

of IL-4 driven activation,12,73,74,89,93 and it is of interest that this

these metabolic parameters, as well as protective immunity to the

pathway has been implicated as being important in situations where

parasite, were found to be significantly diminished by intraperitoneal

macrophages are overloaded with fats, for example as in atheroscle-

injection of the lipase inhibitor tetrahydrolipistatin.12

rosis, where the absence of CPT1a leads to more severe disease,95

Taken together, these data support the view that FAO is integral

and in efferocytosis, a physiological function of alternatively acti-

to alternative activation. Nevertheless, precisely how FAO would

vated macrophages in which these cells are required to handle the

support the expression of IL-4-induced genes remains unresolved.

lipid load delivered by phagocytosis.98 Moreover, Cpt1a, and indeed

Moreover, a role for FAO in alternative activation has been ques-

OXPHOS itself, have inherently anti-inflammatory effects, in sup-

tioned in light of results from the use of Cpt1a-deficient macrophages

pressing the potential of macrophages to make inflammatory cyto-

from LysM-Cre x Cpt1af/f mice, which were found to not phenocopy

kines,99 which is a property related to alternative activation. Thus,
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the elucidation of the regulation of FAO, and of its biological roles in
macrophages, remains of interest.

63

to fuel the ETC. We found that the inflammatory lipid mediator
PGE2 is able to dissipate Δψ due to its ability to regulate expres-

It seems feasible that in the absence of FAO, IL-4-activated

sion of genes encoding components of the malate aspartate shut-

macrophages could increase usage of alternative fuels to support

tle.104 Mitochondrial shuttles are active in cells that are respiring

alternative activation. Detailed analyses of glucose and glutamine

strongly, such as alternatively activated macrophages, and facilitate

metabolism in Cpt1a-/- macrophages are lacking, but would be infor-

redox balance by allowing the regeneration of NADH to fuel the ETC

mative in terms of understanding how differential fuel usage to sup-

through a process that also provides NAD+ to support glycolytic

port the TCA cycle might be important in these cells. The potential

flux. In this way, alternative activation although dependent on glu-

for the adaptive use of different fuels to maintain OXPHOS as being

cose and respiration, does not require the de novo NAD+ synthesis

inherent to alternative activation would be compatible with the find-

pathway which is essential for inflammatory macrophage activation,

ing that OXPHOS is critical for this process.30,75,89,100,101 However, a

as discussed above. 29 In IL-4-activated macrophages reduced Δψm

counterargument to this is provided by the finding that alternative

due to PGE2 co-stimulation results in a loss of spare respiratory ca-

activation has been reported to occur in the presence of rotenone,

pacity and a reduction in the expression of some alternative activa-

92

which blocks OXPHOS by inhibiting ETC complex I.

Nevertheless,

tion markers, such as Retnla. This effect was found to be due to the

C-tracing studies in inflammatory mac-

ability of Δψ to regulate the transcriptional activity of ETV1. The

rophages, a lack of measurable OXPHOS does not equate to a com-

data identified ETV1 as a transcription factor that can modulate al-

plete lack of flux into the TCA cycle, 27 and a deeper understanding

ternative activation in response to changes in mitochondrial biology,

of how mitochondrial metabolism is regulated during alternative ac-

a pathway that is currently under further investigation.

as we have learned from

13

tivation is likely to be important.

4.3 | An important role for
mitochondrial metabolism

5 | FU T U R E PROS PEC T S
There have been significant recent advances in our understanding
of the nature and significance of the metabolic changes that occur

Support for an important role for mitochondria in IL-4 mediated

as mononuclear phagocytes, and other immune cells, become ac-

macrophage activation emerged unexpectedly from recent studies

tivated. It is likely that lessons being learned about links between

on polyamine synthesis. The polyamine spermidine, derived from

metabolism and immune cell function and fate will have broader sig-

arginine, serves as a substrate for hypusination of eukaryotic initia-

nificance in terms of understanding how cell biology in general is

tion factor 5 (eIF5A). Targeted inhibition of this process was found to

tuned by metabolism. However, in the study of mononuclear phago-

have profound effects on mitochondrial biology, resulting in reduced

cytes, there are several distinct challenges for the near future.

