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Abstract: Immunometabolism is a relatively new field of research that aims at understanding inter-
connections 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
(PAMPs) 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 immuno-
logical 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.

Keywords: innate immunity; toll-like receptor (TLR) signaling; cell metabolism; macrophage; den-
dritic cell; glycolysis; tricarboxylic acid (TCA) cycle; oxidative phosphorylation; lipid metabolism

1. Introduction

It is now widely accepted that the metabolic status and effector functions of im-
mune cells are intimately connected [1]. Indeed, immune cells must adjust their cellular
metabolism depending on their microenvironment and the stimulatory or inhibitory sig-
nals they receive through their multiple receptors. According to their differentiation or
activation program, immune cells may change their need for nutrients and the manner
they metabolize them. In addition, recent studies have revealed that certain metabolites
have potent immunomodulatory properties that were underestimated until recently. For
example, the end product of the metabolic breakdown of purine nucleotides, uric acid,
plays the role of alarmin by activating the inflammatory response, whereas kynurenine,
a metabolite of tryptophan degradation, is a potent immunosuppressive metabolite. The
word “immunometabolism” refers to these complex interactions between metabolites,
metabolic pathways and immunity, and covers an extremely dynamic field of research.
Among immune cells, macrophages and dendritic cells (DCs) play a pivotal role at the
interface between innate and adaptive immunity. Main functions include endocytosis and
phagocytosis of pathogens, secretion of antimicrobial, inflammatory and immunoregula-
tory factors, and presentation of antigens to lymphoid cells. Both macrophages and DCs are
from the myeloid lineage and express a large panel of pattern recognition receptors (PRRs)
such as toll-like receptors (TLRs) and RIG-like receptors (RLRs), allowing the detection
of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs). When PRRs are engaged by their cognate ligands, macrophages and
DCs are activated and undergo in-depth metabolic reprogramming. These modulations
are required for these cells to fulfill their immunological functions [2,3]. This review sum-
marizes recent findings on the regulation of central carbon metabolism in macrophages
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and DCs upon activation by PRRs and how this can lead to the production of specific
immunomodulatory metabolites by these cells.

2. Glycolysis in Cell Bioenergetics

Glucose catabolism is a major source of energy for the cell. Glycolysis is the metabolic
pathway converting glucose to pyruvate by ten enzymatic reactions (Figure 1), producing
2 moles of ATP together with 2 moles of NADH per mole of glucose. Pyruvate is then
converted either into lactate that is secreted or into oxaloacetate (OAA) or acetyl-CoA when
entering the mitochondrial matrix to feed the tricarboxylic acid (TCA) cycle (Figure 1).
When oxygen is available, glycolysis is connected to the mitochondrial respiratory chain
and enables oxidative phosphorylation (OXPHOS). Transport of electrons through the
proteins of the respiratory chain generates a gradient of proton necessary for ATP synthesis.
When glycolysis and OXPHOS are coupled, up to 36 moles of ATP per mole of glucose can
be produced. Under hypoxic conditions, OXPHOS reactions are impaired, and therefore,
glycolytic activity is increased to fulfill the needs in energy [4]. Because it is the fastest way
to produce ATP, glycolysis is also rapidly enhanced when the demand for ATP suddenly
increases, and mitochondrial activity is insufficient [5]. Finally, intermediate metabolites of
glycolysis are precursors for the biosynthesis of pentose phosphates, hexosamines, glyc-
erophospholipids and amino acids, so that glycolysis can fuel various anabolic pathways
whenever required [2] (Figure 1). Hexokinase (HK), phosphofructokinase (PFK) and pyru-
vate kinase (PK) are the three rate-limiting enzymes regulating the glycolytic flux (Figure 1).
HK controls the entry of glucose into the pathway by producing glucose-6-phosphate. De-
pending on cell type and tissue, this first step of glycolysis can be catalyzed by one of
the 4 isoenzymes produced by a set of paralogous genes named HK1, HK2, HK3, and
HK4 (or GCK for glucokinase). HK1 and HK3 are ubiquitously expressed, while HK4
expression is essentially restricted to the liver and pancreas. Interestingly, the high-affinity
HK2 enzyme is mainly expressed in tissues having specific needs in energy, including
tumor cells. Both HK1 and HK2 can bind to the voltage-dependent anion channel VDAC1
at mitochondria-endoplasmic reticulum junctions or mitochondria associated membranes
(MAMs). This localization is associated with a higher HK activity, likely due to a better
coupling to the production of ATP [6].
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Figure 1. Glucose catabolism and connected metabolic pathways. Glucose entering the cell is first processed by glycolysis 
through a series of enzymatic reactions involving 3 rate-limiting enzymes in orange (hexokinase—HK, phosphofructoki-
nase—PFK and pyruvate kinase—PK), generating pyruvate. Glycolysis fuels essential anabolic pathways for biosynthesis 
of nucleotides, hexosamines, glycero-phospholipids and amino-acids. After entry into the mitochondria, pyruvate is con-
verted into acetyl-CoA by the pyruvate dehydrogenase (PDH) or into oxaloacetate by the pyruvate carboxylase (PC), 
entering the tricarboxylic acid (TCA) cycle. PDH activity is regulated by its phosphorylation status controlled by a couple 
of kinase (PDK) and phosphatase (PDP). Reduced activities of iso-citrate dehydrogenase (IDH) and succinate dehydro-
genase (SDH) result in a broken TCA cycle. TCA replenishment can then be performed using glutamine (Gln) and aspar-
tate (Asp). Itaconate produced by IRG1 is an inhibitor of the SDH. Citrate egress from the TCA cycle fuels fatty acid 
synthesis, supporting triglycerides, phospholipids and prostaglandins biosynthesis. Fatty acids can also be oxidized in the 
mitochondria to generate energy. 

