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Immune cell activation triggers signaling cascades leading to transcriptional
reprogramming, but also strongly impacts on the cell's metabolic activity to
provide energy and biomolecules for inflammatory and proliferative responses.
Macrophages activated by microbial pathogen-associated molecular patterns
and cytokines upregulate expression of the enzyme ACODI that generates the
immune-metabolite itaconate by decarboxylation of the TCA cycle metabolite
cis-aconitate. Itaconate has anti-microbial as well as immunomodulatory
activities, which makes it attractive as endogenous effector metabolite fighting
infection and restraining inflammation. Here, we first summarize the pathways
and stimuli inducing ACOD1 expression in macrophages. The focus of the review
then lies on the mechanisms by which itaconate, and its synthetic derivatives and
endogenous isomers, modulate immune cell signaling and metabolic pathways.
Multiple targets have been revealed, from inhibition of enzymes to the post-
translational modification of many proteins at cysteine or lysine residues. The
modulation of signaling proteins like STING, SYK, JAK1, RIPK3 and KEAPL1,
transcription regulators (e.g. Tet2, TFEB) and inflammasome components
(NLRP3, GSDMD) provides a biochemical basis for the immune-regulatory
effects of the ACOD1-itaconate pathway. While the field has intensely studied
control of macrophages by itaconate in infection and inflammation models,
neutrophils have now entered the scene as producers and cellular targets of
itaconate. Furthermore, regulation of adaptive immune responses by
endogenous itaconate, as well as by exogenously added itaconate and
derivatives, can be mediated by direct and indirect effects on T cells and
antigen-presenting cells, respectively. Taken together, research in ACOD1-
itaconate to date has revealed its relevance in diverse immune cell signaling
pathways, which now provides opportunities for potential therapeutic or
preventive manipulation of host defense and inflammation.
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1 Introduction

In the last decade, immunologists have realized that activation of
innate and adaptive immune cells by pattern recognition and antigen
receptors leads to decisive changes in the central metabolic processes,
which in turn play an essential role in provision of the energy and the
biomolecules required for immune cell proliferation, secretion of
cytokines and chemokines, and generation of anti-microbial
responses (1, 2). It has become clear that the central pathways of
ATP generation, glycolysis and the tricarboxylic acid (TCA) cycle
feeding oxidative phosphorylation in the mitochondria, are not a static
machinery, but instead are regulated in distinct ways depending on the
cell type and the stimulus. In addition, it is now established that
glycolysis and mitochondrial TCA cycle not only produce the energy
required for immune responses but that many metabolites generated
by these pathways have important functions in immune cells, and are
therefore referred to as immuno-metabolites (3). Prominent examples
of such metabolites with immunological function are lactate (4), the
end product of anaerobic glycolysis, the TCA cycle intermediates
citrate (5), o-ketoglutarate and succinate (6).

However, the most prominent immune-metabolite is probably the
dicarboxylic acid itaconate that is generated by the enzyme aconitate
decarboxylase 1 (ACOD1) from the TCA intermediate cis-aconitate
(7). Ttaconate has only been identified as a relevant metabolite
produced in macrophages in 2011 (8), followed by the identification
of the gene Acodl/Irgl encoding ACODI as the enzyme generating it
in 2013 (9). Itaconate was initially characterized as anti-microbial
compound that can inhibit the growth of Mycobacterium tuberculosis
(9) and of Legionella pneumophila (10). The anti-microbial activity of
itaconate has been extended to several other bacteria, e.g. the
intracellular pathogens Salmonella typhimurium (11), Brucella spp
(12, 13). Francisella tularensis (14), Mycobacterium avium (15) and
Coxiella burnetii (16), suggesting that its generation is an important
mechanism of host defense.

On the other hand, immunoregulatory effects of itaconate were
first described in 2016 as reduced production of several LPS-
induced cytokines (IL-6, IL-12 and IL-1P) in macrophages treated
with exogenous itaconate, and increased cytokine levels in
macrophages unable to produce endogenous itaconate (17). These
findings triggered intense research activity in many labs with a
plethora of publications identifying roles for itaconate in innate and
adaptive immune cell regulation and different mechanisms (from
enzymatic inhibition to post-translational modification (PTM) of
diverse target proteins) underlying these effects. While the diverse
findings from the ACOD1-itaconate field are complex, the dual role

Abbreviations: 4-OI, 4-ocytl itaconate; ACODI1, Aconitate decarboxylase 1;
BMDM, bone marrow-derived macrophages; CLR, C-type lectin receptor;
DMI, dimethyl itaconate; ECAR, extracellular acidification rate; FcyR, Fc
gamma receptor; IFN, interferon; IRF, interferon-regulatory factor; IRGI,
immune-response gene 1; ISG, interferon-stimulated genes; MDSC, myeloid-
derived suppressor cells; MTB, Mycobacterium tuberculosis; OCR, oxygen
consumption rate; PTM, post-translational modification; SDH, succinate
dehydrogenase; TCA, tricarboxylic acid cycle; TLR, toll-like receptor; TNF,

tumor necrosis factor; MTB, Mycobacterium tuberculosis.
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of this metabolite as endogenous immunoregulatory and anti-
microbial agent indicates a potential to develop itaconate or its
synthetic derivatives for the treatment of acute and chronic
inflammatory and infectious disease conditions.

In this review, we will first briefly summarize the stimuli and
pathways controlling the inducible expression of the enzyme
ACOD1 in innate immune cells. We will then focus on the
impact of itaconate on immune cell signaling and metabolism
through direct inhibition of several enzymes and via the PTM of
target proteins, mostly at cysteine residues. The growing number of
signaling proteins modified and regulated by itaconate can explain
at the molecular levels many of the complex phenotypes observed
by addition of exogenous itaconate or in cells deficient in ACODI.
The effects of itaconate on the function of immune cells in
inflammatory responses and in infection are the topic of the next
chapter, starting with innate immune cells (macrophages and
neutrophils), and followed by the review of the less abundant
literature on the regulation of adaptive immune responses by
itaconate. Finally, we will conclude with a summary of what we
see as the most important open questions in itaconate biology.

2 Generation of itaconate by ACOD1
2.1 Induction of ACODL1 expression

The gene encoding ACODI, formerly named Irgl, has popped
up in screens for IFNY- and TLR-induced macrophage or dendritic
cell (DC) mRNAs even before the introduction of microarrays (18,
19), and was confirmed as a highly induced gene by many studies on
the response to macrophage stimulation by bacterial PAMPs or
infection (16, 20-22), or activation with type I IFN (10), IFNy and/
or TNF (23, 24) (see Figure 1). High level induction of Acodl/Irgl

Bacterial, viral PAMPs

Jr Jr # y
L

N ‘ l

MYD88

Acod1

FIGURE 1

Pathways stimulating ACOD1 expression and itaconate production.
Expression of ACODL1 is very low under basal conditions but rapidly
upregulated in response to microbial PAMPs by activation of TLRs
and signaling via TRIF and MyD88. M. tuberculosis (MTB) induces
ACOD1 through TLR2/MyD88 but also via STING activation and IFN
production (25). Translocation of TFEB to the nucleus in response to
microbial stimulation is sufficient to increase ACOD1 mRNA in a
partially IRF1-dependent manner (26). TNF and interferons induce
ACOD1 expression through NFkB- and STAT1-dependent pathways
and can act in synergy (23)
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mRNA in response to bacterial PAMPs required the TLR adapter
proteins MyD88 (27) and TRIF (for the TLR3/4 ligands polyl:C and
LPS) (21), whereas the response to IFNs was dependent on the
transcription factors STAT1 (20) and IRF1 (28). In response to M.
tuberculosis (MTB), ACOD1 expression depended on the TLR2-
MyD88 pathway as well as on the ESX1-triggered activation of a
STING-IFNARI-dependent response (25). The transcription factor
TFEB, a key regulator of lysosomal biogenesis (29), translocates to
the nucleus after stimulation with LPS/IFNy, MTB or with
Salmonella typhimurium and is sufficient to increase ACODI
mRNA in a partially IRF1-dependent manner (26).

More recently, also neutrophils have been identified to
upregulate ACOD1 mRNA expression to high levels in infection
and tumor models (30, 31). In contrast, adaptive immune cells have
not been described to express Acodl or to produce significant
amounts of itaconate.

2.2 Mitochondrial localization of
ACOD1 and itaconate

ACODL1 protein is localized to the mitochondria (10, 23), where
the TCA cycle is operating. ACODI1 catalyzes the conversion of cis-
aconitate, derived from citrate, by decarboxylation to itaconate. In
resting macrophages itaconate is not detectable, consistent with the

10.3389/fimmu.2024.1352165

low basal expression of ACODI1. In contrast, within hours after
stimulation with LPS, the rapid induction of ACOD1 protein results
in production of itaconate that is detectable intracellularly at
millimolar concentration in mouse macrophages (9, 11, 32). The
essential and non-redundant function of ACOD1 in generation of
itaconate was demonstrated in macrophages from Acodl” mice
(17). Within the mitochondria, itaconate competes with succinate
for binding to succinate dehydrogenase (SDH) and inhibits its
enzymatic activity, causing a break in the TCA cycle and
accumulation of succinate (6, 33). Itaconate can then be further
metabolized to Itaconyl-CoA (34). Itaconate is transported out of
the mitochondria and into the cytoplasm (Figure 2), presumably by
the 2-oxoglutarate carrier (OGC, encoded by Slc25a11), and to a
lesser extent by the citrate carrier (CTP, encoded by Slc25a1) and
the dicarboxylate carrier (DIC, encoded by Slc25a10) (35), where it
exerts some of its immunoregulatory activities by binding to
signaling proteins and transcription factors (discussed in
detail below).

