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Abstract

A striking change has happened in the field of immunology whereby specific
metabolic processes have been shown to be a critical determinant of immune cell
activation. Multiple immune receptor types rewire metabolic pathways as a key
part of how they promote effector functions. Perhaps surprisingly for
immunologists, the Krebs cycle has emerged as the central immunometabolic
hub of the macrophage. During pro-inflammatory macrophage activation, there
is an accumulation of the Krebs cycle intermediates succinate, succinyl-CoA,

fumarate and citrate, and the Krebs cycle-derived metabolite itaconate.

The first aspect of this project investigated the role of the aspartate-
argininosuccinate shunt and fumarate accumulation in regulating cytokine
production in macrophages. Lipopolysaccharide (LPS) was shown to increase
argininosuccinate synthethase (Assl) expression and boost the production of
argininosuccinate and fumarate, while decreasing fumarate hydratase (Fh) and
aspartate levels. Using the aspartate aminotransferase inhibitor aminooxyacetic
acid (AOAA), the argininosuccinate shunt was shown to regulate fumarate
accumulation in the macrophage. Furthermore, AOAA was also shown to inhibit
LPS-induced TNF, IL-6 and IL-1p production. Using two pharmacological agents,
dimethyl fumarate (DMF) and monomethyl fumarate (MMF), and one genetic
approach, Fh-deficiency, fumarate was shown to modulate LPS-induced cytokine
production. Interestingly, elevated fumarate levels also resulted in an increase in
the non-enzymatic and covalent modification of protein cysteine residues by
fumarate, a process termed succination, as well as an increase in the metabolite

S-(2)-succinocysteine (2SC), a biomarker of succination. This represents the first
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report of this metabolite and the understudied post-translational modification

(PTM) in LPS-activated macrophages.

The second aspect of this project examined the immunomodulatory role of
itaconate, which is derived from cis-aconitate, in LPS-activated macrophages.
Here it's shown that LPS induces immunoresponsive gene 1 (IRG1), also known
as cis-aconitate decarboxylase (CAD), expression and modulates glycolysis and
glutaminolysis to support itaconate synthesis. Using a new cell-permeable
itaconate derivative 4-octyl itaconate (4-Ol), itaconic acid (ITA) and Irgl/Acod1-
deficient macrophages, itaconate was found to be required for LPS-induced
succinate accumulation, inhibition of complex Il of the ETC and activation of the
anti-inflammatory transcription factor nuclear factor-erythroid 2 p45-related factor
2 (Nrf2). Interestingly, itaconate directly modifies proteins via alkylation of
cysteine residues, a novel post-translational modification (PTM) termed 2, 3-
dicarboxypropylation not previously known. This also results in an increase in the
itaconate-cysteine adduct, 2, 3-dicarboxypropyl cysteine, akin to 2SC. Itaconate
was exported from the mitochondria where it is proposed to alkylate cysteine
residues 151, 257, 273, 288 and 297 on the anti-oxidant protein kelch like-ECH-
associated protein 1 (KEAP1), as determined by direct alkylation of KEAP1 by 4-
Ol, enabling Nrf2 to increase the expression of downstream genes with anti-
oxidant and anti-inflammatory capacities. Furthermore, the activation of Nrf2 was
impaired in Irgl -/- BMDMs and was essential for the inhibition of LPS-induced
IL-18 by 4-Ol. Overall, immunomodulatory roles for fumarate, itaconate and their
derivatives have been characterised, whilst new insights into the anti-
inflammatory effect of itaconate have been uncovered that may have therapeutic

potential for the treatment of inflammatory diseases.
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Chapter 1:

Introduction
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1.1 — Innate immune signalling and metabolism

1.1.1 — General introduction

Recently, the role of intracellular metabolic changes in governing the
inflammatory response has become a major focus for research in the field of
immunology. Intriguingly, distinct metabolic adaptations have been reported in
macrophages, T cells and dendritic cells (DCs), which are providing new insights
into the complexity of immunometabolism. Specifically, this project concerns the
role of Krebs cycle rewiring in innate immunity, with a focus on the metabolites

fumarate and itaconate and their role in cytokine production.

