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Immunometabolism is a relatively new field of research that aims at understanding interconnections between the immune
system and cellular metabolism. This is now well-documented for innate immune cells of the myeloid lineage such as
macrophages and myeloid dendritic cells (DCs) when they engage their differentiation or activation programs. Several
studies have shown that stimulation of DCs or macrophages by the binding of pathogen-associated molecular patterns
(PAMPSs) to pattern recognition receptors (PRRs) leads to increased glycolytic activity and rewiring of central carbon
metabolism. These metabolic modulations are essential to support and settle immunological functions by providing energy
and immunoregulatory metabolites. As the understanding of molecular mechanisms progressed, significant differences
between cell types and species have also been discovered. Pathways leading to the regulation of central carbon
metabolism in macrophages and DCs by PRR signaling and consequences on cellular functions are reviewed here.
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| 1. Mechanisms Controlling Glycolytic Reprogramming in Myeloid Cells

The molecular mechanisms controlling glycolytic reprogramming upon TLR stimulation have been partially uncovered and
differ according to cell types. In murine BMDCs stimulated through TLR4 by LPS, the early increase in glycolysis is
controlled by activation of TBK1, IKKe and AKT kinases, favoring mitochondrial translocation of HK2W (Eigure 1).
Relocalization of HK2 to the mitochondria, occurring within the first hour of LPS stimulation, enhances HK activity, thus
participating in the early glycolytic burst, fueling the TCA cycle and fatty acids (FA) synthesis. Glycogen metabolism
supports early glycolytic reprogramming required for DC immune responses!@E. The modulation of pyruvate kinase M2
(PKM2) activity, another key enzyme of glycolysis, is required to induce inflammatory responses in macrophages.
Deacetylation of PKM2 by class Il histone deacetylases enhances its activity and thus promotes LPS-inducible interleukin
(IL)-1B production in human and mouse macrophages!4. Upon TLR4 stimulation, the expression of inducible nitric oxide
synthase (iNOS) is also upregulated in mouse macrophages and DCs. This enzyme catalyzes the production of nitrogen
oxide (NO) from L-arginine. NO, that diffuses in the microenvironment, then interferes with TCA cycle functioning and
inhibits mitochondrial electron transport chain complexes, thus reducing O, consumption and ATP production by
OXPHOSE!, The late increase in glycolytic metabolism observed in these cells may be a survival mechanism to maintain
ATP production despite OXPHOS inhibition€l. Importantly, human macrophages, which do not produce significant NO,
present unaltered mitochondrial respiration upon LPS stimulation[ZI&],
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Figure 1. TLR4 signaling modulates the central carbon metabolism of macrophages and myeloid dendritic cells. TLR4
stimulation results in the activation of NF-kB, JNK, p38-MAPK, inducing the secretion of pro-inflammatory cytokines, and
of TBK1/IKKe inducing IRF3-dependent type | interferon and AKT phosphorylation, favoring Hexokinase-2 (HK2) binding
to VDAC. Hexokinase (HK) activity is the rate-limiting enzyme controlling glucose entry into glycolysis. Pyruvate is
converted to acetyl-CoA into the mitochondria, fueling the TCA cycle. LPS stimulation of murine bone-marrow-derived
DCs and macrophages results in a broken TCA cycle (red crosses), where succinate accumulates, inhibiting prolyl-
hydroxylase domain enzymes (PHDs) thus favoring HIF-1a accumulation, and citrate is diverted from the TCA cycle to
fuel fatty acid synthesis. HIF-1a induces the transcription of genes such as glycolytic enzymes, inducible nitric oxide
synthase (iNOS) and pro-IL-13. In human monocyte-derived DCs, p38-MAPK activation results in HIF-1a accumulation,
enhancing the expression of metabolic enzymes such as HK2. Under aerobic conditions, electron (e-) transport through
the respiratory chain (Complex | to V) generates ATP by oxidative phosphorylation (OXPHOS). In murine DCs, OXPHOS
is inhibited by NO production upon LPS stimulation.