2.3 Trafficking of itaconate

The intra- and inter-cellular trafficking of itaconate is only
beginning to be elucidated (Figure 2). This research area is of high
relevance for our understanding how itaconate acts during immune

cis-aconitate

itaconate

Respiratory
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FIGURE 2
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Intra- and intercellular trafficking of itaconate: knowns and unknowns. Itaconate is generated in the mitochondria and presumably transported out
into the cytoplasm by the oxoglutarate carrier OGC (35). Transfer of itaconate to bacteria-containing phagosomes requires Rab32 and appears to be
facilitated by the close proximity of mitochondria and vacuoles containing Legionella (10) or Salmonella (11, 36). How itaconate passes the
phagosomal membrane to reach intravacuolar bacteria is unknown. Putative transporters for uptake of exogenous itaconate (and its derivatives) and
for release of endogenous itaconate into the extracellular space are indicated. T cells do not produce itaconate but can take it up (37). Activated
neutrophils and DC can both express itaconate (21, 30, 31, 38), but may also take it up from the microenvironment. Itaconate can bind to OXGR1

receptor on respiratory epithelial cells (39).
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responses and for the potential therapeutic modulation of itaconate
levels. Since itaconate is a polar molecule, passive diffusion via
cellular membranes is unlikely. The anti-microbial activity of
itaconate against intracellular bacteria within macrophages
requires its delivery to the phagolysosomal compartments
containing pathogens like MTB, C. burnetii, Salmonella spp. or
Legionella pneumophila. Work by the Galan lab has shown that
transport of itaconate produced in the mitochondria to Salmonella-
containing vacuoles is dependent on Rab32-mediated GTPase
activity (11), with the Parkinson’s disease-associated leucine-rich
repeat kinase 2 (LRRK2) acting as a scaffold bringing mitochondrial
ACODL1 into complex with Rab32 and tethering mitochondria to
the pathogen-containing phagosome (36). However, how itaconate
then passes the phagosomal membrane remains to be established.
Similarly, it is clear that itaconate is released by the producing cells
into the extracellular space, as it is detected in considerable amounts
in the cell culture supernatants of activated macrophages (39);
however, whether this is a transporter-dependent process and
which proteins are involved in the secretion from cells is only
beginning to be elucidated. Very recently, ATP-binding cassette
transporter G2 (ABCG2) was identified in a genetic screen as
mediating the active release of itaconate from human and mouse
macrophages (40). Finally, while the notion that the polar nature of
itaconate would prevent its intracellular penetration when given
exogenously (35) has sparked the use of dimethyl-itaconate (DMI)
and 4-octyl-itaconate (4-OI) in many studies, it is now clear that
itaconate from the extracellular space is readily taken up by
macrophages (15, 16, 41). To date, the only known cell surface
receptor for itaconate is the oxoglutarate receptor OXGRI1 on
respiratory epithelial cells, a GPCR whose ligation with itaconate
leads to Ca** mobilization, mucus secretion and transport (39).

TABLE 1 Itaconate, its isomers and derivatives.

Molecule Structures Source

10.3389/fimmu.2024.1352165

2.4 Derivatives and isomers of itaconate

When employing the synthetic derivatives of itaconate, especially
4-OI and DM], it is important to keep in mind that they are not
converted to itaconate in macrophages (41, 42), although this may be
different for 4-OI (43), and may have distinct effects due to their
stronger electrophilic properties (41), see also below (Table 1). Thus,
some of the findings made using 4-OI or DMI in early papers, e.g. the
strong Nrf2-dependent regulation of cytokine production (35), need
to be re-interpreted with caution.

An interesting extension of ACOD1 activity was introduced by
the demonstration in 2022 that in addition to itaconate its isomer
mesaconate is also generated in activated macrophages in an
ACOD1-dependent manner from itaconate (44). The endogenous
levels of mesaconate are significantly lower compared to itaconate
(in the range of 1 to 10%). Exogenously added mesaconate showed
similar immunoregulatory activity in terms of cytokine production,
but was less inhibitory for SDH and glycolysis compared to
itaconate. At the same time, another report described citraconate
as an isomer of itaconate that was not generated endogenously in
macrophages but was readily taken up by them (45). Citraconate
acted as the strongest electrophilic agent and reduced cytokine
production (45). Interestingly, citraconate inhibited ACODI1
enzymatic activity in vitro and in cells (45), and hence may
become of interest to develop pharmacologically.

3 Impact of itaconate on cell signaling
and metabolism

Itaconate and its derivatives exert numerous effects on the
activating signaling pathways leading to cytokine production,

(0]
Itaconate HON OH ACOD1
4-Octyl Itaconate o Chemically
(4-0I) HE VAV AV A4 synthesized
(0]
Dimethyl o) /CHa Chemically
Itaconate (DMI) H3C/ ] synthesized

O CH,
(@)
Mesaconate HONOH ACOD1
O  CH,
o OH
(0]
Citraconate )\I Not made
HO 4 by macrophages
CH;
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Electro- Nrf2 Intracellular conversion
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Yes (ref. 42)
+++ +++
No (ref. 40)
++ +++ No
(+) (+) No
+++ +++ Inhibits ACOD1
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inflammation and the response to infection in macrophages
(Figure 3). Mechanistically, these effects can be divided into three
categories: (1) activation of an anti-oxidant response to electrophilic
stress, (2) inhibition of enzymatic activity of SDH and of Tet2, and
(3) itaconate-mediated PTM of signaling proteins leading to
functional alterations.

3.1 Electrophilic stress, glutathione
buffering and ATF3 inhibition of IxB{

The tripeptide glutathione is an important cellular anti-oxidant
buffer system, shuttling electrons between its reduced GSH and
oxidized GSSG form (48). Treatment of macrophages with DMI led
to the formation of a diester of methylsuccinated GSH through
Michael addition, and the same reaction occurred with endogenous
itaconate in LPS-activated macrophages (49). A role for this
depletion of the GSH antioxidant bufter system in the inhibition
of cytokine production by DMI was suggested by the restoration of
IL-6 production after addition of the antioxidant N-acetylcysteine
(NAC). Inhibition of the secondary LPS response gene II6 but not of

10.3389/fimmu.2024.1352165

Tnf by DMI pointed to a role for IkB{, whose upregulation was
indeed repressed by DMI and restored by NAC. The transcription
factor ATF3, a component of the integrated stress response, was
induced by DI and in an ACODI1-dependent manner in LPS-
tolerized macrophages, and was required for repression of IkB{
expression and inhibition of IL-6 production by DMI (49). Later
work using itaconate and its isomer mesaconate showed that both
inhibit LPS-induced IL-6 independent of ATF3 (44), suggesting that
the more electrophilic DMI has a higher propensity to disrupt GSH
buffering and to induce ATF3-dependent inhibition of
cytokine expression.

3.2 Enzymatic inhibition

The analysis of Acodl”" macrophages revealed that all LPS-
induced itaconate production was completely abrogated (17, 33). At
the same time, the increase in succinate levels observed in
stimulated WT macrophages was also normalized, indicating that
itaconate inhibits the TCA cycle enzyme succinate dehydrogenase
(SDH) (17, 33), which was confirmed with purified enzyme (17). As

é\q Glucose
& A ALDOA
R 4 c-roH

Pyruvate

TCA ,
Cycle Cis-aconitate =——p

Fumarate

e Inflammasome
Necroptosis

|

CASP1

IL1-g GSDMD

Pyroptosis

FIGURE 3

Targets of itaconate regulation by enzymatic inhibition and post-translational modification. Target proteins of itaconate and its derivatives are
indicated in white letters within light blue boxes. Red lines indicate inhibitory effects of itaconate on protein function, green lines indicate enhanced
function or protein levels. Cellular compartments are indicated where modification or inhibition of target proteins occurs. CLR (C-type lectin
receptors) and FcyR (Fc gamma receptors) are shown as SYK-coupled receptors putatively affected by itaconation of SYK (46); cytokine receptors in
addition to IL-4 receptor and IFNAR may be affected by itaconate (47), given the pleiotropic function of JAKL.
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SDH also forms complex II of the respiratory chain, its inhibition by
itaconate leads to a reduction in the mitochondrial oxygen
consumption rate (OCR) in LPS-activated macrophages (17, 33).
Consequently, Acodl”” macrophages stimulated with LPS did not
show the reduction in OCR observed in WT macrophages, but in
fact an increased OCR (17).

Tet2 is a ketoglutarate-dependent DNA dioxygenase that
epigenetically impacts on gene expression by converting 5-
methylcytosine to 5-hydroxymethylcytosine, which promotes
demethylation (50). Tet2 inactivation reduces the LPS-induced
expression of many cytokines and chemokines. Tet2 is
competitively inhibited by several ligands structurally similar to
o-ketoglutarate (succinate, fumarate and 2-D-hydroxyglutarate).
Itaconate inhibits Tet2 activity by competing with the binding of
o-ketoglutarate (43). The majority of LPS-induced genes that are
downregulated by 4-OI are Tet2-dependent, indicating that a
significant part of the immunoregulatory itaconate effect is caused
by inhibition of Tet2 (43). This notion is mechanistically supported
by the finding that recruitment of Tet2 to the Nfkbiz promoter after
LPS is mediated by binding to the NFkB family member RelA (43).

3.3 Protein modification by itaconate

The accumulation of the TCA cycle metabolites succinate,
fumarate and lactate during the metabolic shifts occurring in
macrophages in response to pathogen stimulation is accompanied by
PTM of proteins by these carboxylic acids, e.g. by lysine acylation by
succinyl-CoA (51) or lactyl-CoA (52), as well as by Michael addition of
cysteines by fumarate (53). The dicarboxylic acid itaconate and its
derivatives 4-OI and DMI can also react by Michael addition with
cysteines to form a 2,3-dicarboxypropyl adduct, a process now termed
itaconation. This formation of a thioether bond appears to be non-
reversible, generating a stable PTM of the itaconated protein until it is
degraded. The discovery of itaconated proteins has been driven by the
development of an alkyne-modified probe built on the structure of 4-
OI (ITalk), that is cell permeable but not hydrolyzed in macrophages,
to perform a systematic chemoproteomic screen for this PTM in cells
(42). Nearly 2000 itaconated proteins were identified by using the ITalk
probe in the RAW264.7 macrophages cell line, suggesting that this
PTM is highly abundant in activated macrophages. Itaconated proteins
included previously described targets like KEAP1 and LDHA (see
below), and many key proteins involved in inflammatory response and
host defense pathways. Several of these were validated in the same
study, e.g. the receptor-interacting serine/threonine kinase 3 (RIPK3)
that is essential for necroptosis and whose phosphorylation was
enhanced by itaconate dependent on one of the itaconated cysteines
(42). While RIPK3 is an example for a protein where itaconation is
required for its function, the enzymatic activity or protein-protein
interactions of other target proteins are inhibited by this PTM (54).