flux through the TCA cycle, diminished expression of ETC compo-

Most of the studies discussed in this review have been per-

nents, and reduced OXPHOS. In IL-4 stimulated macrophages,

formed in vitro on mouse bone marrow-derived macrophages or

targeted inhibition of hypusination, or of ETC chain components,

DCs, or human monocyte-derived macrophages. These cells provide

resulted in reduced expression of alternative activation marks such

tractable and important model systems, and in the case of human

as CD206, CD301, RELMα and ARG1, both in vitro and in vivo.100 In

monocyte-derived macrophages are likely to strongly reflect the

contrast, inhibition of hypusination had no effect on inflammatory

types of cells that are engaged in, for example, acute inflammatory

macrophage activation, a result that is consistent with the view that

conditions. However, these cells represent the tip of the iceberg of

mitochondrial biology is repurposed in inflammatory cells to support

the broad population of distinct types of mononuclear phagocytes

inflammatory mediator production rather than respiration,31 while

which exist as embedded residents of non-immune as well as immune

the latter is essential for alternative activation.

tissues (Figure 3). The biology of these tissue-resident (including

In work to understand the role of mitochondrial biology in alter-

tumor-resident) cells reflects their exposure to the local metabolic

native activation, we became interested in the possibility that mito-

environments and signals, which are likely to have an impact on acti-

chondrial Δψ could be important, since in recent work Δψ was shown

vation outcome,105,106 and this complexity is not captured in studies

to be critical for the production of mitochondrial ROS and cellular

of bone marrow or monocyte-derived cells. Some progress has been

proliferation, whereas in comparison the TCA cycle was critical for

made on studying immunometabolism in accessible tissue macro-

102

Moreover, changes in Δψ have been linked

phage populations such as, for example, peritoneal macrophages and

to different cell fates, with, for example, lower Δψ being a mark of

histone acetylation.

alveolar macrophages, but in general our view of tissue-resident cells

stemness and longevity in CD8+ T cells.103 As described above, po-

and how they respond metabolically to activation in vivo is less than

tential across the inner mitochondrial membrane is established as

optimal at this time107 (Figure 3). It is also true that most work on the

the ETC exports protons from the mitochondrial matrix into the in-

metabolism of DCs and macrophages has involved the use of defined

termembrane space and provides the motive force for ATP synthesis

stimuli such as LPS or IL-4, whereas in vivo we should expect com-

via complex V. The magnitude of Δψ is an indirect measure of TCA

plexity to be provided by the way that cells integrate multiple signals

cycle activity and the associated availability of NADH and FADH2

to enact a spectrum of activation states.65 Increased emphasis on
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F I G U R E 3 Bone marrow and monocyte-derived macrophages are the tip of mononuclear phagocyte iceberg. Most work to date has been
performed using mouse bone marrow-derived macrophages or human monocyte-derived macrophages. These provide important, tractable
primary cell populations that can be considered to be representative of macrophages that derive from monocytes in acute inflammatory
settings. However, there is a broad range of tissue-resident macrophages that remain relatively uncharacterized in terms of their baseline
and adaptive metabolic states. These are represented within the body of the iceberg beneath the surface. Future work will need to explore
metabolism in these cells during health and disease, and to confirm the relatedness of findings from mice and humans

studying immune cell metabolism in vivo, or in more sophisticated
107,108

culture systems such as those provided by organoids,
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example, that human monocyte derived inflammatory macrophage
produce TNF, IL-1β and IL-6, and exhibit broadly similar metabolic
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OXPHOS, the production of itaconate, increased oxidative stress,
and the depletion of intracellular NADPH and NAD+ after LPS stimulation.30,41,114 However, human monocyte-derived macrophages
do not express NOS2 or make NO after LPS stimulation,115-119 and
therefore will not experience the pseudo-hypoxic conditions that
inflammatory mouse macrophages are subjected to. Moreover, the
subtleties of NAD+ synthesis may also differ between inflammatory
macrophages from the two species. 29,61 Nevertheless, the exciting,
overarching message is that metabolic tuning is critical for immune
cell activation and that targeted interruption of implicated pathways can alter outcome. This has opened the door for the development of therapeutic approaches to manipulate immune cell-intrinsic
metabolic pathways in the context of disease treatment.120
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