Hypoxia-inducible factor 1-alpha (HIF-1a) is a master transcriptional regulator of glycolytic enzymes, including HK and
PKM2. Under normoxia, HIF-1a degradation is induced by prolyl-hydroxylase domain enzymes (PHDs) that hydroxylate
proline and asparagine residues. The interaction of the von Hippel-Lindau (VHL) factor with hydroxylated residues of HIF-
1a recruits another component of an E3 ubiquitin—ligase that targets this factor to the proteasome for degradation®. PHD
requires O, and a-ketoglutarate (a-KG) to hydroxylate HIF-1a and generates CO, and succinate as byproducts of this
reaction. Hence, PHD activity is controlled by intracellular concentrations of O, and o-KG as substrates but is also
regulated by succinate, which is acting as a competitive inhibitor of these enzymes. Hypoxia inhibits PHDs, resulting in
HIF-1a accumulation. Nevertheless, in normoxic conditions, alternative mechanisms also result in HIF-1a accumulation
upon LPS stimulation. PHD inhibition depends on reactive oxygen species (ROS) production and succinate accumulation,
thus increasing HIF-1a stability 23] |n murine macrophages and DCs stimulated by LPS, the signaling of mammalian
target of rapamycin complex 1 (mTORCL1), whose activation depends on available nutrients including glucose, is
sustained, and HIF-1a is upregulated, thus increasing glycolysis and triggering iNOS expression with consequences on
OXPHOS as aforementioned4I3116] \oon et al. show that Raptor/mTORC1 complex is involved in the regulation of
HK1 expression and glycolysis that regulates NLRP3 inflammasome activation8, This glucose-sensitive signal
transduction circuit coordinates DC metabolism and function to limit DC-stimulated T-cell responsesi€. In glucose-
deprived cells, this mMTORC1/HIF-1a/iNOS pathway is impaired, thus impacting both DC metabolism and immunological
functionsi4. In these cells, NF-kB- and ERK-dependent transcriptional events, which are induced upon TLR engagement,
are also required to trigger HIF-1a accumulation®819 mTORC2 also enhances glycolytic metabolism by activating AKT
and promoting MYC transcription activation?d. In addition, PKM2 can associate and regulate HIF-1la activity with
consequences on IL-1B induction in LPS-activated macrophages[2ll. We have shown that quite differently, the increased
expression of HIF-1a observed in human MoDCs stimulated by TLR4 depends on p38-MAPK activation22, HIF-1a then
increases HK2 levels in both human MoDCs and mouse BMDCs, resulting in higher HK activity and glycolytic flux22i, |n
human MoDCs, cytokine secretion triggered by TLR4 stimulation depends on this p38-MAPK/HIF-1a/HK2 pathway, while
other pathways are controlling the induction of maturation markers such as MHC-class Il, CD40, and CD86!22. Although
TLR1/2 or TLR2/6 stimulation also results in a glycolytic burst in human MoDCs, the molecular mechanisms involved are
not dependent on p38-MAPK activation of HIF-1al22. Beyond its impact on glycolysis, this upregulation of HK2 has
consequences on apoptosis and autophagy due to the nonenzymatic functions of this protein. Overexpression and
mitochondrial association of HK2 confer protection to apoptotic or necrotic stimuli in different cell types by several
mechanisms/23. Moreover, in response to glucose starvation, HK2 binds and inhibits mTORC1, thus facilitating
autophagy23l. Although established in non-immune cells, this mechanism could contribute to protecting DCs or
macrophages from cellular damage, providing energy by recycling intracellular components, but also contribute to
internalized pathogen processing, antigen presentation and immune activation.

| 2. TCA Rewiring

Metabolic reprogramming by TLR stimulation is not limited to enhanced glycolysis but also results in reconfiguration of the
TCA cycle, which contributes to macrophage and DC activation24. TLR4 activation results in the inhibition of pyruvate
dehydrogenase (PDH) in murine macrophages, thus limiting the metabolization of pyruvate into acetyl-CoA, which is
normally fueling the TCA cycle (Eigure 1)22. This restriction of pyruvate entry into the TCA is a late event occurring after
LPS + IFNy stimulation23. LPS stimulation of murine macrophages also leads to reduced expression of several enzymes
of the TCA cycle, therefore modifying the balance of flux for different metabolitesi22. For example, decreased expression
of iso-citrate dehydrogenase (IDH) results in citrate accumulation in M1 macrophagesid. When macrophages are
stimulated by LPS, IRG1 is upregulated, favoring the production of itaconate from citrate via aconitate. Itaconate, by
reducing the production of IL-1B, IL-12, IL-6 and ROS triggered by LPS stimulation, exhibits anti-inflammatory effects[28



(27, |t was recently shown that itaconate could induce electrophilic stress, promoting Nrf2-dependent transcription and
altering cellular response to TLR via the inhibition of IKB{/ATF3-mediated inflammation, reducing IL-6 and IL-12
secretion/28l, Membrane permeable derivatives of itaconate have revealed potent anti-inflammatory activities that could
limit excessive innate immunity induced by human pathogenic viruses, including SARS-CoV-2[2d. |taconate is also an
inhibitor of succinate dehydrogenase (SDH; complex-II of the electron transport chain). SDH inhibition by itaconate blocks
the TCA cycle resulting in succinate accumulation, thus linking citrate and succinate increase. As opposed to itaconate,
succinate is acting as a pro-inflammatory signal in murine macrophages. When the electron transfer chain is inhibited
downstream of complex-1l, succinate oxidation provides electrons to complex | (reverse electron transport). This
generates ROS leading to increased expression of pro-IL-1p and activation of the NLRP3 inflammasome for processing
pro-IL-1B into IL-1BBEY. Consequently, the inhibition of complex | by metformin prevents the production of ROS and IL-1f
secretion by LPS-stimulated cellsil. Moreover, succinate accumulation inhibits prolyl-hydroxylases (PHDs), thus
promoting HIF-1a accumulation and inducing the expression of glycolytic enzymes!® and inflammatory cytokines such as
IL-1BRY without affecting TNFa secretion BB Thys, jtaconate and succinate may have balanced effects on
inflammation depending on the kinetics of production and the half-life of these metabolites.

