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Macrophages, upon classical activation by the Toll-like receptor
4 (TLR4) ligand lipopolysaccharide (LPS), undergo metabolic
reprogramming to meet newly required bioenergetic and biosyn-
thetic demands that regulate macrophage effector function. Gen-
erally, anabolic pathways that fuel biosynthesis, such as aerobic
glycolysis (termed the “Warburg effect”), are highly upregulated,
whereas catabolic pathways such as oxidative phosphorylation
(OXPHOS) become downregulated (1). In LPS-activated macro-
phages, the Krebs cycle (also known as the citric acid or tricarbox-
ylic acid cycle) and OXPHOS are initially upregulated, followed by
the nitric oxide-mediated disruption of the Krebs cycle and respi-
ratory chain (2-7), resulting in the accumulation of immunome-
tabolites such as succinate, fumarate, and itaconate, which exhibit
a wide range immunoregulatory functions (8-11).

In 2011, itaconate was shown to be a mammalian metabolite
produced in large quantities in LPS-activated macrophages (12)
and present in the lungs of mice infected with Mycobacterium
tuberculosis (13). Michelucci et al. then identified cis-aconitate
decarboxylase (ACOD1), encoded by immunoresponsive gene
1 (Irgl), as the enzyme responsible for the decarboxylation of
the Krebs cycle intermediate cis-aconitate in macrophages (14).
ACOD1 had been identified as an LPS-inducible cDNA with no
known function in 1995 (15). To date, macrophages and myeloid
cells are the only cells that have been found to produce itacon-
ate in response to M1-polarizing conditions (e.g., LPS exposure).
Since its identification, itaconate has emerged as a mitochondrial
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Macrophages exposed to inflammatory stimuli including LPS undergo metabolic reprogramming to facilitate macrophage
effector function. This metabolic reprogramming supports phagocytic function, cytokine release, and ROS production that
are critical to protective inflammatory responses. The Krebs cycle is a central metabolic pathway within all mammalian

cell types. In activated macrophages, distinct breaks in the Krebs cycle regulate macrophage effector function through the
accumulation of several metabolites that were recently shown to have signaling roles in immunity. One metabolite that
accumulates in macrophages because of the disturbance in the Krebs cycle is itaconate, which is derived from cis-aconitate
by the enzyme cis-aconitate decarboxylase (ACOD1), encoded by immunoresponsive gene 1 (Irg7). This Review focuses on
itaconate’s emergence as a key immunometabolite with diverse roles in immunity and inflammation. These roles include
inhibition of succinate dehydrogenase (which controls levels of succinate, a metabolite with multiple roles in inflammation),
inhibition of glycolysis at multiple levels (which will limit inflammation), activation of the antiinflammatory transcription
factors Nrf2 and ATF3, and inhibition of the NLRP3 inflammasome. Itaconate and its derivatives have antiinflammatory
effects in preclinical models of sepsis, viral infections, psoriasis, gout, ischemia/reperfusion injury, and pulmonary fibrosis,
pointing to possible itaconate-based therapeutics for a range of inflammatory diseases. This intriguing metabolite continues
to yield fascinating insights into the role of metabolic reprogramming in host defense and inflammation.

metabolite with antimicrobial but also immunomodulatory prop-
erties. In this Review, we discuss these properties and speculate
on the therapeutic potential of itaconate in inflammatory diseases.

Structurally, itaconate is a five-carbon dicarboxylic acid with
an o,B-unsaturated alkene (Figure 1 and ref. 16). It is structurally
and chemically similar to other metabolites such as phosphoe-
nolpyruvate, succinate, malonate, and fumarate. Such similarities
have informed studies of its antimicrobial and immunoregulatory
effects. Esterified derivatives of itaconate, 4-octyl itaconate (OI) and
dimethyl itaconate (DI) (Figure 1), are commonly used to mimic its
biological effects in vitro and in vivo because of their high membrane
permeability, as it was unclear until recently whether underivatized
itaconate is able to be taken up by macrophages (17). However,
increased electrophilicity of derivatives, or other chemical differ-
ences, may reveal effects that are not attributable to endogenously
produced itaconate. The use of derivatives is an important area for
the field and will be discussed in more detail; it may point the way to
novel therapeutics based on itaconate.

Roles for itaconate in host-pathogen
interactions

Since the identification of itaconate as a mammalian metabolite,
many studies have characterized roles for itaconate in host-patho-
gen interactions (Figure 2). Key inducers of the IRG1/itaconate
axis in myeloid cells, such as exposure to LPS and acute iron depri-
vation, occur during infection, indicating an important role for
itaconate in infection (18). A notable antimicrobial mechanism of
itaconate is its activity as a bacterial isocitrate lyase (ICL) inhibi-
tor (19-21). ICL is a bacterial enzyme required for the glyoxylate
shunt during bacterial infection (22-25). As such, inhibition of ICL
by itaconate limits growth of pathogens that depend on ICL activity
such as Pseudomonas indigofera (19, 21, 26, 27). Recently, a break-
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Figure 1. The structures of itaconate, similar metabolites, and its deriva-
tives. Itaconate is a five-carbon dicarboxylic acid with an a,B-unsaturated
alkene, making it mildly electrophilic. Structurally, itaconate is similar to
several metabolites, including succinate, malonate, phosphoenolpyruvate,
and fumarate. For instance, through structural similarity to succinate and
malonate, itaconate can competitively inhibit succinate dehydrogenase and
prevent the oxidation of succinate to fumarate (53, 54). Similarly, the alkene
group allows itaconate to act as a Michael acceptor and react with cysteine
residues in a similar manner to fumarate (11). Commonly used derivatives of
itaconate include 4-octyl itaconate (Ol) and dimethyl itaconate (DI), which
are useful because of their high membrane permeability. While DI is not
metabolized to itaconate (109), there is evidence that Ol may be converted
into itaconate intracellularly by esterases (11, 77, 78).