The innate immune system itself is an evolutionarily ancient form of host
defence against pathogenic microbes and infection (1). Innate immune
recognition of invading microbes relies on a limited number of germline-encoded
receptors, termed pathogen recognition receptors (PRRs), designed to recognise
pathogen-associated molecular patterns (PAMPS), expressed by bacteria,
viruses and fungi (1). Macrophages constitute a major component of innate
immunity responsible for sensing microbial PAMPs via multiple families of so-
called PRRs, such as Toll-like receptors (TLRS) (2). Importantly, macrophages
are myeloid-derived immune cells ubiquitously distributed throughout the human
body and are essential for the maintenance of biological homeostasis in the face
of infection or tissue damage. As macrophages represent the first line of defence
against infection, they also play a critical role in bridging the innate and adaptive
immune systems through phagocytosis, bactericidal Kkilling, inflammatory
cytokine production and antigen presentation (2). In addition to PAMPs,

macrophages can bind to endogenous molecular motifs associated with cellular
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damage, termed danger-associated molecular patterns (DAMPS), to mediate the
sterile inflammatory response (3). Ligation of PAMPs and/or DAMPs to PRRs
leads to an induction of intracellular signalling cascades that result in cellular
activation and pronounced alterations in inflammatory gene expression (3). The
sensing of these products also activates downstream signalling cascades that
we now know reprogram cellular metabolism in a manner dependent on the
nature of the stimulus. While engagement of PRRs induces a ‘classical’ pro-
inflammatory polarisation state, macrophages can also undergo ‘alternative’
activation to a more anti-inflammatory state (4). This alternatively-activated state
is usually induced by IL-4 stimulation (M[IL-4]) in vitro and is also essential in
maintaining homeostasis in vivo through tissue remodelling, wound repair and
the resolution of inflammation (4). Importantly, metabolic reprogramming of
alternatively-activated macrophages also underlies their ability to execute their

specific functions.

1.1.2 — Toll-like receptor 4 (TLR4) signalling

TLRA4 represents a critical member of the TLR family responsible for the detection
of several PAMPs, notably, lipopolysaccharide (LPS), a key component of gram-
negative bacterial cell membranes (1). LPS is one of the best studied
immunostimulatory molecules and is known to induce systemic inflammation
culminating in septic shock, if excessive signalling occurs (5). TLR4 binds LPS in
conjunction with Lymphocyte antigen 96 (also known as MD2) (6). The efficiency
of LPS extraction from bacterial outer membranes and sensitivity of detection by
the TLR4-MD2 complex is further supported by two key accessory molecules
known as LPS-binding protein (LBP) and cluster of differentiation 14 (CD14) (6).

Following recognition of LPS, TLR4 undergoes oligomerisation and recruits
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downstream adaptor proteins, namely myeloid differentiation primary response
gene 88 (MyD88), MyD88-adapter like (MAL, also known as TIRAP, TIR-domain
containing adaptor protein), TIR-domain containing adaptor protein inducing
IFNB (TRIF), TRIF-related adaptor molecule (TRAM), and sterile oo and HEAT-

Armadillo motifs-containing protein (SARM) (5).

TLR4 signal transduction itself can be divided into two pathways, the
MyD88-dependent pathway, responsible for the induction of pro-inflammatory
cytokine production, and the MyD88-independent pathway, responsible for the
induction of Type 1 interferons and interferon-inducible genes (5). Activation of
the MyD88-dependent pathway results in the recruitment of IL-1 receptor-
associated kinase 4 (IRAK4), which is required for the subsequent recruitment,
activation and degradation of IRAK1 (5). TNF receptor-associated factor 6
(TRAF6) is recruited downstream of IRAK1/4, and in complex with ubiquitin-
conjugating enzyme 13 (UBC13) and ubiquitin-conjugating enzyme E2 variant 1
isoform A (UEV1A), activates transforming growth factor-B-activated kinase 1
(TAK1) (5). TAK1 can then go on to phosphorylate and activate both the 1kB
kinase (IKK) and mitogen-activated protein kinase (MAPK) pathways (5). IKK
forms a complex composed of IKKa, IKKB and IKKy that phosphorylates and
inhibits inhibitor of k light chain gene enhancer in B cells (1kB), which results in
IxB degradation, translocation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) to the nucleus and induction of pro-inflammatory
cytokine production (5). MAPK signalling also results in the induction of another
transcription factor AP-1, which also plays an important role in the induction of

pro-inflammatory cytokines (7). Additionally, IkB{, which is essential for IL-6
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expression, and interferon regulatory factor 5 (IRF5) are two important

downstream mediators of the MyD88-dependent pathway (5).