In addition to itaconation by formation of a thioether at
cysteine residues, very recently the itaconate-mediated lysine
acylation was discovered as a new type of PTM, requiring the
prior synthesis of itaconyl-CoA and termed “itaconylation” (55).
Itaconylation was found on several glycolytic enzymes (GAPDH,
ENO1, PKM2 and LDHA), histone H2B1B, Actin, and others, with
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87 itaconylation sites identified in LPS-activated RAW 264.7
macrophages in total (55). Interestingly, itaconyl-CoA was only
produced in RAW 264.7 but not in several other cancer cell lines,
indicating that itaconylation may particularly affect immune
responses. Furthermore, treatment with 4-OI does not cause
itaconylation because it lacks a critical carboxylate group for
formation of itaconyl-CoA (55), which may underly some of the
different effects of itaconate and 4-OI on immune cells.

3.3.1 KEAP1

The first identified target protein of itaconate was Kelch-like ECH
associated protein (KEAP1) (35) that binds to the regulatory
transcription factor Nrf2 and promotes its ubiquitin-mediated
proteasomal degradation. Itaconation of KEAPI prevents its
binding to Nrf2, protecting newly synthesized Nrf2, allowing it to
accumulate and enabling its nuclear translocation (35). Nrf2 is a key
transcription factor of the response to oxidative stress and regulates
metabolic pathways (56). The immunoregulatory effect of 4-OI,
measured as reduction in pro-IL-1B was strongly dependent on
Nrf2 (35). Endogenous itaconate was required to increase Nrf2
protein in LPS-stimulated macrophages (49). Induction of the Nrf2
response by different itaconate derivatives correlates with their
electrophilicity, with the highly electrophilic derivatives 4-OI and
DMI inducing more Nrf2-dependent gene expression than itaconate
(41). Similarly, the isomer citraconate is more electrophilic than
itaconate and mesaconate, and induces more Nrf2 and Nrf2-
dependent gene expression (45) (Table 1).

Interestingly, KEAP1 can also be modified at cysteine residues
by fumarate and glyceraldehyde 3-phosphate (57, 58), and by
succinylation at a critical lysine sensor residue, also leading to
increases in Nrf2 protein levels (59). Hence, it appears that these
PTMs of KEAPI1 serve as a generic switch to induce a regulatory
stress response to different reactive metabolites (59).

3.3.2 GAPDH

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a rate-
limiting enzyme in aerobic glycolysis and contributes to the glycolytic
shift occurring in macrophages after TLR-stimulation. GAPDH was
found to be itaconated at Cys22 in LPS-activated or 4-OI-treated
RAW 264.7 macrophages (60). Consistent with inhibition of GAPDH
by itaconation at Cys22, treatment of LPS-stimulated macrophages
with 4-OI inhibited generation of lactate and reduced the increase in
the extracellular acidification rate (ECAR), whereas Acodl”” BMDM
showed the opposite effect (60). Treatment with the GAPDH-
inhibitor heptelidic acid inhibited production of TNF, IL-1B and
expression of iNOS similarly as 4-OI The impact of glycolysis on
LPS-induced cytokine production was shown by use of the
hexokinase inhibitor 2-DG and by the attenuation of the inhibitory
4-OI effect in macrophages cultured in high (25 mM) vs. low (0.5
mM) glucose concentration. Overexpression of GAPDH, but not a
GAPDH-Cys22Ala mutant, enhanced IL-1B production by LPS-
activated macrophages (60).

3.3.3 ALDOA and LDHA
Chemoproteomic profiling revealed that itaconate modifies not
only GAPDH on cysteines but also two other key enzymes
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important for glycolysis, namely fructose-biphosphate aldolase A
(ALDOA) and L-lactate dehydrogenase A (LDHA) (61). Itaconate
inhibited ALDOA activity and reduced glucose consumption and
lactate production (61). Together, the studies showing itaconation
of key enzymes of aerobic glycolysis and inhibition of their activity
by itaconate and 4-OI demonstrate a counter-regulatory
mechanism at the level of glucose metabolism for the inducible
production of itaconate in TLR-activated macrophages: the shift to
glycolysis is attenuated, which prevents over-production of several
inflammatory cytokines (e.g. IL-1B).

3.3.4 NLRP3

The NLRP3 inflammasome is an important sensor of
pathogenic invasion and endogenous cellular damage. It is
composed of the sensor protein NLRP3, the adaptor protein ASC
and the enzyme caspase-1 which processes IL-1f, IL-18 and
gasdermin D (GSDMD). The observation of increased IL-1
secretion by Acodl”” macrophages (17) suggested that regulation
of the inflammasome may be one of the mechanisms of
immunoregulation by itaconate. Indeed, NLRP3 was identified as
an itaconated protein in the screen performed by Qin et al. in 2020
(42), followed by the demonstration that itaconation of NLRP3 on
Cys548 interferes with its binding to NEK7 (62), which is required
for efficient formation of the NLRP3 inflammasome disc and of the
NLRP3 pyrin domain filament (63). This inhibition was specific for
the NLRP3 inflammasome, as IL-1 production induced by stimuli
triggering the NLRC4 and AIM2 inflammasomes was not affected
by 4-OI and not enhanced in Acodl”” macrophages (62).

3.3.5 GSDMD

Among the substrates for caspase-1 activated by the NLRP3
inflammasome are not only the pro-forms of IL-1f3 and IL-18 but
also the pore-forming protein Gasdermin D (GSDMD). The N-
terminal fragments of cleaved GSDMD assemble into the
membrane pore required for secretion of IL-1f and occurrence of
pyroptotic cell death (63). Again, itaconation of GSDMD was first
found in the Qin et al. dataset (42), and the modification of GSDMD
Cys77 was linked to the reduced production of IL-1B through the
demonstration that caspase-1 processing of GSDMD is blocked in
LPS-tolerized macrophages in an ACODI1-dependent manner (64).
The impact of ACODI-derived endogenous itaconate is limited to
tolerance induction for late inflammasome activation 24 hours after
LPS stimulation (64). Interestingly, full activation of caspase-1 late
after LPS was abrogated in Gsdmd”~ macrophages (64). Together, it
appears that itaconate inhibits both early and late inflammasomes
to reduce IL-1f secretion through distinct effects of itaconation of
NLRP3 and GSDMD, although it is important to keep in mind that
the use of highly electrophilic derivatives of itaconate (such as 4-OI)
complicates the interpretation of the results.

3.3.6 JAK1

Runtsch et al. examined the question whether itaconate (or 4-
OI) affects the response of macrophages to stimulation with the Th2
cytokine IL-4 (47). Indeed, 4-OI and itaconate dose-dependently
inhibited the induction of several genes typical for IL-4 polarized
M2 macrophages (e.g. FIZZ1 and PPARY). Phosphorylation of the
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IL-4 triggered transcription factor STAT6 was reduced by itaconate
and 4-0I, which hinted to inhibition of the IL-4 receptor-associated
kinase JAKI. Indeed, JAK1 was inhibited by itaconate and 4-OI at
relevant concentrations (although less efficiently than by
pharmacological JAK1 inhibitors). Treatment of transfected
HE293T cells with the ITalk probe led to itaconation of
overexpressed JAKI1 at four cysteine residues. These findings were
confirmed in human THP-1 macrophages treated with 4-OL.
Treatment of mice with 4-OI in vivo reduced M2 gene expression
after IL-4-complex injection in peritoneal exudate cells, and
ameliorated symptoms in a Th2-driven asthma model (47). Most
of the data shown in the paper were obtained using 4-OI, not
itaconate, and since IL-4 does not trigger expression of ACODI and
itaconate production, no experiments were shown using Acodl™”
mice or macrophages. However, during immune responses in vivo,
especially in certain infections, ACOD1 expression and itaconate
production will occur concomitantly with IL-4 secretion (e.g. by
ILC2 and Th2 cells). It will be of interest to test whether endogenous
itaconate affects IL-4 receptor-driven polarization of macrophages
and T cells under these conditions.

3.3.7 SYK

Spleen tyrosine kinase (SYK) is recruited to phosphorylated
immunoreceptor based activation motifs in the intracellular
domains of cell membrane localized receptors or their adapter
proteins (65). SYK plays an essential role in the signaling of the B
cell receptor, activating Fc receptors and myeloid C-type lectin
receptors like Dectin-1 and Mincle (65). In a mouse model of
infection with hypervirulent Klebsiella pneumoniae (hvKP), Li et al.
observed strong SYK activation in macrophages that was coupled to
expression of ACOD1 and production of itaconate (46). Exogenous
itaconate, 4-OI or DMI reduced cytokine production and SYK
activation in macrophages exposed to hvKP, whereas enhanced
phosphorylation of SYK occurred in Acodl”” macrophages. SYK
was found to be itaconated at cysteines 587 and 591 (mouse),
corresponding to Cys593 and Cys597 in human SYK, which are
located in the kinase domain. Mutation of Cys593 in human SYK
abrogated inhibition by itaconate and its derivatives (46).
Administration of itaconate or 4-OI to mice infected with hvKP
reduced inflammation in the gut, weight loss and mortality, whereas
Acodl”” mice showed a more severe phenotype (46). It will be
interesting to see whether other, well characterized SYK-activating
receptors in innate immune cells, e.g. Dectin-1 triggered by
Curdlan, or Mincle by the mycobacterial cord factor, induce a
similar itaconate-driven negative feedback loop via itaconation of
SYK kinase.