down product of itaconate metabolism, itaconyl-CoA, was also
shown to limit the growth of M. tuberculosis (28). During M. tuber-
culosis infection, cholesterol-derived propionyl-CoA metabolism is
required for optimal pathogenicity (29). Itaconyl-CoA, which had
previously been shown to inhibit human 5-deoxyadenosylcobala-
man-dependent methylmalonyl-CoA mutase (1(MCM,; ref. 30), was
also found to inhibit propionate-dependent M. tuberculosis growth
(28), which requires MCM activity (31). Additionally, itaconate
prevents M. tuberculosis-associated immunopathology by reduc-
ing macrophage chemokine production and inhibiting neutrophil
recruitment to the lungs of M. tuberculosis-infected mice (32).
Recently, itaconate’s role as a novel host defense mechanism
was demonstrated when the Rab32 GTPase was shown to interact
with ACODL1 to facilitate the delivery of itaconate into Salmonel-
la-containing vacuoles (SCVs) (33). Interestingly, Salmonella typh-
imurium is able to evade this antimicrobial mechanism through
the expression of the secretion effectors SopD2 and GtgE (34, 35),
suggesting potential evolutionary selection of itaconate-resistant
strains of Salmonella. Salmonella deficient in SopD2 and GtgE rep-
licate poorly specifically in cells of hematopoietic origin, while in
numerous other cell types SopD2 and GtgE expression did not affect
replication, suggesting that they are acting on a pathway unique
to hematopoietic cells. Next, a proteomic screen for Rab32-in-
teracting proteins revealed the interaction of ACODI and Rab32,
prompting examination of a role for itaconate. The delivery of
itaconate into SCVs was demonstrated using a strain of Salmonella
expressing an itaconate biosensor, showing that bacteria contained
within a vacuole were exposed to higher concentrations of itacon-
ate compared with cytoplasmic bacteria, as there was a greater lev-
el of reporter expression within the vacuole. Bone marrow-derived
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macrophages (BMDMs) from mice lacking Rab32 and BLOCS3 (the
exchange factor required for Rab32 function) produced normal
levels of itaconate but lacked expression of the itaconate reporter
in SCVs, indicating Rab32’s essential role in delivering itaconate
into SCVs. Importantly, deficiency of BLOC3 and ACOD1 resulted
in increased replication of S. typhimurium, and both BLOC3 and
ACOD1 were shown to be required for the increased pathogenicity
of SopD2/GtgE-expressing S. typhimurium. Together, these studies
highlight itaconate’s antimicrobial properties.

Interestingly, while itaconate is a natural antimicrobial mole-
cule, some pathogens have evolved elegant mechanisms to over-
come itaconate during infection. For example, some bacteria are
able to break down and metabolize itaconate to pyruvate and ace-
tyl-CoA. Itaconate degradation has been characterized in bacteria
for years; however, the enzymes responsible and their role during
infection remained unclear until recently when Yersinia pestis and
Pseudomonas aeruginosa were shown to contain several genes
encoding the enzymes itaconate CoA transferase, itaconyl-CoA
hydratase, and (S)-citramalyl-CoA lyase, which are required for
itaconate catabolism, allowing increased survival within macro-
phages (36-39). Similarly, M. tuberculosis expresses the bifunction-
al enzyme B-hydroxyacyl-CoA lyase, which is required for itacon-
ate dissimilation and leucine catabolism, and in turn this promotes
M. tuberculosis pathogenicity (40). It is also worth noting that
there appears to be an interesting relationship between itaconate
metabolism and leucine metabolism, as enzymes involved in the
catabolism of leucine (e.g., BCAT1) are required for IRG1 expres-
sion and itaconate production in macrophages (4, 41).

P. aeruginosa and Staphylococcus aureus are two striking exam-
ples of pathogens able to exploit host-derived itaconate to fuel bio-
film formation, resulting in increased pathogenicity and survival
(42, 43). Due to its electrophilicity, itaconate induces a prosurvival
membrane stress response in Pseudomonas (44, 45). Under condi-
tions of membrane stress, P. aeruginosa favor extracellular polysac-
charide (EPS) synthesis over LPS biosynthesis, which in turn was
found to further drive metabolic reprogramming of macrophages,
augmenting itaconate synthesis in a positive-feedback loop (43).
EPS production also led to increased biofilm formation, provid-
ing a survival niche for P. aeruginosa in the lung (46). In a similar
manner, itaconate has also recently been shown to be an import-
ant factor able to drive biofilm formation during S. aureus infection
(47). The induction of itaconate by S. aureus leads to itaconate-me-
diated inhibition of staphylococcal aldolase, resulting in the redi-
rection of fructose-6-phosphate to glucosamine-6-phosphate to
fuel EPS biosynthesis and subsequent biofilm formation. These
studies, therefore, further emphasize the role of itaconate as an
antibacterial metabolite that some bacteria can subvert.