3. PRR Stimulation Triggers a Glycolytic Reprogramming of Immune Cells 
In both immune and non-immune cells, PRRs participate in immune surveillance by 

detecting PAMPs and DAMPs. TLRs form a family of transmembrane receptors, including 
10 members in humans that localize at the cell surface or in endocytic vesicles with their 
sensing domain exposed to extracellular PAMPs. Among TLRs, TLR4, which is mainly 
expressed on monocytes, DCs, and macrophages, is the sensor for lipopolysaccharide 
(LPS), the Gram-negative bacterial endotoxin, and DAMPs such as HMGB1. Upon stimu-
lation, TLRs recruit adapter molecules and initiate a cascade of signaling events, activating 
transcription factors such as NF-κB, AP-1, IRF3 and IRF7 that regulate the expression of 
many genes involved in innate immunity and metabolic reprogramming [2]. Metabolic 
regulations that were reported in macrophages and myeloid DCs upon TLR engagement 
are summarized in Table 1. In particular, HK2 is induced by TLR stimulation in innate 
immune cells such as human monocyte-derived DCs (MoDCs) [7]. The stimulation of 
TLRs in general and TLR4 in particular, results in increased glycolytic activity in DCs and 
macrophages (Table 1), a process essential to support their immunological functions 
[3,4,7–15]. Indeed, 2-deoxyglucose (2-DG), a potent inhibitor of HK, strongly hampers the 
entire activation process, reducing the secretion of cytokines, motility properties and the 

Figure 1. Glucose catabolism and connected metabolic pathways. Glucose entering the cell is first processed by glycolysis
through a series of enzymatic reactions involving 3 rate-limiting enzymes in orange (hexokinase—HK, phosphofructokinase—
PFK and pyruvate kinase—PK), generating pyruvate. Glycolysis fuels essential anabolic pathways for biosynthesis of
nucleotides, hexosamines, glycero-phospholipids and amino-acids. After entry into the mitochondria, pyruvate is converted
into acetyl-CoA by the pyruvate dehydrogenase (PDH) or into oxaloacetate by the pyruvate carboxylase (PC), entering the
tricarboxylic acid (TCA) cycle. PDH activity is regulated by its phosphorylation status controlled by a couple of kinase (PDK)
and phosphatase (PDP). Reduced activities of iso-citrate dehydrogenase (IDH) and succinate dehydrogenase (SDH) result
in a broken TCA cycle. TCA replenishment can then be performed using glutamine (Gln) and aspartate (Asp). Itaconate
produced by IRG1 is an inhibitor of the SDH. Citrate egress from the TCA cycle fuels fatty acid synthesis, supporting
triglycerides, phospholipids and prostaglandins biosynthesis. Fatty acids can also be oxidized in the mitochondria to
generate energy.