The MyD88-independent pathway is primarily mediated by the adaptor
TRIF (5). TRIF plays an essential role in the induction of IRF3 and late-phase
activation of the NF-kB and MAPK signalling pathways (8). TRIF interacts with
the serine/threonine kinase receptor interacting protein 1 (RIP1) via a Rip
homotypic interaction motif (RHIM), which is essential for TRIF-mediated NF-xB
activation (9). The induction of IRF3 is mediated by TRAF3 recruitment and
occurs independently of RIP1 (10, 11). TRAF3 associates with TRAF family
member-associated NF-kB (TANK), TANK-binding kinase 1 (TBK1) and IKKi,
essential mediators of IRF3 dimerisation and its translocation to the nucleus to
induce Type | interferons (10, 12). As TLR4 is highly expressed on macrophages,
the binding of LPS to TLR4-MD2 results in the potent activation of quiescent

macrophages via initiation of these downstream signalling pathways (5).

Interestingly, a recent report by Essuman et al (2018) have shown that
ancestral prokaryotic TIR domains constitute a new family of NADase enzymes,
which cleave NAD™" into nicotinamide and ADP-ribose (ADPR) (13). The TIR
domain is the critical signalling domain used by all TLRs and their adapters as
well as receptors for the IL-1 family of cytokines, which include IL-12, IL-1j, and
IL-18 and IL-33.These findings suggest that the ancestral function of this domain
was as a key metabolic regulatory enzyme (13). As such, it could be speculated
that during evolutionary history the TIR domain was co-opted to function as a
scaffold for protein complexes for innate immune signalling. Furthermore, this

ancient link with the TIR domain and metabolism is even more intriguing given
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the recent developments in the field of immunometabolism and TLR-driven

metabolic reprogramming.
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Figure 1.1 — Overview of LPS/TLR4 signal transduction pathway (5)

Recognition of LPS is facilitated by LBP and CD14, and is mediated by TLR4/MD-
2 receptor complex. LPS/TLR4 signalling can be further subdivided into MyD88-
dependent and MyD88-independent pathways, which mediate the activation
of the transcription factor NF-kB and the induction of both pro-inflammatory
cytokines and Type | interferons.
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1.1.3 — Overview of TLR4-induced metabolic rewiring

Several recent studies have implicated the global rewiring of metabolic pathways,
elicited during the transition from a resting to an activated state, in response to
LPS ligation of TLR4 (2, 14, 15). Of importance, is the shift away from the use of
oxidative phosphorylation (OXPHOS) toward a glycolytic phenotype, termed
aerobic glycolysis or the Warburg effect, thus tailoring cellular metabolism to suit
the bioenergetic and biosynthetic demands of the cell (14, 15). This metabolic
switch also supports the diversion of glucose and glycolytic intermediates into the
pentose phosphate pathway (PPP) (16, 17). The PPP is an anabolic pathway
that runs parallel to glycolysis and is essential to produce NADPH, an important
cofactor in lipid biosynthesis, antioxidant defence and NO/ROS production, and
ribose 5-phosphate (R5P), the precursor for nucleotide biosynthesis (17). The
very first observation of increased glycolysis and decreased OXPHOS in
activated macrophages occurred in 1969 (18), and since then we have garnered
important molecular insights into the signalling pathways that govern glycolytic

reprogramming during macrophage activation.