Interestingly, itaconate may also have antiviral properties.
Daniels et al. (48) demonstrated that Zika virus-infected neurons
upregulate Irgl expression in a ZBP1/RIPK3/IRF1-dependent
manner to restrict Zika viral replication. In mice infected with
Zika virus, Irgl deficiency led to increased viral replication and
decreased survival, confirming the importance of the pathway in
vivo during viral infections. Both OI and dimethyl malonate, an
inhibitor of succinate dehydrogenase (SDH), had similar effects
in restricting viral replication, indicating that inhibition of SDH by
itaconate may potentially be a host antiviral defense mechanism.
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Figure 2. The effect of itaconate on bacteria and viruses. Upon exposure to pathogens, Irg7is induced, mediating the production of Krebs cycle-derived
itaconate within mitochondria (7). In neurons, Irg1 is induced through ZBP1, RIPK1/3, and IRF1 to restrict Zika viral replication through inhibition of SDH
(49). Itaconate is also produced to inhibit the growth of bacteria such as Mycobacterium tuberculosis and Salmonella (28, 33). A notable antimicrobial
mechanism is the inhibition of bacterial isocitrate lyase (ICL), which blocks the glyoxylate shunt that is required for optimal growth and pathogenicity
(19, 21). The breakdown product of itaconate, itaconyl-CoA, is also an inhibitor of methylmalonyl-CoA mutase (MCM) in bacteria (e.g., M. tuberculosis),
thereby blocking propionyl-CoA-dependent bacterial growth (28). Recently, itaconate was shown to be delivered to Salmonella-containing vacuoles, which
limits bacterial growth. Mechanistically, this was found to occur through the Rab32 GTPase and its exchange factor, BLOC3, which interact with ACOD1 to
target itaconate to bacteria contained within vacuoles (33). Although itaconate is antimicrobial, some pathogens, such as Pseudomonas aeruginosa and
Staphylococcus aureus, have developed ways to exploit itaconate to fuel biofilm formation (43, 47). Itaconate causes membrane stress of P. aeruginosa
and inhibits aldolase (and glycolysis) in S. aureus, both of which lead to the production of extracellular polysaccharides (EPSs), which further induce Irg7
expression and itaconate synthesis in a positive-feedback manner. EPSs also facilitate the formation of bacterial biofilms, promoting growth and survival

of P. geruginosa and S. aureus.

This study exemplifies a robust approach whereby a derivative (in
the case of OI) has an effect (antiviral) that is consistent with an
effect on Irgl-deficient mice (enhanced viral replication), suggest-
ing that endogenous itaconate is antiviral.

Similarly, it has been found that OI and the fumarate derivate
dimethyl fumarate (DMF) are able to suppress SARS-CoV-2 repli-
cation (49). OI and DMF are both activators of Nrf2, an antioxidant
and antiinflammatory transcription factor that senses oxidative and
electrophilic stress. Initially, RNA-Seq analysis found Nrf2-depen-
dent genes (e.g., NQOI, GCLM, and HMOX]I) to be downregulated
in COVID-19 patients, suggesting that impairment of the Nrf2 path-
way may be a potential host evasion mechanism by SARS-CoV-2.
In support of this, Nrf2 activation by OI or DMF, and knockdown of
KEAP1 (a negative regulator of Nrf2), were shown to inhibit SARS-
CoV-2replication as well as the replication of other pathogenic virus-
es including herpes simplex virus 1 (HSV-1), vaccinia virus, and Zika
virus. Additionally, this study found that expression of inflammatory
genes such as IFNB1, CXCLI10, TNF, IL1B, and CCL5, which are key
drivers of pathology, is blocked by OI and DMF upon SARS-CoV-2
and HSV-1 infection, indicating that targeting Nrf2 in COVID-19
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or other viral infections may have therapeutic potential as both an
antiviral and antiinflammatory strategy. Recently, activation of Nrf2
by itaconate has also been shown to be therapeutically effective in
treating ocular bacterial infection (50).

Supporting the idea that itaconate may have a role in host
defense, several single-nucleotide polymorphisms (SNPs) have
recently been identified in IRGI, resulting in increased enzyme
activity and itaconate production (51). Although the functional
relevance of these SNPs has not been fully characterized, it is con-
ceivable that increased itaconate may lead to improved host pro-
tection in the context of infection. The high prevalence of genetic
variants in populations in Aftica possibly indicates evolutionary
importance of the IRGI/itaconate pathway, as these variants may
have arisen due to selective pressure from infection.

Immunomodulatory properties of itaconate

Beyond its role as an antimicrobial metabolite, itaconate has
garnered the attention of immunologists because of its immuno-
modulatory properties (Figure 3), which are still being explored.
Below, we review evidence for itaconate’s function in innate
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Figure 3. The immunoregulatory properties of itaconate. /rg7is induced by LPS in a TRIF-dependent manner, leading to itaconate production (7,
73). Taking evidence from itaconate derivatives or from Irg7-deficient macrophages, several targets of itaconate, including succinate dehydrogenase
(SDH), have been identified, which prevent the oxidation of succinate to fumarate and decrease mtROS production (53, 54). Itaconate also exits the
mitochondria, where it has numerous antiinflammatory effects (11). A key mechanism of itaconate is the modification of thiol-reactive cysteines,
many of which have been identified by proteomic screens. Targets include the glycolytic enzymes aldolase A (ALDOA; ref. 76), lactate dehydrogenase
A (LDHA; ref. 11), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; ref. 78), and the NLRP3 inflammasome, which will prevent processing of IL-1j,
IL-18, and GSDMD. Nrf2 and activating transcription factor 3 (ATF3) have also been identified as possible targets (11, 69). Additionally, in alveolar
macrophages, itaconate has been shown to repress the severity of lung fibrosis (106). Finally, itaconate has also been reported to boost type | IFN

signaling by an undetermined mechanism (17).

immunomodulation, focusing on its role as an SDH inhibitor,
an Nrf2 activator and cysteine modifier, and a regulator of the
ATF3/IkB( axis, glycolysis, type I IFNs, and the NLRP3 inflam-
masome. We discuss the effects of derivatives of itaconate rel-
ative to the parent molecule, where there are some overlaps but
also some important differences.