3. PRR Stimulation Triggers a Glycolytic Reprogramming of Immune Cells

In both immune and non-immune cells, PRRs participate in immune surveillance by
detecting PAMPs and DAMPs. TLRs form a family of transmembrane receptors, including
10 members in humans that localize at the cell surface or in endocytic vesicles with their
sensing domain exposed to extracellular PAMPs. Among TLRs, TLR4, which is mainly
expressed on monocytes, DCs, and macrophages, is the sensor for lipopolysaccharide (LPS),
the Gram-negative bacterial endotoxin, and DAMPs such as HMGB1. Upon stimulation,
TLRs recruit adapter molecules and initiate a cascade of signaling events, activating tran-
scription factors such as NF-κB, AP-1, IRF3 and IRF7 that regulate the expression of many
genes involved in innate immunity and metabolic reprogramming [2]. Metabolic regu-
lations that were reported in macrophages and myeloid DCs upon TLR engagement are
summarized in Table 1. In particular, HK2 is induced by TLR stimulation in innate immune
cells such as human monocyte-derived DCs (MoDCs) [7]. The stimulation of TLRs in gen-
eral and TLR4 in particular, results in increased glycolytic activity in DCs and macrophages
(Table 1), a process essential to support their immunological functions [3,4,7–15]. Indeed,
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2-deoxyglucose (2-DG), a potent inhibitor of HK, strongly hampers the entire activation
process, reducing the secretion of cytokines, motility properties and the expression of cos-
timulatory molecules that characterize mature DCs [7,9,10,12]. In murine macrophages and
DCs, TLR4 stimulation by LPS is also associated with the inhibition of OXPHOS activity
despite the presence of oxygen in the microenvironment [3,8–10,16]. This metabolic switch
from OXPHOS to glycolysis in the presence of oxygen—or aerobic glycolysis—is also a
frequent feature of tumor cells and is known as the Warburg effect. In human plasmacytoid
DCs (pDCs) from the lymphoid lineage, TLR7 and TLR9 activation also stimulate the gly-
colytic activity, supporting the production of type-I interferon (IFN) [17,18]. This metabolic
adaptation of macrophages, DCs and pDCs, is likely to support the synthesis of metabo-
lites that are essential to immune functions, to satisfy energy needs for cell activation,
and to allow immune cells to be functional even when localized in an oxygen-deprived
environment (Figure 1).

Table 1. In vitro studies describing metabolic consequences of toll-like receptors (TLR) stimulation in myeloid primary
macrophages or dendritic cells (DCs). MDMs, monocyte-derived macrophages; MoDCs, monocyte-derived DCs; BMDMs,
bone marrow-derived macrophages; BMDCs, bone marrow-derived DCs.

Host Cell Type Stimulation Metabolic
Consequences Molecular Mechanism Ref.

Human

MDMs TLR4

-Glycolysis induction
-Intracellular TG
accumulation
-FAO induction in M2

AKT-dependent
glycolysis induction

[19,20]

[21,22]

MDMs TLR2 -Glycolysis induction [23]

Bronchoalveolar
macrophages TLR4 -No metabolic modification [24]

MoDCs TLR4
-Glycolysis induction
-Glycogen mobilization to
support early DC maturation

TLR activation enhanced
HK2 expression through
a p38-MAPK–dependent
HIF-1α accumulation

[7,11]

[13,25]

MoDCs TLR1/2, TLR2/6 -Glycolysis induction [7]

MoDCs TLR7/8 -Increased OXPHOS

PINK1-dependent
increase of intracellular
branched-chain amino
acid levels and FAO

[25]

Tolerogenic
DCs

TLR4, TLR3 -Glycolysis induction
-Increased OXPHOS and FAO

p38MAPK, ERK1/2,
mTOR, STAT3 and
mTOR-dependent
glycolysis regulates
tolerogenic phenotype.

[26]

Shift in redox state [27]

CD1c+ DCs TLR7/8 -Glycolysis induction
-Reduced OXPHOS

stimulation of
BNIP3-dependent
mitophagy, which
regulates transcriptional
activity of AMPKα1.

[28]
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Table 1. Cont.

Host Cell Type Stimulation Metabolic
Consequences Molecular Mechanism Ref.