3.3.8 STING

Stimulator of interferon genes (STING) is an essential
component of cytosolic DNA sensing. STING binds 2’,-3’-
cGAMP generated by cGAS in response to dsDNA, or to
bacterially produced c-di-AMP or c-di-GMP, and triggers
activation of TBK1 and IRF3, leading to transcription of IFNf
and activation of NFkB signaling (66). In response to the STING
activator DMXAA, macrophages upregulate ACOD1 expression
and generate itaconate in a TBK1- and IFNARI-dependent manner
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(67). Itaconate and 4-OI, but not citraconate, citrate or o-
ketoglutarate, inhibited phosphorylation of STING, TBK1 and
IRF3, as well as expression of IFNP, IL-1f and IL-6 (67). Using
LC-MS/MS of HEK293T cells overexpressing STING and treated
with 4-OI, itaconation of STING at four cysteine residues was
detected. Analysis of mutants in the individual cysteines transfected
into RAW 264.7 cells showed that Cys88 and Cysl47 are
functionally important for induction of IRF3 activation and IFNf
expression. Whereas reduced phosphorylation of the STING
Cys88Ser mutant was further inhibited by 4-OI, the mutation in
Cys147 affected the dimerization of STING that is also inhibited by
4-01 (67). In an in vivo model of septic peritonitis (CLP), Acodl™”
mice had higher mortality, with increased TBK1 activation and
IFNPB expression in intestinal tissues, whereas exogenous ITA or 4-
OI administration increased survival. A direct involvement of
STING modifications by itaconate was not shown in vivo, but
STING knockout mice did show decreased TBK1 activation and
IFNP expression after CLP, suggesting that there may be a
causal relationship.

3.3.9 TFEB

Transcription factor EB (TFEB) belongs to the microphthalmia
family of basic helix-loop-helix leucine-zipper (bHLH-Zip)
transcription factors proteins. TFEB is a master regulator of
lysosomal biogenesis and function (29). Under nutrient-rich
conditions it is phosphorylated by mTORCI1 on Ser211, which is
bound by the chaperone 14-3-3, leading to TFEB retention in the
cytosol (29). Starvation, but also ER and mitochondrial stress, as
well as TLR activation, lead to its nuclear translocation, binding to
so-called CLEAR motifs in promoters of a network of genes
involved in lysosomal biogenesis (29). Zhang et al. tested whether
itaconate is involved in TFEB activation and observed that
treatment of THP-1 cells and immortalized bone marrow-derived
macrophages with 4-OI and itaconate was sufficient to cause nearly
complete nuclear translocation of TFEB (68). Further, TFEB
translocation driven by LPS or infection with Salmonella
typhimurium was abrogated in Acodl”” macrophages, but
recovered by 4-OI (68). Itaconation of TFEB at Cys212 was
detected by mass spectrometry analysis of THP-1 cells treated
with 4-OI or itaconate and led to a loss of interaction with the
14-3-3 protein, nuclear translocation and enhanced expression of
the lysosomal genes LAMPI, cathepsins B and D, and the proton
pump ATP6VIH (68). All these effects were abrogated by
introduction of a Cys212Ser mutation, suggesting that indeed the
alkylation at this site is essential and acts by interfering with binding
of 14-3-3 to phosphorylated TFEB. Finally, the corresponding
mutation in murine TFEB at Cys270Ser was introduced by
CRISPR/Cas9 in the mouse Tfeb locus, allowing to test the
consequences for antibacterial defense in vivo. Following infection
with S. typhimurium, TFEB C270S mice developed significantly
higher bacterial burden and formed more microabscesses in the
liver, and had a reduced survival time (68). Administration of 4-OI
to infected wild-type mice reduced IL-1f3 and IL-18 in the serum,
increased lysosomal staining from peritoneal macrophages, and
prolonged survival after S. typhimurium infection. Together,
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alkylation of TFEB on Cys212 by itaconate promotes lysosomal
biogenesis that enables infected cells to destroy invading bacteria.

A different perspective on the connection between itaconate and
TFEB was introduced by the work of Schuster et al., demonstrating
that overexpression of TFEB in macrophages is sufficient to induce
expression of genes involved in glucose metabolism and the TCA
cycle, including Acodl/Irgl (26). Production of itaconate induced
by TFEB overexpression in resting macrophages was quantitatively
comparable to the levels obtained after stimulation with LPS+IFNY.
Endogenous TFEB was required for full induction of itaconate
production by bacterial stimulation of macrophages. TFEB induced
ACODI1 mRNA expression independent of IFNARI and was only
partially dependent on IRFI1. The impact of TFEB on the
macrophage capacity to deal with intracellular bacteria was also
addressed in Salmonella infection. Treatment of mice with the
pharmacological TFEB activator 2-hydroxypropyl-B-cyclodextrin
(TFEBa) reduced the percentage of infected splenic macrophages
in an ACODI-dependent manner (26), suggesting that itaconate
production is responsible for the anti-bacterial effect and consistent
with a direct inhibition of Salmonella replication by itaconate (11).
Looking at the studies by Zhang et al. and Schuster et al. in synthesis
(26, 68), TFEB and itaconate seem connected in a mutually
enhancing relationship to arm macrophages with sufficient
lysosomal biomass and itaconate as anti-microbial strategies to
fight intracellular bacteria.

4 Effects of itaconate on
immune responses

4.1 Innate immune cells

4.1.1 Macrophages

Expression of ACODL1 is restricted to myeloid cells, and
macrophages are the main producers of itaconate, where it
reaches intracellular concentrations in the millimolar level. The
investigation of the effects of endogenous itaconate and of
exogenously added derivatives has therefore focused on the
regulation of macrophage activation and function.

Inhibitory activity of itaconate and its derivatives on production
of pro-inflammatory cytokines by macrophages stimulated with
TLR ligands was the first indication of the immunoregulatory
function of itaconate (35, 49), and was corroborated in Acodl””
macrophages that respond with higher IL-6, IL-12 and IL-1§
secretion to LPS (17). Among the itaconate-regulated genes is
also Nos2 (17) that encodes the enzyme iNOS required for
generation of nitric oxide (NO), a hallmark of M1 macrophage
polarization (69). Thus, itaconate limits the M1 polarization of
macrophages. In vivo, the impact of ACODI-itaconate on the
endotoxin-model of sepsis was in general beneficial, in that
application of exogenous itaconate derivatives reduced pro-
inflammatory cytokine levels in mice challenged with LPS (35, 44,
60, 70) and reduced lethality (35, 44, 60) or acute lung injury (70) in
this model. The inhibitory effects on the inflammatory response to
LPS are likely mediated by the combined action of itaconate on the
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mechanistic targets at the level of enzymatic inhibition (e.g. SDH,
Tet2) and PTM by itaconation (e.g. GAPDH, ALDOA, KEAPI1,
SYK) and itaconylation described above in section 3. Beyond
transcriptional regulation of gene expression, inhibition of IL-1B
generation at the level of inflammasome activation through NLRP3
modification and NEK7 interaction (62, 64), as well as via
modification of GSDMD (64), are important control points
contributing to beneficial effects in sepsis and inflammation
models (71, 72).

Exposure to PAMPs can result in priming, innate immune
training or induction of tolerance to a secondary signal of infectious
danger (73). The ACOD1-itaconate pathway can affect this decision
in both directions, depending on the experimental setting. A role for
ACODL1 in LPS tolerance was first described by Li et al. who found
that ACOD1 enhanced expression of the anti-inflammatory gene
TNFAIP3/A20 (74). Tolerance at the level of inflammasome
activation is then again induced by itaconate-dependent
interference with Caspase-1 activation and processing of GSDMD
(64). The impact of stimulation with 3-glucan, an inducer of trained
immunity, on the development of tolerance was examined by
Domingues-Andres et al. who found inhibition of LPS-induced
ACODL1 expression by B-glucan in human monocytes, that was
accompanied by a restoration of SDH expression and TCA cycle
metabolites, and resulted in reversal of cytokine production (75). In
a recent follow-up study, the same group reported that pre-
treatment of human monocytes with DMI in a trained immunity-
protocol increased cytokine production to secondary TLR
stimulation (76). This effect was more pronounced for DMI than
for itaconate, but still indicates that the ACOD1-itaconate axis can
enhance innate immune responses under certain conditions. It
remains to be understood which exact rules determine the
consequences of ACOD1 expression and itaconate generation in
up- or down-regulation of pro-inflammatory cytokines.

The regulation of interferon-dependent gene expression by
itaconate and its derivatives is another example of complex
phenotypes and partially conflicting reports. While 4-OI and
DMI suppressed the interferon response to LPS (35), it was later
demonstrated that itaconate itself rather promotes LPS-induced
IENB secretion and Acodl”” macrophages showed reduced
expression of IFNfB and ISG responses (41). Similarly, He et al.
observed enhanced expression of IFNP and Cxcll10 in mouse
macrophages treated with itaconate or mesaconate (44). In the
context of immune activation via STING, e.g. after treatment with
DMXAA, endogenous itaconate as well as 4-OI inhibited IFNf
expression through alkylation of STING and inhibition of its
phosphorylation (67).

Finally, polarization of macrophages towards an M2 phenotype
in response to IL-4 is reduced by exogenously added itaconate and
4-01 (47). This effect is caused by the inhibition of JAKI activity
through itaconation at several cysteines. The physiological
significance of this finding is at present not clear because no data
were shown for Acodl”” mice or cells. However, 4-OI reduced M2
gene expression and airway resistance in a murine asthma model
(47), indicating the potential for therapeutic modulation of IL-4-
induced pathologies in vivo. On the other hand, the central role of
JAKI in the signaling not only of the IL-4 receptor but also in the
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response to type I interferon, and in fact several other type I and
type II cytokine receptors (77), suggests a potentially highly
pleiotropic effect of 4-OI and maybe also of endogenous itaconate
on the response to cytokines.

4.1.2 Neutrophils

As usual, innate immune researchers have neglected the role of
neutrophils also in the investigation of ACODI and itaconate.
However, this is changing recently, with several studies focusing on
generation of itaconate by neutrophils and the impact of this
metabolite on neutrophil numbers and function in different settings.

The strong phenotype of Acodl”” mice in experimental infection
with M. tuberculosis, with high bacterial burden and early death, was
coupled to excessive accumulation of neutrophils in the lungs and the
development of neutrophil-mediated immunopathology (78).
Antibody-mediated depletion of neutrophils ameliorated clinical
disease and reduced mycobacterial burden. However, neutrophils
were not the critical source of itaconate in this model, because the cell
type-specific deletion of ACODI in neutrophils (mediated by Mrp8-
Cre) did not phenocopy the complete knockout, but deletion in all
myeloid cells by LysM-Cre did (78).