Itaconate as an SDH inhibitor. SDH (also known as complex
II of the electron transport chain) catalyzes the oxidation of
succinate to fumarate in LPS-activated macrophages and sup-
ports the metabolic reprogramming that drives a proinflamma-
tory phenotype (52). In 2016, the first immunoregulatory role of

:

itaconate was shown to be its inhibition of SDH (53, 54). While
it had been known for decades that itaconate was a competitive
inhibitor of SDH owing to its structural similarity to succinate
(55-57), potential physiological roles of itaconate as an endog-
enous SDH inhibitor had been unexplored. Inhibition of SDH
prevents the oxidation of succinate to fumarate, thereby pre-
venting the generation of complex I-driven mitochondrial reac-
tive oxygen species (mtROS) (52, 58). The inhibition of mtROS
supports prolyl hydroxylase activity to suppress stabilization of
hypoxia-inducible factor (HIF) and thereby block the transcrip-
tion of proinflammatory IL-1B (59-61).
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The cell-permeable itaconate derivative DI inhibited the
expression of numerous proinflammatory genes, such as those
encoding IL-1f and IL-18, thereby linking itaconate to modulation
of macrophage function (53). Furthermore, Irgl”- BMDMs were
reported to be unable to accumulate succinate after exposure to
LPS (indicating catalytically active SDH), and IrgI deficiency also
promoted HIF stabilization. In response to inflammatory stimuli,
Irgl deficiency increased nitric oxide production and the release
of proinflammatory cytokines including IL-6, IL-1B, IL-18, and
IL-12p70 relative to Irgl-intact BMDMs, but TNF remained unaf-
fected, pointing to specificity of this pathway.

Inhibition of SDH by itaconate has been shown to be an
important regulator of immune tolerance and trained immunity
(62). Upon stimulation of CD14* human monocytes by LPS, itacon-
ate was shown to induce innate immune tolerance (or immuno-
paralysis), whereas the fungal cell wall component p-glucan was
able to reverse this effect through the transcriptional downregu-
lation of IRGI and epigenetic upregulation of SDH. To verify the
roles of IRGI and SDH in the regulation of immune tolerance and
trained immunity, a large human cohort was used to identify SNPs
that affected the expression of IRGI and SDH subunits. Strikingly,
these SNPs were found to affect IL-6, lactate production, and TNF
expression, underscoring the physiological importance of this
pathway in humans (62).

Itaconate as an Nrf2 activator and cysteine modifier. Nrf2 is a
key antioxidant transcription factor that is able to suppress proin-
flammatory responses in macrophages (63). It is regulated post-
translationally by Kelch-like ECH-associated protein 1 (KEAPI),
which mediates the degradation of Nrf2 (64). Upon exposure to
oxidative or electrophilic stress, KEAP1 dissociates from Nrf2,
allowing its translocation into the nucleus and the induction of
antioxidant Nrf2-target genes such as HmoxI and Nqgol (65-68).
Antioxidant responses decrease cellular ROS, which suppresses
HIF-1a. Nrf2 has also been shown to actively repress proinflamma-
tory gene transcription in macrophages (63, 69), prompting much
interest in it as a target in inflammation.

Evidence from Irgl”~ macrophages has indicated a role in
the activation of Nrf2 (69). As an o,p-unsaturated dicarboxyl-
ic acid, itaconate is mildly electrophilic, allowing it to act as a
Michael acceptor to modify cysteine residues in a process termed
“2,3-dicarboxypropylation” (also known as “itaconation”) (11). As
such, itaconate and its more electrophilic esterified derivatives, DI
and OI, have been found to activate Nrf2 (11, 69, 70). Nrf2 activa-
tion by OI was shown to be dependent on the alkylation of KEAP1
cysteine residues, thereby preventing KEAP1-mediated degrada-
tion of Nrf2 (11). Additionally, activation of Nrf2 was found to be
a predominant mechanism of OI-mediated inhibition of IL-1p,
as inhibition of IL-1p by OI required both the critical thiol-reac-
tive KEAP1 cysteines and the presence of Nrf2 (11). Although the
modification of cysteines on KEAP1 was shown with OI, recently
the identification of KEAP1 cysteine modifications has been found
with underivatized itaconate, further supporting this pathway (71).
OI and DI did not inhibit TNF production, p65 phosphorylation,
or primary transcriptional responses to LPS, which also indicates
specificity toward Nrf2 (11, 69). Recently, contradictory findings
suggest that endogenous itaconate does not strongly activate
Nrf2-driven responses in the context of LPS and that itaconate and
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OI do not require Nrf2 to exert antiinflammatory activities (72).
This was, however, in the context of using particulate matter as the
stimulus. Currently, most data would suggest that itaconate exerts
electrophilic properties that activate Nrf2 and ATF3 in the context
of LPS stimulation, while pretreatment in resting macrophages
with underivatized itaconate has been shown to not strongly acti-
vate electrophilic stress signatures (17, 73).