1.1.4 - TLR4-induced glycolytic reprogramming

One of the central regulators of glycolysis identified in macrophages is the
transcription factor hypoxia-inducible factor 1 alpha (HIF1a) (19, 20). Under both
normoxic and hypoxic conditions, HIF1a was found to be induced by LPS and
regulate the induction of several enzymes involved in glycolysis, such as the
glucose transporter GLUTL1 (19, 20). Furthermore, inhibition of glycolysis with 2-
deoxyglucose (2DG), a competitive inhibitor of hexokinase, blocked induction of

HIF1a and the pro-inflammatory cytokine IL-1f (20). In macrophages, another
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key mechanism for inducing aerobic glycolysis is through the induction of
pyruvate kinase M2 (PKM2) (21). PKM2 is an enzymatically inactive isoform of
pyruvate kinase, the enzyme responsible for catalysing the rate-limiting
conversion of phosphoenolpyruvic acid (PEP) to pyruvate (21). It was found that
PKM2, in its dimeric form, translocates to the nucleus to form a complex with
HIF1a on hypoxia-inducible response elements (HREs), thus promoting the
expression of HIFla -target genes involved in aerobic glycolysis, including
Lactate dehydrogenase A subunit (LDHA) (21). Using two compounds, TEPP-46
and DASA-58, which promote tetramerisation and enzymatic activation of PKM2,
it was found that induction of HIFla-target genes and glycolysis were inhibited
by preventing translocation of PKM2 to the nucleus and its interaction with
HIF1la (21). Interestingly, TEPP-46 and DASA-58 also inhibited LPS-induced
activation of bone-marrow derived macrophages (BMDMSs), as observed by the
blocking of classically induced pro-inflammatory genes, IL1B, [L12p40 and
CXCL10, whilst promoting the induction of classical anti-inflammatory markers,

such as ARG1 (21).

Insights into glycolytic reprogramming independent of HIF1a have also
been garnered in macrophages. For example, LPS induction of the PFKFB3 gene
that encodes u-PFK2 (PFKB3), a ubiquitous isoform of phosphofructokinase 2
(PFK2), still occurs in HIFla-deficient macrophages (15). PFKB3 activity is
essential for flux through glycolysis as it is a dual kinase: bisphosphatase that
regulates levels of the glycolytic intermediate fructose-2, 6-bisphosphate (F-2, 6-
BP), an allosteric activator of phosphofructokinase 1 (PFK1) (2, 15). Additionally,
early glycolytic reprogramming by LPS and other TLR agonists were found to be

dependent on the kinases TBK1, IKKe and protein kinase B (Akt), which
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promoted association of hexokinase 2 (HK2) with the outer mitochondrial
membrane (16). Furthermore, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), a glycolytic enzyme that converts glyceraldehyde 3-phosphate (G3P)
into 1, 3-bisphosphoglycerate, has been demonstrated to regulate TNF
production in mouse and human macrophages (22). GAPDH achieves this by
utilising its lesser known capacity as an RNA binding protein (22). Specifically,
GAPDH binds to an AU-rich element (ARE) in the 3'UTR of TNF resulting in its
post-transcriptional repression, an event sensitive to the alterations in the

glycolytic state of the cell (22).
1.2 — Krebs cycle rewiring in macrophages

1.2.1 — Overview of the Krebs cycle

Most of the energy rich adenosine triphosphate (ATP) generated in metabolism
is provided by the aerobic processing of key fuel molecules and starts with the
complete oxidation of their derivatives to CO2 (23-25). This oxidation takes place
in a series of chemical reactions first described by Hans Adolf Krebs in 1937, a
metabolic cycle that now bears his name (23). In eukaryotic organisms, the
reactions of the Krebs cycle take place inside the mitochondrial matrix whereby
its primary function is the harvesting of high energy electrons from carbon fuel
sources (25). It is a truly remarkable process that begins with the energy in
sunlight in the form of photons being captured in carbohydrates in plants during
photosynthesis (26). Electrons from carbohydrates are then captured in the
Krebs cycle, which then create a proton gradient used to drive ATP production.
Photons to electrons to protons to ATP. Indeed, the Krebs cycle is the final

common pathway for the oxidation of not only carbohydrates but also fatty acids
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and amino acids, with most entering the cycle as acetyl coenzyme A (acetyl-CoA)
(25). As such, it is the gateway to the aerobic metabolism of any molecule that
can be transformed into an acetyl group or an intermediate of the cycle itself.
Importantly, the Krebs cycle is also a source of precursors for the building blocks
of many other biological molecules, such as nonessential amino acids, nucleotide
bases and porphyrin (25). For example, oxaloacetate is an intermediate for the
synthesis of glucose from non-carbohydrate precursors, a process termed
gluconeogenesis. Likewise, citrate provides essential carbon units for the
synthesis of fatty acids, a process termed lipogenesis. As such, the Krebs cycle
is the central metabolic hub of the cell acting as an important nexus for the
integration of many anabolic (gluconeogenesis and lipid synthesis) and catabolic
(glycolysis and B-oxidation) pathways. It is in fact the central biochemical process

in eukaryotic life.