In a model of traumatic tendon injury, itaconate production
was shown to promote neutrophilia by increasing granulocyte-
monocyte progenitor (GMP) output from the bone marrow (79).
Interestingly, neutrophils present at the injury site were the major
producers of itaconate. Still, exogenous administration of itaconate
reduced inflammation and promoted resolution of inflammation,
suggesting that also in neutrophils itaconate production may act as
molecular brake to prevent exaggerated inflammation (79). An
inhibitory effect of 4-OI on neutrophil formation of extracellular
traps (NETs) has recently been described by Burczyk et al,
associated with inhibition of HIFlo (80). The anti-microbial
activity of neutrophils can be negatively affected by the high-level
production of itaconate after Staphylococcus aureus infection via
inhibition of the oxidative burst (30), thereby protecting tissues
from immunopathology but interfering with bacterial clearance.

Expression of ACOD1 in neutrophils was shown to be induced
by GM-CSF through the transcription factor C/EBPP and to
mediate resistance to ferroptosis via upregulation of the Nrf2-
dependent anti-oxidant response genes Gpx4, Gclc and Nqol (31).
Thereby, survival of tumor-infiltrating neutrophils in a model of
metastatic breast cancer was increased, which caused negative
effects on anti-tumor T cell immunity (31).

4.2 Adaptive immune cells

The question whether itaconate production also impacts on
adaptive immune responses only recently emerged in the literature.
Although one study on human CD4" T cells stimulated with an
agonistic TNFR2 antibody reported secretion of itaconate into
culture supernatants (81), to date the general notion that ACOD1
expression and generation of itaconate is restricted to myeloid cells
remains unchanged. However, the clear demonstration that
itaconate is released from macrophages and neutrophils into the
extracellular space and can act in a paracrine or maybe even
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systemic manner on other cells (Figure 2), opened the scope of
investigations toward other cells types as targets of endogenous
itaconate. Moreover, exogenous application of cell permeable
itaconate derivatives like DMI and 4-OI per se have the capacity
to act on non-myeloid cells.

Following infection of Acodl”” mice with an attenuated vaccine
strain of Francisella tularensis, an increased bacterial burden and
delayed clearance from lungs and spleen was observed (82),
consistent with the reported role of endogenous itaconate in the
control of F. tularensis in macrophages through inhibition of
mitochondrial complex II (14). At the same time, Acodl”” mice
developed stronger pulmonary resident and splenic CD4" and
CD8" T cell responses (82), that were associated with better
protection against challenge with a virulent F. tularensis strain. T
cells from vaccinated Acodl” mice enabled infected macrophages
to better control bacterial growth in vitro. In contrast, addition of
itaconate to T cell cultures did not affect their effector function
although they took up itaconate intracellularly (82). Together, the
results suggested an indirect enhancement of ACOD1-deficiency on
the generation of protective T cell immunity through increased
antigen exposure (higher peak bacterial burden and delayed
clearance) or increased activation and function of antigen-
presenting cells.

In a house dust mite model of Th2-dependent asthma induction
in mice, Jaiswal et al. reported enhanced expansion of CD4" T cells
and differentiation to Th2 cells (38). Acod1”” bone marrow-derived
DC showed increased APC function in vitro and promoted increased
generation of IL-4" and IL-5" Th2 cells. Exogenous 4-O1 inhibited
mitochondrial superoxide production by DC and, when applied
intranasally in the mice, reduced Th2 cell and eosinophil responses
(38). Thus, endogenous itaconate indirectly restrained antigen-
specific Th2 responses via control of APC function.

In contrast, other studies also reported direct regulation of Th
cell differentiation by itaconate and its derivatives. Aso et al.
observed in the experimental allergic encephalomyelitis (EAE)
model that treatment with itaconate in vivo reduced disease
severity. Itaconate inhibited Th17 differentiation in vitro by
suppressing glycolysis and oxidative phosphorylation, causing
altered chromatin accessibility and decreased RORyt binding at
the Il17a promoter (83). In contrast, Nastasi et al. recently reported
that DMI and 4-OI, but not itaconate, inhibited human T cell
activation and proliferation. Exogenous itaconate was taken up by
activated CD4™ T cells but did not inhibit SDH activity as assessed
by succinate levels (83).

The expression of ACODI1 in tumor-associated macrophages
and the resulting production of itaconate and its release in the
tumor microenvironment can inhibit T cell anti-tumor immune
responses, as indicated by several studies. First, Zhao et al. showed
that myeloid derived suppressor cells (MDSC) secrete itaconate that
is taken up by CD8" T cells, leading to their functional inactivation
(37). Acodl”" mice exhibited enhanced CD8" T cell responses
towards transplanted tumors, decreased MDSC accumulation and
reduced tumor growth (37). Similar findings were reported very
recently regarding a reduced tumor growth in Acodl”" mice, that
was associated with a reduced frequency of MDSC but increased T
cell accumulation in the tumor microenvironment (84). Acodl””
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monocytes/macrophages promoted T cell trafficking in a Tet2-
dependent manner and were sufficient in an adoptive transfer
model to inhibit pancreatic tumor cell growth, again associated
with enhanced CD8" T cell influx (84).

Modulation of the itaconate pathway has also been investigated
as a potential treatment strategy in autoimmune disease, specifically
in a mouse model of systemic lupus erythematosus (SLE) (85).
Lupus-prone NZW x NZB mice were treated with 4-OI
administered via a subcutaneously implanted osmotic pump for 4
weeks. Systemic inflammation, production of autoantibodies and
organ damage in the kidney were significantly reduced in 4-OI-
treated mice. These effects correlated with an inhibition of
expression of type I IFN and MAVS genes, and a reduction of
glycolysis as well as OCR in splenocytes of 4-OI treated mice (85).
Thus, although the mechanistic link between inhibition between the
administration of 4-OI and the reduction in pathogenic
autoantibodies is not yet clear, the itaconate pathway represents a
target to modulate dysregulation of autoreactive B cell responses.

5 Conclusion and open questions

Since the identification of Acodl/Irgl-encoded ACODI as the
enzyme responsible for generation of itaconate and its description
as anti-microbial metabolite, we have seen a remarkable wealth of
research findings on the functional role of ACODI-itaconate in the
immune system. The Janus-faced biology of itaconate as
immunoregulatory and anti-microbial molecule has attracted the
attention of infection immunologists as well as those working on the
deleterious consequences of overshooting innate immune activation
in sepsis and non-resolving inflammation. The search for the
mechanistic basis of the immunoregulation by itaconate has been
highly successful, maybe too successful, in that a plethora of
molecular effects on metabolic enzymes, key signaling proteins
and transcription factors have been revealed. The identification of
itaconation, and recently of itaconylation, as post-translational
cysteine (and lysine) modification affecting hundreds to
thousands of cellular proteins provided a biochemical basis for
many of itaconate’s effects.

The intention to utilize the newly discovered immunoregulatory
properties of endogenous ACOD]1-derived itaconate in a therapeutic
approach led to the introduction of synthetic cell-permeable
derivatives, 4-OI and DMI. While these clearly have many striking
effects in models of infection, inflammation and related disease-
conditions, their biological activity is not identical to that of itaconate
because of changes in electrophilicity and potential different
molecular interactions. Thus, the field has become complex by the
need to separate the phenotypes caused by endogenous itaconate,
exogenous itaconate and the synthetic derivatives.

Another complicating and highly interesting factor in ACOD1-
itaconate biology is the species-difference in the capacity of mouse
and human macrophages to produce itaconate. Intracellular levels
of 5-10 mM in activated murine macrophages contrast with much
lower (around 50-fold) itaconate concentrations in human
macrophages (16, 45, 75). While recent publications also report
stronger itaconate production from human macrophages (86), the
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demonstration of lower enzymatic activity of human ACODI1
compared to the murine protein provides an explanation for the
species difference (87). It will be important to investigate more
thoroughly itaconate levels in human cells and tissues. If the human
system is indeed hypomorphic in itaconate production, the
interpretation of studies obtained in Acodl” mice with regard to
the human system needs to be done with particular caution. On the
other hand, the effects of exogenous provision of itaconate (or its
derivatives) may be considerably stronger in humans compared to
mice that already produce ample itaconate themselves.

The intracellular trafficking, the release into the extracellular
space and the uptake of itaconate by non-producing cells is an
emerging and exciting topic in the field. The transport out of the
mitochondria, where itaconate is produced, and trafficking to a
pathogen-containing vacuole are partially understood (11, 35, 36).
However, how different cells take up itaconate from the environment
in changing activation states is currently completely unresolved. In
the case of macrophages, it is now clear that exogenous itaconate, and
its isomers, are readily taken up. It will be very interesting to learn in
the future how these processes are mediated and regulated in different
innate immune cells, in B and T cells, as well as in epithelial cells.

Author contributions

RL: Conceptualization, Writing — original draft. MS: Writing -
review and editing, Visualization.