Recently, Nrf2 has been shown to inhibit stimulator of inter-
feron genes (STING) gene expression, leading to impaired type
I IFN production in response to STING agonists (74). As such,
activation of Nrf2 by OI was found to represses STING and down-
stream responses, suggesting that this could represent a partial
mechanism by which OI and DI reduce type I IFN signaling (dis-
cussed in greater detail below). The link between Nrf2 and type
I IFN signaling was supported by the observation that KEAP1
knockdown also decreased STING expression. cGAMP (a STING
agonist) was also unable to induce IRF3 phosphorylation (an
indicator of STING activation) in the KEAP1-knockdown group
(74). In further support, Nrf2 knockdown resulted in increased
STING expression, and upon activation of STING, Nrf2 deficien-
cy increased phosphorylation of TBK1 (a downstream mediator
of STING activation), STAT1 phosphorylation, IFIT1 expression,
ISGI5 expression, and IFNBI gene expression (74).

Numerous screens in search of roles of itaconate as a cyste-
ine modifier have identified many cysteine residues potentially
modified by itaconate. These screens have been carried out in
LPS-activated macrophages (11) and in LPS-activated tolerized
macrophages (73), as well as with itaconate tool compounds (e.g.,
itaconate alkyne probes) and chemoproteomic profiling methods
(75, 76), identifying many potential targets and revealing poten-
tial novel mechanisms of action of itaconate (11, 53, 69, 75, 77).
While many modifications are not functionally validated, cysteine
mutants such as those used by Mills et al. (KEAP1 mutants; ref. 11)
and Liao et al. (GAPDH mutants; ref. 78) are able to demonstrate
which cysteine modifications may have functional importance
in the context of OIL The evidence that endogenous itaconate
can give rise to functional consequences by modifying cysteines
remains circumstantial.

Itaconate as a regulator of the ATF3/IxB( axis. IxB{ (encoded
by Nfkbiz) and activating transcription factor 3 (ATF3) signal in
a proinflammatory axis that is independent of Nrf2 (69). Elec-
trophilic stress caused by itaconate and its derivatives has also
been shown to inhibit IkB( via the upregulation of genes asso-
ciated with the unfolded protein response, most notably that
encoding the antiinflammatory transcription factor ATF3 (69).
Ultimately, the upregulation of ATF3 by DI was found to inhibit
IkBC, resulting in decreased production of proinflammatory IL-6.
The observed downregulation of type I IFN-related genes by DI,
which was shown to be Nrf2 independent, could be through ATF3
activation, as ATF3 has been identified as a key regulator of type
1IFN responses (79). Since DI failed to inhibit primary transcrip-
tional responses to LPS at early time points and did not affect TNF
release, it was reasoned that downregulation of secondary tran-
scriptional response genes such as those encoding IL-6 and IL-12
may be a more physiologically important mechanism of action of
DI. Conceptually, the slow buildup of endogenous itaconate with-
in LPS-activated macrophages supports this idea.
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Furthermore, Irgl”~ tolerized macrophages restimulated with
LPS were found to have lower levels of ATF3 and increased IkBg,
consistent with endogenous itaconate regulating this proinflam-
matory process.

Itaconate as a glycolytic inhibitor. The glycolytic metabolic pro-
gram that is initiated upon macrophage exposure to LPS is required
for optimal inflammatory responses (80). Several recent studies
have suggested that the antiinflammatory functions of itaconate
and derivatives may be through regulation of aerobic glycolysis
(76, 78). Alkylated cysteine residues have been identified in sever-
al enzymes involved in glycolysis, including aldolase A (ALDOA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and lac-
tate dehydrogenase A (LDHA) (11, 76, 78). Qin et al. (76) reported
that itaconate decreases ALDOA enzyme activity, glucose con-
sumption, and lactate production and that Irgl”- macrophages have
increased ALDOA activity. Liao et al. (78) showed that OI alkylates
cysteine 22 (C-22) of GAPDH. Functionally, it was found that OI
inhibited GAPDH enzyme activity, lactate production, and extra-
cellular acidification rate (ECAR), which is consistent with glyco-
lytic inhibition. The effects of OI on the expression of IL-1B, TNF,
and iNOS, as well as NF-xB nuclear translocation, closely reflect-
ed effects by the highly specific GAPDH inhibitor heptelidic acid,
suggesting that GAPDH may be a key target of OI (78). Confirming
the physiological importance of C-22 of GAPDH, cells expressing
mutant GAPDH with C-22 substituted by alanine were generated
and shown to produce less IL-1B, indicating the functional require-
ment of C-22 in sustaining GAPDH activity (78). Exploring whether
endogenous itaconate had a role in regulating GAPDH, the authors
also found that Irgl”- BMDMs had increased GAPDH enzyme
activity, increased lactate production, and increased ECAR (78).

Additionally, itaconate has also been shown to be an inhibitor
of fructose-6-phosphate 2-kinase, acting in a similar manner to
the itaconate analog phosphoenolpyruvate (a glycolytic interme-
diate) (81), thereby decreasing fructose-2,6-biphosphate synthesis
(82). Since fructose-2,6-biphosphate activates phosphofructoki-
nase activity, it is conceivable that a decrease in levels of fruc-
tose-2,6-biphosphate by itaconate may contribute to an inhibition
of glycolysis in LPS-activated macrophages.

Notably, GAPDH has also been reported to be a target of dimeth-
yl fumarate (DMF) (83), and screens for cysteine succination in
fumarate hydratase-deficient cells (which accumulate endogenous
fumarate) have found that both GAPDH and LDHA are succinated
by fumarate as well (84). It would therefore appear that both itacon-
ate and fumarate regulate glycolysis in inflammatory macrophages,
pointing to its importance in macrophage function.