Mouse

BMDMs TLR4

-Glycolysis induction
-Decreased OCR
-Rewiring TCA cycle
-Decreased ratio of ATP/ADP
-Induction of lipid synthesis

ROS production and
succinate induced
HIF-1α, PKM2
cooperation to induce
glycolysis

[15,29–31]

NO production [20,32–34]

Itaconate production [35–38]

mTORC1/HK1 [39]

Induction of HK2,
PFKFB and MCT4 in an
NF-κB-dependent
manner.

[40]

Increased SLC37A2
protein expression [41]

Activation of ATP-citrate
lyase (ACLY) promotes
histone acetylation.

[42]

Transcriptional
regulation of lipid
synthesis and FAO
enzymes

[43]

Peritoneal
macrophages

TLR2, TLR3, TLR4,
TLR9

-Glycolysis induction
-Intracellular TG
accumulation

HIF-1α induction of
ubiquitous PFK2
isoenzyme in M1
macrophages

[44]

Enhanced HK2
expression [45]

Transcriptional
regulation of lipid
synthesis, storage and
lipolysis enzymes

[21,46]

BMDCs TLR2, TLR3, TLR8,
TLR9 -Induction of glycolysis [9,10]

BMDCs TLR4

-Induction of glycolysis.
-Decreased OCR
-Induction of lipid synthesis
-Glycogen mobilization

PI3K/Akt pathway; NO
production. [4,10,14,47]

TBK1/IKKε and Akt
activation promoting
HK2 association to
mitochondria.

[9]

HIF-1α accumulation [8,12]

Glucose signals via
mTORC1, HIF-1α and
iNOS induction

[16,48]

[13]

As opposed to TLRs, the RLR sensors RIG-I (retinoic acid-inducible gene I, also
known as DDX58) and MDA5 (melanoma differentiation-associated protein 5) mainly
detect viral intracellular nucleic acids and recruit a signaling adaptor called mitochondrial
antiviral-signaling (MAVS) upon activation. MAVS signalosome drives IRF3 and NF-
κB activation by TBK1 and IKKε, resulting in type I IFN and inflammatory cytokines
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production [49]. Influenza virus infection of bone-marrow-derived dendritic cells (BMDCs)
increases glycolytic activity similarly to TLR stimulation but also increases basal respiration
in contrast to TLR3, 4 and 8 stimulation [50]. The specific stimulation of RIG-I also results
in enhanced glycolytic activity in human MoDCs, allowing type-I IFN synthesis [51].
Reciprocally, several recent reports have established that glucose metabolism regulates cell
signaling downstream of RLRs [51,52]. Interestingly, the hexosamine biosynthetic pathway
producing UDP-GlcNAc promotes the O-GlcNAcylation of MAVS, thus increasing RIG-I
and MDA5 signaling [51]. Moreover, HK2 knockdown has been shown to promote the
antiviral response induced by RIG-I stimulation as HK2 interaction with MAVS restrains
RIG-I-induced IFN-β secretion [52,53]. Altogether, these observations clearly establish
functional links between the immune signaling pathways activated downstream of PRRs
and modulations of the glycolytic pathway.

4. Different Metabolic Reprogramming According to Cell Type, Species and Origin

As our knowledge improves, it unveils the diversity of metabolic programs running
in different cell types and situations. The immunometabolism of macrophages has been
extensively studied, revealing much diversity. Macrophages can be classified according
to their functional polarization ranging from pro-inflammatory M1 macrophages to anti-
inflammatory M2 macrophages, and this process of polarization has been associated with
metabolic reprogramming [44]. In general, M1 polarization of murine macrophages is asso-
ciated with a metabolism dependent on aerobic glycolysis, whereas in M2 macrophages, the
glycolytic activity remains unchanged, and metabolism mainly relies on fatty acid oxidation
(FAO) [2,54]. Glycogen metabolism is also crucial for several immune cell types, including
macrophages [55]. Induction of glycogen synthesis has been reported together with its
degradation in inflammatory macrophages [56]. Glucose-6-phosphate (G6P) derived from
glycogenolysis is primarily used to fuel glycolysis to produce ATP. Recent work has shown
that it also plays an important role in polarizing M1 macrophages by feeding the pentose
phosphate pathway (PPP) [56], increasing the amount of intracellular NADPH supporting
inflammatory macrophages survival. The glycogen metabolic intermediate UDP-glucose
(UDPG) also promotes STAT1 induction and phosphorylation via the purinergic receptor
P2Y14 in macrophages [55].