The oxidation of acetyl-CoA to CO:2 by the Krebs cycle is the central process in
energy metabolism because it is essential for the generation of the high-transfer-
potential electron carriers’ nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH2). These redox metabolites once generated then act
as shuttles for the transfer of high energy electrons to Oz, the terminal electron
acceptor in the oxidation of carbon, via a series of electron carriers collectively
termed the ETC (27, 28). The famous Albert Szent-Gyorgyi, who is credited with
co-discovering the Krebs cycle, once defined life as being ‘nothing but an electron
looking for a place to rest’ (29). He would be amazed that this process has been
co-opted for signalling in an immune system. In one turn, the Krebs cycle oxidises
two-carbon units transferring three hydride ions to three molecules of NAD* and

one pair of hydrogen atoms to one molecule of FAD, thus producing two
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molecules of CO2 and one molecule of GTP (or ATP). The net reaction of the

Krebs cycle is:

Acetyl-CoA + 3 NAD* + FAD + GDP + Pi + 2 H20 22 CO2 + 3 NADH + FADH:2

+ GTP + 2 H" + CoA

In total eight reactions are required to give this stoichiometry (Fig. 1.2).
The Krebs cycle begins with the condensation of oxaloacetate and acetyl-CoA to
form citryl-CoA, an aldol condensation, followed by the hydrolysis of citryl-CoA
with H20 to yield citrate and CoA (30). The hydrolysis of the citryl-CoA thioester
drives the overall direction of the reaction in the direction of citrate synthesis (30).
This first reaction is catalysed by citrate synthase (CS). As the hydroxyl group of
citrate is not properly located for the oxidative decarboxylation that follows, the
second reaction of the Krebs cycle is the stereospecific isomerisation citrate to
isocitrate (31). The isomerisation of citrate is catalysed by aconitase (ACO) and
is accomplished by a dehydration step followed by a hydration step (31). In the
first reaction, aconitase protonates citrate at the C3 position prior to
deprotonation at the C2 position to form the intermediate cis-aconitate. In the
second reaction, cis-aconitate is flipped 180° to allow the dehydration step to
occur on the opposite face of the intermediate. This ensures that the
stereochemistry (2R, 3S) of the reaction is correct. Following rotation, cis-
aconitate is rehydrated to form isocitrate, with the overall result an interchange
of a H* and an OH-. The third step of the cycle is catalysed by isocitrate
dehydrogenase (IDH) and constitutes the first of four oxidation-reduction
reactions (32). The oxidative decarboxylation of isocitrate to o-ketoglutarate
occurs via an oxalosuccinate intermediate and yields the first molecule of NADH

and loses one carbon unit in the form of CO2. The formation of a-ketoglutarate is
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an important rate-determining step of the cycle as Isocitrate dehydrogenase can
be allosterically activated (citrate, ADP) or inhibited (ATP), a form of regulation
determined by the energy status of the cell. In the fourth step of the cycle, the
conversion of isocitrate to o-ketoglutarate is followed by a second oxidative
decarboxylation reaction, the formation of succinyl-CoA from a-ketoglutarate
(33). This reaction is catalysed by the a-ketoglutarate dehydrogenase complex
(OGDC) and yields the second molecule of NADH and loses another carbon unit
as COz2 (33). In the citrate synthase reaction, the cleavage of the thioester bond
powers the generation of citrate and indeed succinyl-CoA is an energy-rich
thioester compound with a free energy value comparable to ATP. In the fifth
reaction, catalysed by succinyl-CoA synthetase, cleavage of the thioester bond
of succinyl-CoA is coupled to the phosphorylation of a purine nucleoside
diphosphate (usually GDP but also ADP) and the formation of succinate (34).
This is the only reaction in the Krebs cycle that directly yields a compound with

high phosphoryl-transfer potential.