Regulation of type 1 IFNs by itaconate. Recently, Swain et al. (17)
demonstrated the importance of confirming mechanistic studies
carried out with derivatives using underivatized itaconate and Irgl-
/~macrophages. Although it was previously unclear whether under-
ivatized itaconate was cell permeable, it was found that at high
concentrations exogenous itaconate can be taken up by BMDMs,
which was supported by an increase in succinate levels. DI and OI
failed to increase intracellular levels of itaconate and were unable
to induce succinate accumulation in IrgI-deficient macrophages,
indicating that immunomodulatory effects of derivatives might be
independent of SDH inhibition (17). Other reports suggest that OI
directly generates intracellular itaconate (11, 77, 78); however, it is
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important to note that these studies were performed in LPS-acti-
vated macrophages, that a large amount of OI is not metabolized
to itaconate, and that exogenous itaconate treatment as used by
Swain et al. (17) is able to produce much greater levels of endoge-
nous itaconate. Additionally, DI and OI were found to significantly
deplete glutathione (GSH) levels, while exogenous itaconate did
not (17), indicating increased electrophilicity of the derivatives
and underscoring the need to verify physiological roles of itacon-
ate in Irgl”~ mice or with exogenous itaconate.

Notably, this study reported a key difference between itaconate
and its derivatives in the regulation of type I IFNs (17). Type I IFNs
secreted from activated macrophages have numerousrolesin defense
against infections (85). Itaconate was initially thought to inhibit type
IIFN responses, as studies using OI and DI found a strong decrease
in type I IFN-related genes in LPS-activated macrophages (11, 69).
However, Swain et al. (17) found that underivatized itaconate and
esterified derivatives differ in their regulation of type I IFNs. Strik-
ingly, Irgl”- BMDMs were found to have an attenuated induction of
type ITFNs in response to LPS, whereas treatment with underivatized
itaconate rescued the induction of type I IFN-related genes, demon-
strating that itaconate is involved in the upregulation of type I IFNs
in macrophages. Mechanistically, it is currently unclear precisely how
the derivatives reduce type I IFNs or how itaconate augments type I
IFN production. Although some evidence points to the involvement
of Nrf2 (11, 74), RNA-Seq analysis found that the inhibition of type I
IFN-related genes by DI is independent of Nrf2 (69).

Itaconate as an NLRP3 inflammasome inhibitor. A key emerg-
ing role for itaconate is its suppression of the NLRP3 inflam-
masome, an innate immune mechanism that promotes proin-
flammatory cytokine secretion after sensing a priming signal such
as microbial products (e.g., LPS) and a second activating signal
such as cellular damage (e.g., ATP) (86). Lampropoulou et al. (53)
had initially found an increase of IL-1f and IL-18 release in Irgl”"
BMDMs stimulated with LPS and ATP (53); however, mechanisti-
cally it remained unclear precisely how itaconate inhibited inflam-
masome activation and IL-1B/IL-18 release. Partly, this could be
attributed to a reduction of pro-IL-1p transcriptionally through
SDH inhibition or Nrf2 activation (11, 53). However, these effects
of itaconate would not be able to account for any potential effects
of itaconate on the ATP-mediated signal (hereafter referred to as
signal 2), which has been shown to actually require Nrf2 (87). Addi-
tionally, Swain et al. (17) demonstrated that exogenous itaconate
specifically decreased IL-1p release whereas there was no effect
on transcription, pointing to direct modulation of NLRP3 activity
and the possible targeting of signal 2 for NLRP3 activation.

Two recent studies have described detailed mechanisms by
which itaconate may inhibit NLRP3 activation (73, 77). Hooftman
et al. (77) attributed the observed effects on suppression of NLRP3
activation by itaconate to the alkylation of cysteine 548 (C-548) on
NLRP3 (77). Ol was added after the initial LPS stimulation to exam-
ine effects of itaconate specifically on signal 2. To exclude potential
effects of Ol on LPS-mediated NLRP3 signals (hereafter referred to
as signal 1) through SDH or Nrf2, treatment after LPS was shown to
have no effect on pro-IL-1p expression. OI inhibited lactate dehy-
drogenase (LDH) release, IL-18 release, ASC speck formation, and
gasdermin D (GSDMD) and IL-1B processing, all of which are indi-
cators of NLRP3 activation. OI was found to have no effect on the
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Table 1. The therapeutic efficacy of itaconate and derivatives in disease models

Disease Model Therapeutic Target
Sepsis LPS-induced lethality (in vivo) ol Nrf2, GAPDH, etc.
SAVI SAVI patient-derived fibroblasts (in vitro) ol Nrf2/STING axis
Psoriasis Imiquimod (in vivo) DI ATF3

IRI Myocardial IRI (in vivo) DI SDH

Gout Intraperitoneal MSU crystals (in vivo) ol NLRP3
Pulmonary fibrosis Bleomycin (in vivo) Inhaled itaconate Unclear

IPF patient fibrablasts Exogenous itaconate
CAPS CAPS patient-derived PBMCs (in vitro) ol NLRP3

Nrf2, GAPDH, NLRP3

Itaconate and its derivatives have shown therapeutic efficacy in several preclinical murine disease
models, including sepsis (11), psoriasis (69), IRI (53), gout (77), and pulmonary fibrosis (106), as well as

in human samples from patients with SAVI (74), CAPS (77), and IPF (106). ATF3, activating transcription
factor 3; CAPS, cryopyrin-associated periodic syndrome; DI, dimethyl itaconate; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; IPF, idiopathic pulmonary fibrosis; MSU, monosodium urate; NLRP3, NOD-,
LRR-, and pyrin domain-containing protein 3; Nrf2, nuclear factor erythroid 2-related factor 2; Ol, 4-octyl
itaconate; PBMC, peripheral blood mononuclear cell; SAVI, STING-associated vasculopathy with onset in
infancy; SDH, succinate dehydrogenase; STING, stimulator of interferon genes.