References

1. O'Neill LA, Pearce EJ. Immunometabolism governs dendritic cell and
macrophage function. J Exp Med. (2016) 213:15-23. doi: 10.1084/jem.20151570

2. Buck MD, O'Sullivan D, Pearce EL. T cell metabolism drives immunity. ] Exp
Med. (2015) 212:1345-60. doi: 10.1084/jem.20151159

3. Ryan DG, O'Neill LAJ. Krebs cycle reborn in macrophage immunometabolism.
Annu Rev Immunol. (2020) 38:289-313. doi: 10.1146/annurev-immunol-081619-
104850

4. Qualls JE, Murray PJ. Immunometabolism within the tuberculosis granuloma:
amino acids, hypoxia, and cellular respiration. Semin Immunopathol. (2016) 38(2):139-
52. doi: 10.1007/s00281-015-0534-0

5. Williams NC, O'Neill LAJ. A role for the Krebs cycle intermediate citrate in
metabolic reprogramming in innate immunity and inflammation. Front Immunol.
(2018) 9:141. doi: 10.3389/fimmu.2018.00141

6. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate
dehydrogenase supports metabolic repurposing of mitochondria to drive inflammatory
macrophages. Cell. (2016) 167:457-70.e413. doi: 10.1016/j.cell.2016.08.064

7. O'Neill LAJ, Artyomov MN. Itaconate: the poster child of metabolic
reprogramming in macrophage function. Nat Rev Immunol. (2019) 19:273-81.
doi: 10.1038/s41577-019-0128-5

8. Strelko CL, Lu W, Dufort FJ, Seyfried TN, Chiles TC, Rabinowitz JD, et al.
Itaconic acid is a mammalian metabolite induced during macrophage activation. J Am
Chem Soc. (2011) 133:16386-9. doi: 10.1021/ja2070889

9. Michelucci A, Cordes T, Ghelfi J, Pailot A, Reiling N, Goldmann O, et al.
Immune-responsive gene 1 protein links metabolism to immunity by catalyzing
itaconic acid production. Proc Natl Acad Sci USA. (2013) 110:7820-5. doi: 10.1073/
pnas.1218599110

10. Naujoks J, Tabeling C, Dill BD, Hoffmann C, Brown AS, Kunze M, et al. IFNs modify
the proteome of legionella-containing vacuoles and restrict infection via IRGI-derived
itaconic acid. PLoS Pathog. (2016) 12:e1005408. doi: 10.1371/journal.ppat.1005408

11. Chen M, Sun H, Boot M, Shao L, Chang SJ, Wang W, et al. Itaconate is an
effector of a Rab GTPase cell-autonomous host defense pathway against Salmonella.
Science. (2020) 369:450-5. doi: 10.1126/science.aaz1333

Frontiers in Immunology

11

10.3389/fimmu.2024.1352165

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Work in the
Lang lab is supported by the Deutsche Forschungsgemeinschaft
(LA1262/8-1; CRC1181 TP A06; GRK 2599) and by the Johannes
und Frieda Marohn-Stiftung.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

12. Demars A, Vitali A, Comein A, Carlier E, Azouz A, Goriely S, et al. Aconitate
decarboxylase 1 participates in the control of pulmonary Brucella infection in mice.
PLoS Pathog. (2021) 17:¢1009887. doi: 10.1371/journal.ppat.1009887

13. Lacey CA, Ponzilacqua-Silva B, Chambers CA, Dadelahi AS, Skyberg JA.
MyD88-dependent glucose restriction and Itaconate production control Brucella
infection. Infect Immun. (2021) 89:¢0015621. doi: 10.1128/IAL.00156-21

14. Jessop F, Buntyn R, Schwarz B, Wehrly T, Scott D, Bosio CM. Interferon gamma
reprograms host mitochondrial metabolism through inhibition of complex II to control
intracellular bacterial replication. Infect Immun. (2020) 88. doi: 10.1128/TAL.00744-19

15. Gidon A, Louet C, Rost LM, Bruheim P, Flo TH. The Tumor Necrosis Factor
Alpha and Interleukin 6 Auto-paracrine Signaling Loop Controls Mycobacterium
avium Infection via Induction of IRF1/IRG1 in Human Primary Macrophages. mBio.
(2021) 12:€0212121. doi: 10.1128/mBi0.02121-21

16. Kohl L, Siddique M, Bodendorfer B, Berger R, Preikschat A, Daniel C, et al.
Macrophages inhibit Coxiella burnetii by the ACODI1-itaconate pathway for
containment of Q fever. EMBO Mol Med. (2023) 15:e15931. doi: 10.15252/
emmm.202215931

17. Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE,
Loginicheva E, et al. Itaconate links inhibition of succinate dehydrogenase with
macrophage metabolic remodeling and regulation of inflammation. Cell Metab.
(2016) 24:158-66. doi: 10.1016/j.cmet.2016.06.004

18. Lee CG, Jenkins NA, Gilbert DJ, Copeland NG, O'Brien WE. Cloning and
analysis of gene regulation of a novel LPS-inducible cDNA. Immunogenetics. (1995)
41:263-70. doi: 10.1007/BF00172150

19. Mahe D, Fisson S, Montoni A, Morel A, Couez D. Identification and
IFNgamma-regulation of differentially expressed mRNAs in murine microglial and
CNS-associated macrophage subpopulations. Mol Cell Neurosci. (2001) 18:363-80.
doi: 10.1006/mcne.2001.1038

20. Shi S, Blumenthal A, Hickey CM, Gandotra S, Levy D, Ehrt S. Expression of
Many Immunologically Important Genes in Mycobacterium tuberculosis-Infected
Macrophages Is Independent of Both TLR2 and TLR4 but Dependent on IFN-of3
Receptor and STATL. J Immunol. (2005) 175:3318-28. doi: 10.4049/
jimmunol.175.5.3318

frontiersin.org


https://doi.org/10.1084/jem.20151570
https://doi.org/10.1084/jem.20151159
https://doi.org/10.1146/annurev-immunol-081619-104850
https://doi.org/10.1146/annurev-immunol-081619-104850
https://doi.org/10.1007/s00281-015-0534-0
https://doi.org/10.3389/fimmu.2018.00141
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1021/ja2070889
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1371/journal.ppat.1005408
https://doi.org/10.1126/science.aaz1333
https://doi.org/10.1371/journal.ppat.1009887
https://doi.org/10.1128/IAI.00156-21
https://doi.org/10.1128/IAI.00744-19
https://doi.org/10.1128/mBio.02121-21
https://doi.org/10.15252/emmm.202215931
https://doi.org/10.15252/emmm.202215931
https://doi.org/10.1016/j.cmet.2016.06.004
https://doi.org/10.1007/BF00172150
https://doi.org/10.1006/mcne.2001.1038
https://doi.org/10.4049/jimmunol.175.5.3318
https://doi.org/10.4049/jimmunol.175.5.3318
https://doi.org/10.3389/fimmu.2024.1352165
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lang and Siddique

21. Hoshino K, Kaisho T, Iwabe T, Takeuchi O, Akira S. Differential involvement of
IFN-beta in Toll-like receptor-stimulated dendritic cell activation. Int Immunol. (2002)
14:1225-31. doi: 10.1093/intimm/dxf089

22. Rodriguez N, Mages ], Dietrich H, Wantia N, Wagner H, Lang R, et al. MyD88-
dependent changes in the pulmonary transcriptome after infection with Chlamydia
pneumoniae. Physiol Genomics. (2007) 30(2):134-45. doi: 10.1152/
physiolgenomics.00011.2007

23. Degrandi D, Hoffmann R, Beuter-Gunia C, Pfeffer K. The proinflammatory
cytokine-induced IRG1 protein associates with mitochondria. J Interferon Cytokine Res.
(2009) 29:55-67. doi: 10.1089/jir.2008.0013

24. Dichtl S, Sanin DE, Koss CK, Willenborg S, Petzold A, Tanzer MC, et al. Gene-
selective transcription promotes the inhibition of tissue reparative macrophages by
TNEF. Life Sci Alliance. (2022) 5. doi: 10.26508/1sa.202101315

25. Bomfim CCB, Fisher L, Amaral EP, Mittereder L, McCann K, Correa AAS, et al.
Mycobacterium tuberculosis induces Irgl in murine macrophages by a pathway
involving both TLR-2 and STING/IFNAR signaling and requiring bacterial
phagocytosis. Front Cell Infect Microbiol. (2022) 12:862582. doi: 10.3389/
fcimb.2022.862582

26. Schuster EM, Epple MW, Glaser KM, Mihlan M, Lucht K, Zimmermann JA,
et al. TFEB induces mitochondrial itaconate synthesis to suppress bacterial growth in
macrophages. Nat Metab. (2022) 4:856-66. doi: 10.1038/s42255-022-00605-w

27. Kohl L, Siddique M, Bodendorfer B, Berger R, Preikschat A, Daniel C, et al.
Macrophages inhibit Coxiella burnetii by the ACODI1-itaconate pathway for
containment of Q fever. EMBO Mol Med. (2023) 15(2):e15931. doi: 10.15252/
emmm.202215931

28. Tallam A, Perumal TM, Antony PM, Jager C, Fritz JV, Vallar L, et al. Gene
regulatory network inference of immunoresponsive gene 1 (IRG1) identifies interferon
regulatory factor 1 (IRF1) as its transcriptional regulator in mammalian macrophages.
PLoS One. (2016) 11:€0149050. doi: 10.1371/journal.pone.0149050

29. Napolitano G, Ballabio A. TFEB at a glance. J Cell Sci. (2016) 129:2475-81.
doi: 10.1242/jcs.146365

30. Tomlinson KL, Riquelme SA, Baskota SU, Drikic M, Monk IR, Stinear TP, et al.
Staphylococcus aureus stimulates neutrophil itaconate production that suppresses the
oxidative burst. Cell Rep. (2023) 42:112064. doi: 10.1016/j.celrep.2023.112064

31. ZhaoY, Liu Z, Liu G, Zhang Y, Liu S, Gan D, et al. Neutrophils resist ferroptosis
and promote breast cancer metastasis through aconitate decarboxylase 1. Cell Metab.
(2023) 35:1688-703.e1610. doi: 10.1016/j.cmet.2023.09.004

32. Sun P, Zhang Z, Wang B, Liu C, Chen C, Liu P, et al. A genetically encoded
fluorescent biosensor for detecting itaconate with subcellular resolution in living
macrophages. Nat Commun. (2022) 13:6562. doi: 10.1038/s41467-022-34306-5

33. Cordes T, Wallace M, Michelucci A, Divakaruni AS, Sapcariu SC, Sousa C, et al.
Immunoresponsive gene 1 and itaconate inhibit succinate dehydrogenase to modulate
intracellular succinate levels. J Biol Chem. (2016) 291:14274-84. doi: 10.1074/
jbc.M115.685792

34. Nemeth B, Doczi J, Csete D, Kacso G, Ravasz D, Adams D, et al. Abolition of
mitochondrial substrate-level phosphorylation by itaconic acid produced by LPS-
induced Irgl expression in cells of murine macrophage lineage. FASEB J. (2016)
30:286-300. doi: 10.1096/1j.15-279398

35. Mills EL, Ryan DG, Prag HA, Dikovskaya D, Menon D, Zaslona Z, et al.
Itaconate is an anti-inflammatory metabolite that activates Nrf2 via alkylation of
KEAP1. Nature. (2018) 556:113-7. doi: 10.1038/nature25986