Reactions of four-carbon compounds constitute the final stage (comprised
of 3 reactions) of the citric acid cycle: the regeneration of oxaloacetate. The first
step in the regeneration of oxaloacetate (and the sixth of the cycle) is the
oxidation of succinate to fumarate by succinate dehydrogenase (SDH), also
referred to as Complex Il of the ETC (35). In SDH, the hydrogen acceptor is FAD,
as the free energy change is insufficient to reduce NAD*. The isoalloxazine ring
of FAD is covalently attached to SDH via a histidine side chain of the enzyme
and so does not dissociate from the enzyme. Rather, two electrons are
transferred directly from FADH:2 to iron-sulphur clusters of the enzyme to

Coenzyme Q (CoQ). The seventh step of the cycle is the hydration of fumarate
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to form L-malate (36). This stereospecific trans addition of H* and OH" is
catalysed by fumarate hydratase (Fh). Finally, the eight (and last) step of the
Krebs cycle, catalysed by malate dehydrogenase (MDH), is the oxidation of
malate to oxaloacetate and the reduction of NAD* to form the third and final
molecule of NADH (37). The standard free energy of this reaction is positive and
is only driven forward by use of the products -oxaloacetate by citrate synthase
and NADH by the ETC. And so, one full turn of the cycle is complete. The key
outputs of the Krebs cycle from a biochemical point of view are the 3 NADH
molecules and the FADH:2 that will feed the ETC (Fig. 1.2 & 1.6). As we shall see
however, these intermediates in the Krebs cycle are also used as signals during

macrophage activation.

1.2.2 — Oxidative phosphorylation

The main purpose of the ETC is to generate ATP, which then serves as the
principal immediate donor of free energy in biological systems. In a typical cell, a
molecule of ATP is consumed within a minute of its formation, whilst a typical
human consumes the equivalent of 65 kg of ATP at rest over a period of 24 hours
(38). However, the total quantity of ATP in the body is limited to approximately
100 g, thus the turnover of this small quantity of ATP is very high. Strikingly, each
molecule of ATP is recycled between 1000 to 1500 times per day. To achieve
this high degree of turnover, a sophisticated combination of enzyme and
coenzyme complexes (ETC) work in tandem to synthesise ATP from ADP and
Pi, in a process termed oxidative phosphorylation (OXPHOS) (27, 28) (Fig. 1.2 &
1.6). The transfer of electrons from NADH and FADH: to Oz occurs at the inner
mitochondrial membrane (IMM), the location of the ETC, and leads to the

pumping of protons (H*) out of the mitochondrial matrix into the intermembrane
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space (27, 28). This unequal distribution of protons generates a pH gradient and
transmembrane electrical potential (electrochemical gradient) that creates a
proton-motive force. ATP is synthesised when protons flow back to the
mitochondrial matrix. As such, the electron motive force generated by the Krebs
cycle, is converted to a proton motive force and then into phosphoryl transfer
potential (27, 28). The conversion of the electron motive force to the proton
motive force is achieved by the respiratory chain, which consists of three
electron-driven proton pumps — NADH-Q oxidoreductase (Complex 1), Q-
cytochrome c oxidoreductase (Complex Ill) and cytochrome c oxidase (Complex
IV) (27, 28). Special electron carriers are also involved in ferrying the electrons
from one complex to the next. The first of these is CoQ, also referred to as
ubiquinone because itis a hydrophobic ubiquitous quinone, which diffuses rapidly
within the IMM and shuttles electrons between Complex | and Complex Il (27,
28). SDH (Complex Il) also interacts and reduces CoQ to generate the proton
motive force although it is not a proton pump itself, and unlike other Krebs cycle
enzymes, directly associates with the IMM and the ETC (35). SDH therefore
provides an integral physical link between the Krebs cycle and ATP formation.
The second of the special electron carriers is cytochrome c, a small soluble
protein that shuttles electrons from Complex Il to Complex IV, the final proton
pump of the chain and the site of O2 reduction to H20 (27, 28). The final phase
of OXPHOS is carried out by the FoFi-ATP synthase, an ATP synthesising
complex driven by the flow protons back into the mitochondrial matrix, thus
converting the proton motive force to phosphoryl transfer potential (converting
ADP to ATP) (28). Oxidative phosphorylation is a vivid demonstration that proton

gradients are an incontrovertible currency of free energy in biological systems.
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As we will see below, both the electrochemical proton gradient and the ETC can
be also harnessed for signalling purposes during macrophage activation, largely

via the generation of reactive oxygen species (ROS).
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Figure 1.2 — The Krebs cycle and oxidative phosphorylation