Systemic inflammation Intraperitoneal LPS administration Sodium itaconate, OI
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as a potential mechanism of NLRP3 inhi-
bition by itaconate.

Therapeutic implications

The many immunoregulatory roles described
for itaconate have uncovered its potential as
a therapeutic for numerous diseases. In sup-
port of this, many of the studies discussed
above have included relevant murine disease
models demonstrating therapeutic effects of
itaconate (summarized in Table 1). Thera-
peutically, lessons from natural properties of
itaconate may also informus of novel drugtar-
gets that may be worth pursuing. For instance,
there is currently much interest in modulating
NLRP3, Nrf2, and GAPDH in inflammatory
diseases. While itaconate derivatives contin-
ue to show success in disease models, alterna-
tive approaches could aim to increase endog-

enous itaconate through the upregulation of

NLRC4 or AIM2 inflammasomes. Additionally, exogenous itacon-
ate and Irgl-deficient BMDMs confirmed the effects observed
using OI, supporting that this is an endogenous pathway. Finally,
in a system whereby the murine inflammasome was reconstituted
in HEK293 cells, overexpression of Irgl suppressed IL-1p release.
Dicarboxypropylation of C-548 of NLRP3 might be responsible for
the disruption of the NLRP3/NEK7 complex observed with OL
Bambouskova et al. (73) described a mechanism whereby
itaconate and iNOS synergize to tolerize late NLRP3 inflam-
masome activation using a model of longer LPS priming (12-24
hours) followed by signal 2 (the late inflammasome). Both
caspase-1 and IL-1B processing was present in late inflam-
masome-induced Irgl”- BMDMs, while wild-type BMDMs were
unable to process caspase-1 and IL-1B at the later time point
because of tolerance. In contrast to Hooftman et al., this study
suggeststhatitaconateisactingdownstream of ASC speck forma-
tion, as wild-type BMDMs activated classically had levels of ASC
speck formation similar to those in tolerized macrophages (73).
Additionally, GSDMD cleavage and pyroptosis were restored
upon late inflammasome activation in Irgl”- BMDMs, whereas
these were completely abrogated in wild-type BMDMs. Inter-
estingly, the addition of cell-permeable glutathione ethyl ester
to wild-type BMDMs rescued IL-1P secretion upon activation of
the late inflammasome, suggesting that electrophilic stress or
thiol reactivity may be responsible for inflammasome tolerance
induced by itaconate. To further ascertain the mechanism, a
proteomic screen was performed, which identified numerous
potential targets for itaconate during late inflammasome acti-
vation. Most notably, cysteine 77 of GSDMD was identified as
apossible target of itaconate. Although GSDMD is traditionally
understood to be downstream of caspase-1, caspase-1 activity
upon late inflammasome activation was largely GSDMD depen-
dent, suggesting that GSDMD may be required for late inflam-
masome activation and the processing of caspase-1. Therefore,
itis reasonable to consider the alkylation of GSDMD by itaconate
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Irgl or through the development of enzymatic
activators of ACODL.

Itaconate in ischemia/reperfusion injury. In addition to the
proinflammatory role of SDH in macrophages, in ischemia/
reperfusion injury (IRI), SDH drives mtROS production, pro-
moting pathology. Thus, SDH inhibition by dimethyl malonate
(DMM) has shown potential in treating IRI (88). Due to the
shared ability of itaconate and derivatives to inhibit SDH activ-
ity, they may also have therapeutic potential in treating IRI in a
similar manner to malonate derivatives (89). As such, admin-
istration of both DI and itaconate have been shown to improve
outcome in cardiac and cerebral ischemia/reperfusion murine
models (53, 90), suggesting that targeting SDH by itaconate
could be therapeutically viable.

Itaconate in sepsis. Sepsis results from pathological systemic
inflammation and catabolism and leads to damage in multiple
organs. In murine models of sepsis, Ol has been shown to increase
survival and prevent LPS-induced lethality (11, 78). In vivo, Ol had
been shown to decrease proinflammatory cytokine and lactate
production in response to LPS challenge (11, 78). Mechanistical-
ly, it is difficult to pinpoint particular targets of OI required for its
prosurvival effects in sepsis, although it is likely a combination of
numerous targets such as Nrf2 and GAPDH (91). As SDH inhibi-
tion by DMM has been shown to reduce inflammatory cytokines
in vivo (52), the inhibition of SDH by itaconate could contribute to
its ability to prevent lethality in sepsis as well.