Because of this broken TCA cycle, replenishment of intermediary metabolites is necessary. In particular, a-KG and
succinate are generated from glutamine by glutamine dehydrogenase and the y-aminobutyric acid (GABA) shunt.
Succinate is also a secreted metabolite that is signaling in an autocrine and paracrine manner. Succinate is a chemotactic
factor enhancing the activation of DCs stimulated with TLR ligands2. In addition, engagement of its membrane receptor
SUCNR1 (also known as GPR91) triggers IL-1p production23]. In pathological conditions, such as rheumatoid arthritis and
obesity, cell signaling downstream of SUCNR1 was shown to promote inflammation in myeloid cells23lE4l However,
SUCNRI1 can also favor the M2 polarization of macrophages, thus limiting inflammation in obesity 231,

| 3. Lipid Metabolism

Citrate efflux from the mitochondria is the main source of carbon for FA synthesis and generates inflammatory free
radicals (Eigure 2). In murine M1 macrophages, reduced IDH expression inhibits the TCA cycle by preventing citrate
degradation. As a result, citrate efflux to the cytosol by the specific transporter SLC25A1 is increasedd. LPS stimulation
in macrophages and BMDCs has been shown to induce the expression of this transporter, further increasing citrate
efflux!d8 Cytosolic citrate is then processed into oxaloacetate and acetyl-CoA, which fuels Wakil's helix for FA
elongation. The conversion of oxaloacetate into malate and then pyruvate is producing NADPH, which can be used for the
production of NO by iNOS and O,” by NADPH oxidase BU18l |ndeed, it has been shown that ROS and NO production in
LPS-stimulated human macrophages depends on the expression of the citrate efflux transporter SLC25A118].

When induced by LPS, citrate efflux from the TCA cycle promotes FA elongation through both acetyl-CoA synthesis and
increased levels of NADPH that is an essential cofactor. Produced FA can activate NLRP3, thus promoting inflammation
activation. Indeed, fatty acid synthetase (FASN) contributes to NLRP3 activation in LPS-stimulated murine macrophages
via AKT activation 28, When FA synthesis is reduced, IL-1B production is decreased, and the inflammatory response is
reduced. In activated macrophages and DCs, FA synthesis is also required for ER/Golgi expansion that supports the
secretion of cytokinesBARBLUIA A5 a result, BMDC maturation triggered by LPS is impaired by FA synthesis inhibition or by
silencing of the mitochondrial citrate transporter SLC25A1. In the liver, immunogenic DCs display high content in
intracellular lipids(28l. The uptake and storage of FA in lipid droplets is increased when macrophages are activated by
TLR4 stimulation due to combined enhanced expression of acyl-CoA synthetase (ACSL1) and acyl-transferases such as
diacylglycerol acyltransferase-2 (DGAT2)B2 or glycerol-3-phosphate acyltransferase 3 (GPAT3)4Y. Finally, synthesis of
the specific FA arachidonic acid also supports the production of prostaglandins that are important regulators of
inflammationf44],

Oxidation of FA in mitochondria produces acetyl-CoA, generating NADH and FADH and fueling the TCA cycle. Upon
glucose starvation, FAO induction maintains ATP, NADH, and NADPH levels in monocytesZ. FAO is also controlled by
the energy sensor AMP-activated protein kinase (AMPK)43l, which is activated by low levels of ATP to block anabolic
pathways and increase catabolic pathways such as FAO. In M1 macrophages, FAO is low and further suppressed by
TLR4 stimulation. Quite similarly, AMPK is downregulated by TLR4 in MoDCs. As a result, FAO is decreased, whereas IL-
12 secretion and CD86 membrane expression are enhanced4l. This functional link between AMPK and FAO activity is
supported by observations showing that upon TLR4 stimulation, macrophages and DCs from AMPK-al knocked-out mice
produce higher levels of IL-6 and TNFa 23 In contrast, IL-4 stimulates STATS, thus activating AMPK, resulting in



increased FAO in M2 macrophages. Moreover, immunotolerance during the late steps of sepsis is associated with

increased levels of FAOXEl Altogether, this supports the notion that a low level of FAO contributes to inflammation in

macrophages and DCs.
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