Macrophages exhibit different metabolic behaviors when activated by LPS whether
they were differentiated from human monocytes or mouse bone marrow (BMDMs) or were
isolated from the peritoneal cavity [20,57], highlighting differences related to both species
and origin of cells. In mice, BMDMs respond to LPS with a typical Warburg shift of their
metabolism, whereas the response of peritoneal macrophages is characterized by the induc-
tion of both glycolysis and mitochondrial respiration. Even the macrophages of the human
upper and lower respiratory tract are metabolically distinct. Upper tract macrophages
mainly rely on glycolysis, while bronchoalveolar macrophages are more dependent on
mitochondrial respiration [24]. Although less studied, this diversity in metabolic response
is also found in DCs. For example, human monocytes stimulated by TLR4 undergo little
modulation of glycolytic activity while DCs derived from human monocytes react by a
glycolytic burst [7,11]. Furthermore, tolerogenic DCs show a metabolic signature charac-
terized by high glycolytic capacity and high mitochondrial activity fueled by FAO [27].
Therefore, glycolytic reprogramming is highly dependent on myeloid cell type and the
subpopulation they belong to.

5. Mechanisms Controlling Glycolytic Reprogramming in Myeloid Cells

The molecular mechanisms controlling glycolytic reprogramming upon TLR stimula-
tion 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 activa-
tion of TBK1, IKKε and AKT kinases, favoring mitochondrial translocation of HK2 [9]
(Figure 2). Relocalization of HK2 to the mitochondria, occurring within the first hour of
LPS stimulation, enhances HK activity, thus participating in the early glycolytic burst,
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fueling the TCA cycle and fatty acids (FA) synthesis. Glycogen metabolism supports early
glycolytic reprogramming required for DC immune responses [13,14]. 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 II histone
deacetylases enhances its activity and thus promotes LPS-inducible interleukin (IL)-1β
production in human and mouse macrophages [15]. 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 O2 consumption
and ATP production by OXPHOS [32]. The late increase in glycolytic metabolism observed
in these cells may be a survival mechanism to maintain ATP production despite OXPHOS
inhibition [4]. Importantly, human macrophages, which do not produce significant NO,
present unaltered mitochondrial respiration upon LPS stimulation [58,59].
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succinate accumulates, inhibiting prolyl-hydroxylase domain enzymes (PHDs) thus favoring HIF-
1α accumulation, and citrate is diverted from the TCA cycle to fuel fatty acid synthesis. HIF-1α 
induces the transcription of genes such as glycolytic enzymes, inducible nitric oxide synthase 
(iNOS) and pro-IL-1β. In human monocyte-derived DCs, p38-MAPK activation results in HIF-1α 
accumulation, enhancing the expression of metabolic enzymes such as HK2. Under aerobic condi-
tions, electron (e-) transport through the respiratory chain (Complex I to V) generates ATP by oxi-
dative phosphorylation (OXPHOS). In murine DCs, OXPHOS is inhibited by NO production upon 
LPS stimulation. 
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Figure 2. TLR4 signaling modulates the central carbon metabolism of macrophages and myeloid dendritic cells. TLR4
stimulation results in the activation of NF-κB, JNK, p38-MAPK, inducing the secretion of pro-inflammatory cytokines, and of
TBK1/IKKε inducing IRF3-dependent type I 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-1α accumulation, and citrate is diverted from the TCA cycle to fuel fatty acid
synthesis. HIF-1α induces the transcription of genes such as glycolytic enzymes, inducible nitric oxide synthase (iNOS)
and pro-IL-1β. In human monocyte-derived DCs, p38-MAPK activation results in HIF-1α accumulation, enhancing the
expression of metabolic enzymes such as HK2. Under aerobic conditions, electron (e-) transport through the respiratory
chain (Complex I 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-1α) is a master transcriptional regulator of
glycolytic enzymes, including HK and PKM2 [60]. Under normoxia, HIF-1α 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 hydroxy-
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lated residues of HIF-1α recruits another component of an E3 ubiquitin–ligase that targets
this factor to the proteasome for degradation [29]. PHD requires O2 and α-ketoglutarate
(α-KG) to hydroxylate HIF-1α and generates CO2 and succinate as byproducts of this
reaction. Hence, PHD activity is controlled by intracellular concentrations of O2 and α-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-1α accumulation [61]. Neverthe-
less, in normoxic conditions, alternative mechanisms also result in HIF-1α accumulation
upon LPS stimulation. PHD inhibition depends on reactive oxygen species (ROS) pro-
duction and succinate accumulation, thus increasing HIF-1α stability [57,62]. In murine
macrophages and DCs stimulated by LPS, the signaling of mammalian target of rapamycin
complex 1 (mTORC1), whose activation depends on available nutrients including glucose,
is sustained, and HIF-1α is upregulated, thus increasing glycolysis and triggering iNOS
expression with consequences on OXPHOS as aforementioned [16,39,48]. Moon et al.
show that Raptor/mTORC1 complex is involved in the regulation of HK1 expression and
glycolysis that regulates NLRP3 inflammasome activation [39]. This glucose-sensitive
signal transduction circuit coordinates DC metabolism and function to limit DC-stimulated
T-cell responses [48]. In glucose-deprived cells, this mTORC1/HIF-1α/iNOS pathway
is impaired, thus impacting both DC metabolism and immunological functions [35]. In
these cells, NF-κB- and ERK-dependent transcriptional events, which are induced upon
TLR engagement, are also required to trigger HIF-1α accumulation [63,64]. mTORC2 also
enhances glycolytic metabolism by activating AKT and promoting MYC transcription
activation [65]. In addition, PKM2 can associate and regulate HIF-1α activity with con-
sequences on IL-1β induction in LPS-activated macrophages [30]. We have shown that
quite differently, the increased expression of HIF-1α observed in human MoDCs stimu-
lated by TLR4 depends on p38-MAPK activation [7]. HIF-1α then increases HK2 levels in
both human MoDCs and mouse BMDCs, resulting in higher HK activity and glycolytic
flux [7,9]. In human MoDCs, cytokine secretion triggered by TLR4 stimulation depends on
this p38-MAPK/HIF-1α/HK2 pathway, while other pathways are controlling the induction
of maturation markers such as MHC-class II, CD40, and CD86 [7]. 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-1α [7]. 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 mito-
chondrial association of HK2 confer protection to apoptotic or necrotic stimuli in different
cell types by several mechanisms [66]. Moreover, in response to glucose starvation, HK2
binds and inhibits mTORC1, thus facilitating autophagy [66]. 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.