36. Lian H, Park D, Chen M, Schueder F, Lara-Tejero M, Liu J, et al. Parkinson's
disease kinase LRRK2 coordinates a cell-intrinsic itaconate-dependent defence pathway
against intracellular Salmonella. Nat Microbiol. (2023) 8:1880-95. doi: 10.1038/s41564-
023-01459-y

37. Zhao H, Teng D, Yang L, Xu X, Chen J, Jiang T, et al. Myeloid-derived itaconate
suppresses cytotoxic CD8(+) T cells and promotes tumour growth. Nat Metab. (2022)
4:1660-73. doi: 10.1038/s42255-022-00676-9

38. Jaiswal AK, Yadav J, Makhija S, Mazumder S, Mitra AK, Suryawanshi A, et al.
Irgl/itaconate metabolic pathway is a crucial determinant of dendritic cells immune-
priming function and contributes to resolute allergen-induced airway inflammation.
Mucosal Immunol. (2022) 15:301-13. doi: 10.1038/s41385-021-00462-y

39. Zeng YR, Song JB, Wang D, Huang ZX, Zhang C, Sun YP, et al. The
immunometabolite itaconate stimulates OXGRI1 to promote mucociliary clearance
during the pulmonary innate immune response. J Clin Invest. (2023) 133. doi: 10.1172/
JCI160463

40. Chen C, Zhang Z, Liu C, Sun P, Liu P, Li X. ABCG2 is an itaconate exporter that
limits antibacterial innate immunity by alleviating TFEB-dependent lysosomal
biogenesis. Cell Metab. (2024). doi: 10.1016/j.cmet.2023.12.015

41. Swain A, Bambouskova M, Kim H, Andhey PS, Duncan D, Auclair K, et al.
Comparative evaluation of itaconate and its derivatives reveals divergent
inflammasome and type I interferon regulation in macrophages. Nat Metab. (2020)
2:594-602. doi: 10.1038/s42255-020-0210-0

42. Qin W, Zhang Y, Tang H, Liu D, Chen Y, Liu Y, et al. Chemoproteomic profiling
of itaconation by bioorthogonal probes in inflammatory macrophages. ] Am Chem Soc.
(2020) 142:10894-8. doi: 10.1021/jacs.9b11962

Frontiers in Immunology

10.3389/fimmu.2024.1352165

43. Chen LL, Morcelle C, Cheng ZL, Chen X, Xu Y, Gao Y, et al. Itaconate inhibits
TET DNA dioxygenases to dampen inflammatory responses. Nat Cell Biol. (2022)
24:353-63. doi: 10.1038/s41556-022-00853-8

44. He W, Henne A, Lauterbach M, Geissmar E, Nikolka F, Kho C, et al. Mesaconate
is synthesized from itaconate and exerts immunomodulatory effects in macrophages.
Nat Metab. (2022) 4:524-33. doi: 10.1038/s42255-022-00565-1

45. Chen F, Elgaher WAM, Winterhoff M, Bussow K, Wagqas FH, Graner E, et al.
Citraconate inhibits ACOD1 (IRG1) catalysis, reduces interferon responses and
oxidative stress, and modulates inflammation and cell metabolism. Nat Metab.
(2022) 4:534-46. doi: 10.1038/s42255-022-00577-x

46. Li Y, Xu Y, Li W, Li J, Wu W, Kang J, et al. Itaconate inhibits SYK through
alkylation and suppresses inflammation against hvKP induced intestinal dysbiosis. Cell
Mol Life Sci CMLS. (2023) 80:337. doi: 10.1007/s00018-023-04971-w

47. Runtsch MC, Angiari S, Hooftman A, Wadhwa R, Zhang Y, Zheng Y, et al.
Itaconate and itaconate derivatives target JAK1 to suppress alternative activation of
macrophages. Cell Metab. (2022) 34:487-501.e488. doi: 10.1016/j.cmet.2022.02.002

48. FranChina DG, Dostert C, Brenner D. Reactive oxygen species: involvement in T
cell signaling and metabolism. Trends Immunol. (2018) 39:489-502. doi: 10.1016/
j.it.2018.01.005

49. Bambouskova M, Gorvel L, Lampropoulou V, Sergushichev A, Loginicheva E,
Johnson K, et al. Electrophilic properties of itaconate and derivatives regulate the
TkappaBzeta-ATF3 inflammatory axis. Nature. (2018) 556:501-4. doi: 10.1038/s41586-
018-0052-z

50. Cong B, Zhang Q, Cao X. The function and regulation of TET2 in innate
immunity and inflammation. Protein Cell. (2021) 12:165-73. doi: 10.1007/s13238-020-
00796-6

51. Zhang Z, Tan M, Xie Z, Dai L, Chen Y, Zhao Y. Identification of lysine
succinylation as a new post-translational modification. Nat Chem Biol. (2011) 7:58-
63. doi: 10.1038/nchembio.495

52. Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic regulation
of gene expression by histone lactylation. Nature. (2019) 574:575-80. doi: 10.1038/
s41586-019-1678-1

53. Diskin C, Ryan TAJ, O'Neill LAJ. Modification of proteins by metabolites in
immunity. Immunity. (2021) 54:19-31. doi: 10.1016/j.immuni.2020.09.014

54. Day EA, O'Neill LAJ. Protein targeting by the itaconate family in immunity and
inflammation. Biochem J. (2022) 479:2499-510. doi: 10.1042/BCJ20220364

55. Liu D, Xiao W, Li H, Zhang Y, Yuan S, Li C, et al. Discovery of itaconate-
mediated lysine acylation. ] Am Chem Soc. (2023) 145:12673-81. doi: 10.1021/
jacs.3c02332

56. Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides an
interface between redox and intermediary metabolism. Trends Biochem Sci. (2014)
39:199-218. doi: 10.1016/j.tibs.2014.02.002

57. Bollong MJ, Lee G, Coukos JS, Yun H, Zambaldo C, Chang JW, et al. A
metabolite-derived protein modification integrates glycolysis with KEAP1-NRF2
signalling. Nature. (2018) 562:600-4. doi: 10.1038/s41586-018-0622-0

58. Ko Y, Hong M, Lee S, Kumar M, Ibrahim L, Nutsch K, et al. S-lactoyl
modification of KEAP1 by a reactive glycolytic metabolite activates NRF2 signaling.
Proc Natl Acad Sci USA. (2023) 120:€2300763120. doi: 10.1073/pnas.2300763120

59. Ibrahim L, Stanton C, Nutsch K, Nguyen T, Li-Ma C, Ko Y, et al. Succinylation of
a KEAP1 sensor lysine promotes NRF2 activation. Cell Chem Biol. (2023) 30:1295-
302.e1294. doi: 10.1016/j.chembiol.2023.07.014

60. Liao ST, Han C, Xu DQ, Fu XW, Wang JS, Kong LY. 4-Octyl itaconate inhibits
aerobic glycolysis by targeting GAPDH to exert anti-inflammatory effects. Nat
Commun. (2019) 10:5091. doi: 10.1038/s41467-019-13078-5

61. Qin W, Qin K, Zhang Y, Jia W, Chen Y, Cheng B, et al. S-glycosylation-based
cysteine profiling reveals regulation of glycolysis by itaconate. Nat Chem Biol. (2019)
15:983-91. doi: 10.1038/5s41589-019-0323-5

62. Hooftman A, Angiari S, Hester S, Corcoran SE, Runtsch MC, Ling C, et al. The
immunomodulatory metabolite itaconate modifies NLRP3 and inhibits inflammasome
activation. Cell Metab. (2020) 32:468-78.e467. doi: 10.1016/j.cmet.2020.07.016

63. Fu J, Wu H. Structural mechanisms of NLRP3 inflammasome assembly and
activation. Annu Rev Immunol. (2023) 41:301-16. doi: 10.1146/annurev-immunol-
081022-021207

64. Bambouskova M, Potuckova L, Paulenda T, Kerndl M, Mogilenko DA, Lizotte K,
et al. Ttaconate confers tolerance to late NLRP3 inflammasome activation. Cell Rep.
(2021) 34:108756. doi: 10.1016/j.celrep.2021.108756

65. Mocsai A, Ruland ], Tybulewicz VL. The SYK tyrosine kinase: a crucial player in
diverse biological functions. Nat Rev Immunol. (2010) 10:387-402. doi: 10.1038/
nri2765

66. Roers A, Hiller B, Hornung V. Recognition of endogenous nucleic acids by the
innate immune system. Immunity. (2016) 44:739-54. doi: 10.1016/
jimmuni.2016.04.002

67. Li W, Li Y, Kang J, Jiang H, Gong W, Chen L, et al. 4-octyl itaconate as a
metabolite derivative inhibits inflammation via alkylation of STING. Cell Rep. (2023)
42:112145. doi: 10.1016/j.celrep.2023.112145