Itaconate in psoriasis. In epithelial cells, the induction of IkB(
has been reported to be driven in an IL-17-dependent manner
(92-94). Furthermore, polymorphisms in Nfkbiz have been impli-
cated in driving psoriasis (95). Therefore, regulation of IkB( by
DI may be used to treat IL-17-driven diseases including psoriasis.
To investigate this potential further, DI was studied in a murine
model of psoriasis whereby imiquimod (IMQ) (a TLR7/8 ago-
nist) was applied to ear tissue (69). In the model, DI was able to
suppress IkB( expression in keratinocytes as well as common
IkB( targets such as Defb4 (encoding B-defensin-2), S100a9 and
S100a7a (encoding S100 calcium-binding proteins implicated
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in inflammation), and Lcn2 (encoding lipocalin-2). Additionally,
pathology was prevented by DI, as the ear thickness of IMQ-treat-
ed mice remained comparable to that of naive mice. Irgl deficien-
cy has also been shown to result in increased IL-17A-producing
T cells in the ears of IMQ-treated mice (73), likely as a result of
increased IL-1p release (96, 97). These models suggest that DI or
other itaconate-based therapeutics may be promising in the treat-
ment of IL-17-associated pathologies through the ATF3-mediated
downregulation of IkB{ expression.

Itaconate in NLRP3-driven diseases. NLRP3 has been impli-
cated in a range of inflammatory, cardiovascular, and neurolog-
ical diseases (97-103). As such, it is an increasingly exciting and
attractive therapeutic target. The identification of NLRP3 as a
new target of itaconate may therefore yield potential therapeu-
tics for NLRP3-associated diseases. Both underivatized itacon-
ate and derivatives have shown efficacy in treating NLRP3-driv-
en disease models in vivo. Notably, sodium itaconate has been
shown to reduce serum IL-1f following an intraperitoneal LPS
challenge. In mice, intraperitoneal administration of mono-
sodium urate (MSU) crystals (the driver of gout) activates the
NLRP3 inflammasome (104); however, coadministration of
OI with MSU crystals was able to reduce levels of IL-1f, IL-6
(downstream of IL-1B signaling), and neutrophil recruitment in
peritoneal lavage fluid (77). OI was also used in peripheral blood
mononuclear cells (PBMCs) isolated from patients with cryopy-
rin-associated periodic syndrome (CAPS), a class of diseases
characterized by mutations in NLRP3 leading to spontaneous
inflammasome activation (105). Gratifyingly, OI reduced IL-1B
release in PBMCs from CAPS patients treated with LPS (77),
demonstrating that itaconate-based therapeutics could be effec-
tive against NLRP3-associated diseases in humans.

Itaconate in pulmonary fibrosis. Recently, itaconate has been
identified as a key regulator of pulmonary fibrosis (106). Its role
may be clinically relevant, as patients with idiopathic pulmo-
nary fibrosis (IPF) were found to have decreased IRGI expres-
sion in alveolar macrophages (AMs) and low concentrations of
itaconate in bronchoalveolar lavage (BAL) fluid. To examine the
physiological role of itaconate in pulmonary fibrosis, the bleo-
mycin murine model was used, which involves an inflammatory
phase at day 7, a peak fibrotic phase at day 21, and a late fibrotic
phase at day 42. In this model, Irgl and itaconate were found to
be highly induced, suggesting potential physiological relevance.
At later stages of fibrosis, loss of Irgl resulted in increased lev-
els of AMs and neutrophils in BAL fluid. Furthermore, lungs of
Irgl”~ mice had worsened dynamic resistance, elastance, and
compliance (markers of disease severity). The enhanced fibro-
sis at the late stage was also marked by increased lung hydroxy-
proline, increased Ashcroft scoring (a method of estimating
severity of fibrosis; ref. 107), and higher levels of lung super-
oxide in Irgl”~ mice. Remarkably, the adoptive transfer of wild-
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type monocyte-derived AMs into Irgl”~ mice at day 7 was able to
improve the severity of pulmonary fibrosis along with decreased
Ashcroft scoring and profibrotic gene expression.

To further explore the therapeutic potential of itaconate in
IPF, human lung fibroblasts from IPF patients were treated with
exogenous itaconate. This resulted in decreased maximal respi-
ration, decreased spare respiratory capacity, limited proliferation,
decreased wound closure, and decreased expression of FNI (encod-
ing fibronectin-1) and IL1B. Underivatized itaconate was also admin-
istered therapeutically through inhalation to mice after bleomycin
injury. Inhaled itaconate attenuated fibrosis with profibrotic factors
and Ashcroft scoring being significantly reduced while dynamic
resistance, elastance, and compliance were restored, indicating
that inhaled itaconate could potentially be used therapeutically for
patients with IPF, a disease currently with very few approved thera-
peutic options and a median survival of 3 years after diagnosis.

Concluding remarks

Itaconate has emerged as a fascinating example of how metabo-
lites act as signaling molecules in host defense and inflammation.
The phenotypes observed in mice lacking IrgI and the therapeutic
efficacy of itaconate and derivatives in vivo suggest that itacon-
ate-related therapeutics could have an impact in treating infection
and inflammatory diseases.

DMF, which is approved for the treatment of multiple sclerosis
and psoriasis, is structurally similar to itaconate. As such, it also
modifies cysteines, and it shares common mechanisms of action
such as the activation of Nrf2, inhibition of GAPDH, and the tar-
geting of GSDMD (9, 83,108), highlighting the potential of itacon-
ate or its derivatives.

A better understanding of the biology of itaconate will help
inform us of how metabolic reprogramming orchestrates macro-
phage function and may reveal additional targets. Several inter-
esting questions remain, including whether there is a receptor for
itaconate, whether there are cellular export mechanisms, and how
particular cysteine modifications induced by itaconate consequen-
tially modulate protein function. We have much to learn about
this fascinating Krebs cycle-derived metabolite, and information
learned will help in the effort to explore its therapeutic potential.
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