6. 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 activation [67]. TLR4 activation results in the inhibition of pyruvate dehydroge-
nase (PDH) in murine macrophages, thus limiting the metabolization of pyruvate into
acetyl-CoA, which is normally fueling the TCA cycle (Figure 1) [64]. This restriction of
pyruvate entry into the TCA is a late event occurring after LPS + IFNGstimulation [36]. 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 metabolites [64].
For example, decreased expression of iso-citrate dehydrogenase (IDH) results in citrate
accumulation in M1 macrophages [35]. 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-1β, IL-12, IL-6 and ROS triggered by LPS stimulation,
exhibits anti-inflammatory effects [37,38]. It was recently shown that itaconate could in-
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duce electrophilic stress, promoting Nrf2-dependent transcription and altering cellular
response to TLR via the inhibition of IκBζ/ATF3-mediated inflammation, reducing IL-6
and IL-12 secretion [68]. 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 [69]. Itaconate 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-II, succinate oxidation provides electrons to complex I (reverse electron transport).
This generates ROS leading to increased expression of pro-IL-1β and activation of the
NLRP3 inflammasome for processing pro-IL-1β into IL-1β [31]. Consequently, the inhibi-
tion of complex I by metformin prevents the production of ROS and IL-1β secretion by
LPS-stimulated cells [54]. Moreover, succinate accumulation inhibits prolyl-hydroxylases
(PHDs), thus promoting HIF-1α accumulation and inducing the expression of glycolytic
enzymes [60] and inflammatory cytokines such as IL-1β [29] without affecting TNFα se-
cretion [29,31]. Thus, itaconate 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, α-KG is generated from glutamine by glutamine dehydrogenase
and from succinate via the γ-aminobutyric acid (GABA) shunt (Figure 1). 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 ligands [70]. In
addition, engagement of its membrane receptor SUCNR1 (also known as GPR91) triggers
IL-1β production [71]. In pathological conditions, such as rheumatoid arthritis and obesity,
cell signaling downstream of SUCNR1 was shown to promote inflammation in myeloid
cells [71,72]. However, SUCNR1 can also favor the M2 polarization of macrophages, thus
limiting inflammation in obesity [73].