frontiersin.org


https://doi.org/10.1093/intimm/dxf089
https://doi.org/10.1152/physiolgenomics.00011.2007
https://doi.org/10.1152/physiolgenomics.00011.2007
https://doi.org/10.1089/jir.2008.0013
https://doi.org/10.26508/lsa.202101315
https://doi.org/10.3389/fcimb.2022.862582
https://doi.org/10.3389/fcimb.2022.862582
https://doi.org/10.1038/s42255-022-00605-w
https://doi.org/10.15252/emmm.202215931
https://doi.org/10.15252/emmm.202215931
https://doi.org/10.1371/journal.pone.0149050
https://doi.org/10.1242/jcs.146365
https://doi.org/10.1016/j.celrep.2023.112064
https://doi.org/10.1016/j.cmet.2023.09.004
https://doi.org/10.1038/s41467-022-34306-5
https://doi.org/10.1074/jbc.M115.685792
https://doi.org/10.1074/jbc.M115.685792
https://doi.org/10.1096/fj.15-279398
https://doi.org/10.1038/nature25986
https://doi.org/10.1038/s41564-023-01459-y
https://doi.org/10.1038/s41564-023-01459-y
https://doi.org/10.1038/s42255-022-00676-9
https://doi.org/10.1038/s41385-021-00462-y
https://doi.org/10.1172/JCI160463
https://doi.org/10.1172/JCI160463
https://doi.org/10.1016/j.cmet.2023.12.015
https://doi.org/10.1038/s42255-020-0210-0
https://doi.org/10.1021/jacs.9b11962
https://doi.org/10.1038/s41556-022-00853-8
https://doi.org/10.1038/s42255-022-00565-1
https://doi.org/10.1038/s42255-022-00577-x
https://doi.org/10.1007/s00018-023-04971-w
https://doi.org/10.1016/j.cmet.2022.02.002
https://doi.org/10.1016/j.it.2018.01.005
https://doi.org/10.1016/j.it.2018.01.005
https://doi.org/10.1038/s41586-018-0052-z
https://doi.org/10.1038/s41586-018-0052-z
https://doi.org/10.1007/s13238-020-00796-6
https://doi.org/10.1007/s13238-020-00796-6
https://doi.org/10.1038/nchembio.495
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.immuni.2020.09.014
https://doi.org/10.1042/BCJ20220364
https://doi.org/10.1021/jacs.3c02332
https://doi.org/10.1021/jacs.3c02332
https://doi.org/10.1016/j.tibs.2014.02.002
https://doi.org/10.1038/s41586-018-0622-0
https://doi.org/10.1073/pnas.2300763120
https://doi.org/10.1016/j.chembiol.2023.07.014
https://doi.org/10.1038/s41467-019-13078-5
https://doi.org/10.1038/s41589-019-0323-5
https://doi.org/10.1016/j.cmet.2020.07.016
https://doi.org/10.1146/annurev-immunol-081022-021207
https://doi.org/10.1146/annurev-immunol-081022-021207
https://doi.org/10.1016/j.celrep.2021.108756
https://doi.org/10.1038/nri2765
https://doi.org/10.1038/nri2765
https://doi.org/10.1016/j.immuni.2016.04.002
https://doi.org/10.1016/j.immuni.2016.04.002
https://doi.org/10.1016/j.celrep.2023.112145
https://doi.org/10.3389/fimmu.2024.1352165
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lang and Siddique

68. Zhang Z, Chen C, Yang F, Zeng YX, Sun P, Liu P, et al. Itaconate is a lysosomal
inducer that promotes antibacterial innate immunity. Mol Cell. (2022) 82:2844-
57.€2810. doi: 10.1016/j.molcel.2022.05.009

69. Murray PJ. Macrophage polarization. Annu Rev Physiol. (2017) 79:541-66.
doi: 10.1146/annurev-physiol-022516-034339

70. He R, Liu B, Xiong R, Geng B, Meng H, Lin W, et al. Itaconate inhibits
ferroptosis of macrophage via Nrf2 pathways against sepsis-induced acute lung injury.
Cell Death Discov. (2022) 8:43. doi: 10.1038/s41420-021-00807-3

71. Yang W, Wang Y, Huang Y, Wang T, Li C, Zhang P, et al. Inmune Response
Gene-1 [IRG1]/itaconate protect against multi-organ injury via inhibiting gasdermin
D-mediated pyroptosis and inflammatory response. Inflammopharmacology. (2023) 10
(4):1552-63. doi: 10.1007/s10787-023-01278-x

72. Yang W, Wang Y, Wang T, Li C, Shi L, Zhang P, et al. Protective effects of IRG1/
itaconate on acute colitis through the inhibition of gasdermins-mediated pyroptosis
and inflammation response. Genes Dis. (2023) 10(4):1552-63. doi: 10.1016/
j.gendis.2022.05.039

73. Netea MG, Dominguez-Andres J, Barreiro LB, Chavakis T, Divangahi M, Fuchs
E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol.
(2020) 20:375-88. doi: 10.1038/s41577-020-0285-6

74. LiY, Zhang P, Wang C, Han C, Meng J, Liu X, et al. Inmune responsive gene 1
(IRG1) promotes endotoxin tolerance by increasing A20 expression in macrophages
through reactive oxygen species. J Biol Chem. (2013) 288:16225-34. doi: 10.1074/
jbc.M113.454538

75. Dominguez-Andres ], Novakovic B, Li Y, Scicluna BP, Gresnigt MS, Arts RJW,
et al. The itaconate pathway is a central regulatory node linking innate immune
tolerance and trained immunity. Cell Metab. (2019) 29:211-20.e215. doi: 10.1016/
j.cmet.2018.09.003

76. Ferreira AV, Kostidis S, Groh LA, Koeken V, Bruno M, Baydemir I, et al.
Dimethyl itaconate induces long-term innate immune responses and confers
protection against infection. Cell Rep. (2023) 42:112658. doi: 10.1016/
j.celrep.2023.112658

77. Gadina M, Hilton D, Johnston JA, Morinobu A, Lighvani A, Zhou Y], et al.
Signaling by type I and II cytokine receptors: ten years after. Curr Opin Immunol.
(2001) 13:363-73. doi: 10.1016/s0952-7915(00)00228-4

Frontiers in Immunology

13

10.3389/fimmu.2024.1352165

78. Nair S, Huynh JP, Lampropoulou V, Loginicheva E, Esaulova E, Gounder AP,
et al. Irgl expression in myeloid cells prevents immunopathology during M.
tuberculosis infection. ] Exp Med. (2018) 215:1035-45. doi: 10.1084/jem.20180118

79. Crossley JL, Ostashevskaya-Gohstand S, Comazzetto S, Hook JS, Guo L,
Vishlaghi N, et al. Itaconate-producing neutrophils regulate local and systemic
inflammation following trauma. JCI Insight. (2023) 8. doi: 10.1172/jci.insight.169208

80. Burczyk G, Cichon I, Kolaczkowska E. Itaconate suppresses formation of
neutrophil extracellular traps (NETs): involvement of hypoxia-inducible factor
lalpha (Hif-1alpha) and heme oxygenase (HO-1). Front Immunol. (2022) 13:864638.
doi: 10.3389/fimmu.2022.864638

81. Torrey H, Kuhtreiber WM, Okubo Y, Tran L, Case K, Zheng H, et al. A novel
TNFR2 agonist antibody expands highly potent regulatory T cells. Sci Signal. (2020) 13.
doi: 10.1126/scisignal.aba9600

82. Roberts LM, Leighton I, Schwarz B, Wehrly TD, Evans TJ, Bosio CM. Itaconate
indirectly influences expansion of effector T cells following vaccination with Francisella
tularensis live vaccine strain. Cell Immunol. (2022) 373:104485. doi: 10.1016/
j.cellimm.2022.104485

83. Aso K, Kono M, Kanda M, Kudo Y, Sakiyama K, Hisada R, et al. Itaconate
ameliorates autoimmunity by modulating T cell imbalance via metabolic and epigenetic
reprogramming. Nat Commun. (2023) 14:984. doi: 10.1038/541467-023-36594-x

84. Chen YJ, Li GN, Li XJ, Wei LX, Fu MJ, Cheng ZL, et al. Targeting IRG1 reverses
the immunosuppressive function of tumor-associated macrophages and enhances
cancer immunotherapy. Sci Adv. (2023) 9:eadg0654. doi: 10.1126/sciadv.adg0654

85. Blanco LP, Patino-Martinez E, Nakabo S, Zhang M, Pedersen HL, Wang X, et al.
Modulation of the Itaconate pathway attenuates murine lupus. Arthritis Rheumatol.
(2022) 74:1971-83. doi: 10.1002/art.42284

86. Wang X, Su S, Zhu Y, Cheng X, Cheng C, Chen L, et al. Metabolic
Reprogramming via ACODI1 depletion enhances function of human induced
pluripotent stem cell-derived CAR-macrophages in solid tumors. Nat Commun.
(2023) 14:5778. doi: 10.1038/s41467-023-41470-9

87. Chen F, Lukat P, Igbal AA, Saile K, Kaever V, van den Heuvel J, et al. Crystal
structure of cis-aconitate decarboxylase reveals the impact of naturally occurring
human mutations on itaconate synthesis. Proc Natl Acad Sci USA. (2019)
116:20644-54. doi: 10.1073/pnas.1908770116

frontiersin.org


https://doi.org/10.1016/j.molcel.2022.05.009
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1038/s41420-021-00807-3
https://doi.org/10.1007/s10787-023-01278-x
https://doi.org/10.1016/j.gendis.2022.05.039
https://doi.org/10.1016/j.gendis.2022.05.039
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1074/jbc.M113.454538
https://doi.org/10.1074/jbc.M113.454538
https://doi.org/10.1016/j.cmet.2018.09.003
https://doi.org/10.1016/j.cmet.2018.09.003
https://doi.org/10.1016/j.celrep.2023.112658
https://doi.org/10.1016/j.celrep.2023.112658
https://doi.org/10.1016/s0952-7915(00)00228-4
https://doi.org/10.1084/jem.20180118
https://doi.org/10.1172/jci.insight.169208
https://doi.org/10.3389/fimmu.2022.864638
https://doi.org/10.1126/scisignal.aba9600
https://doi.org/10.1016/j.cellimm.2022.104485
https://doi.org/10.1016/j.cellimm.2022.104485
https://doi.org/10.1038/s41467-023-36594-x
https://doi.org/10.1126/sciadv.adg0654
https://doi.org/10.1002/art.42284
https://doi.org/10.1038/s41467-023-41470-9
https://doi.org/10.1073/pnas.1908770116
https://doi.org/10.3389/fimmu.2024.1352165
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Control of immune cell signaling by the immuno-metabolite itaconate
	1 Introduction
	2 Generation of itaconate by ACOD1
	2.1 Induction of ACOD1 expression
	2.2 Mitochondrial localization of ACOD1 and itaconate
	2.3 Trafficking of itaconate
	2.4 Derivatives and isomers of itaconate

	3 Impact of itaconate on cell signaling and metabolism
	3.1 Electrophilic stress, glutathione buffering and ATF3 inhibition of IκB&zeta;
	3.2 Enzymatic inhibition
	3.3 Protein modification by itaconate
	3.3.1 KEAP1
	3.3.2 GAPDH
	3.3.3 ALDOA and LDHA
	3.3.4 NLRP3
	3.3.5 GSDMD
	3.3.6 JAK1
	3.3.7 SYK
	3.3.8 STING
	3.3.9 TFEB


	4 Effects of itaconate on immune responses
	4.1 Innate immune cells
	4.1.1 Macrophages
	4.1.2 Neutrophils

	4.2 Adaptive immune cells

	5 Conclusion and open questions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