7. Lipid Metabolism

Citrate efflux from the mitochondria is the main source of carbon for FA synthesis
and generates inflammatory free radicals (Figure 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 increased [35]. LPS
stimulation in macrophages and BMDCs has been shown to induce the expression of this
transporter, further increasing citrate efflux [9,63]. 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 O2

- by NADPH oxidase [54,63]. Indeed, it has been
shown that ROS and NO production in LPS-stimulated human macrophages depends on
the expression of the citrate efflux transporter SLC25A1 [63].

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 co-
factor. 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 [74]. When FA synthesis is reduced, IL-1β 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
cytokines [3,54,64]. As a result, BMDC maturation triggered by LPS is impaired by FA
synthesis inhibition or by silencing of the mitochondrial citrate transporter SLC25A1 [9].
In the liver, immunogenic DCs display high content in intracellular lipids [62]. The up-
take 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) [21] or glycerol-3-
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phosphate acyltransferase 3 (GPAT3) [46]. Finally, synthesis of the specific FA arachidonic
acid also supports the production of prostaglandins that are important regulators of in-
flammation [63].

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 monocytes [75]. FAO is also controlled by the energy
sensor AMP-activated protein kinase (AMPK) [76], 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 enhanced [10]. This functional link
between AMPK and FAO activity is supported by observations showing that upon TLR4
stimulation, macrophages and DCs from AMPK-α1 knocked-out mice produce higher
levels of IL-6 and TNFα [77]. In contrast, IL-4 stimulates STAT6, thus activating AMPK,
resulting in increased FAO in M2 macrophages. Moreover, immunotolerance during the
late steps of sepsis is associated with increased levels of FAO [78]. Altogether, this supports
the notion that a low level of FAO contributes to inflammation in macrophages and DCs.

8. Conclusions and Perspectives

In macrophages or DCs, PRR stimulation results in metabolic reprogramming, which
is required for their functional maturation. Reciprocally, metabolic sensors interfere with
cell signaling downstream of PRRs. This implies that the metabolic status of innate immune
cells has an important impact on their function. Detailed molecular mechanisms involved
in metabolic regulations have been better documented in mouse macrophages and DCs
than primary human cells. Nevertheless, important differences have been identified in the
mechanisms involved in the fine-tuning of cell metabolism, according to cell types and
species. This calls for more detailed investigations to decipher the diversity of molecular
mechanisms involved in the crosstalk between cellular metabolism and immunological
functions. Moreover, future studies will need to analyze metabolic reprogramming as
a dynamic process, considering modifications in metabolic fluxes rather than endpoint
steady states.

Improving our knowledge of the crosstalk between cellular metabolism and the innate
immune response will certainly help to design immunomodulatory drugs for future thera-
pies against cancer, autoimmunity, inflammatory and infectious diseases. Pharmacological
compounds targeting metabolic pathways are considered promising therapeutic tools to
control aberrant metabolism in cancer cells. They could also be useful to modulate the
quality and efficiency of innate immune responses to fight tumors. In particular, tumor-
associated macrophages (TAMs) that are often abundant in solid tumors and mostly favor
cancer progression through the production of immunosuppressive factors [79] could be
targeted with metabolic modulators to achieve macrophage reprogramming and restore
their antitumoral activity. Viruses especially highjack the cellular metabolism of host cells
to generate energy, biosynthesis intermediates and lipid platforms that are necessary for
their replication. Therefore, manipulation of cell metabolism using metabolite analogs
or enzyme modulators could be used to control infections by playing on both pathogen
replication and host defense. For example, targeting macrophages and DCs with metabolic
modulators could prevent the overproduction of inflammatory cytokines that are often
deleterious during acute viral infections such as flu or COVID-19. In conclusion, targeting
metabolic pathways in macrophages and DCs should benefit patients with different patho-
logical conditions, and this emerging field of research deserves in-depth investigations in
the near future.
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