The Krebs cycle is presented demonstrating the eight reactions required for one
full turn and all five complexes required for oxidative phosphorylation (OXPHOS).
Some anaplerotic (blue) and cataplerotic (green) sequences feeding the Krebs
cycle are also shown. Key anaplerotic pathways indicated include the generation
of phosphoenol pyruvate (PEP) from oxaloacetate, which can then feed
gluconeogenesis to synthesise glucose and citrate export from the mitochondria,
where it can be converted into acetyl-CoA and malonyl-CoA to feed fatty acid
synthesis (de novo lipogenesis). The synthesis of porphyrins and heme from
succinyl-CoA, purines and pyrimidines required for DNA synthesis from
oxaloacetate and finally the synthesis of non-essential amino acids from
oxaloacetate and a-ketoglutarate are also shown. Key cataplerotic pathways
indicated include glucose feeding pyruvate (glycolysis), which can then enter the
Krebs cycle as acetyl-CoA, aspartate feeding oxaloacetate and glutamine
feeding a-ketoglutarate. One full turn of the Krebs cycle generates two molecules
of COz2 (red) and three molecules of NADH, which is used directly by complex I,
and one molecule of FADHz2, which is used by complex Il (purple).
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1.2.3 — Krebs cycle rewiring

As the Krebs cycle is an amphibolic pathway, meaning it participates in anabolic
and catabolic processes, the diversion of nutrients to replenish Krebs cycle
intermediates, termed anaplerosis, or the removal of intermediates to feed
biosynthetic pathways, termed cataplerosis, is necessary to ensure functionality
of the cycle and to support important cellular processes (25) (Fig. 1.2).
Anaplerosis and cataplerosis describe reciprocal and correlative reactions that
can be dictated by changes in microenvironment of the cell, such as hypoxia, or
in response to extracellular signals, such as hormones or inflammatory stimuli
(39, 40). However, a concept first proposed in the 1970s (41, 42) has now re-
emerged whereby the Krebs cycle can undergo remodelling to support the “non-
metabolic” functions of its intermediates and their derivatives. This rewiring is
often achieved through modulation of the expression and/or activity of specific

Krebs cycle enzymes and both anaplerotic and cataplerotic sequences.

An early example of this concept comes from the study of prostate
secretory epithelial cells, which have the specialized function and capability of
accumulating extraordinarily high levels of citrate (40, 43, 44). The accumulated
citrate is then secreted to form an important component of human prostatic fluid
(semen) often reaching concentrations of up to 150 mM, an intriguing
phenomenon first described way back in 1929 (44). This striking characteristic of
prostate acinar epithelial cells is achieved by their unique ability to acquire high
levels of zinc intracellularly via elevated expression of ZIP1 (SLC39A1), the major
endogenous zinc uptake transporter (44). Increased mitochondrial zinc then acts
as a competitive inhibitor of mitochondrial aconitase, which is not a typical rate-

limiting enzyme in mammalian metabolism, by specifically targeting the citrate to
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cis-aconitate reaction and truncating the Krebs cycle (44). Three key anaplerotic
sequences are also employed and required to support citrate accumulation.
These include an increase in the expression of pyruvate dehydrogenase (PDH),
to increase acetyl-CoA synthesis from pyruvate, the aspartate transporter
(EAAC1), to enhance aspartate uptake, and the aspartate aminotransferase
(GOT2), to increase the synthesis of oxaloacetate from aspartate (43). These
anaplerotic sequences ensure the replenishment of the 6-carbon units lost upon
citrate secretion. Importantly, these enzymes and ZIP1 are positively regulated
at the transcriptional level by the hormones testosterone and prolactin to optimise
the operation of this metabolic pathway in prostate acinar epithelial cells (40).
Therefore, a major reproductive function of these hormones is to rewire the Krebs
cycle in order to promote citrate accumulation and secretion by the prostate.
Given this example, it should not come as a huge surprise that a cell type as
important and phenotypically plastic as the macrophage might require a rewiring

of the Krebs cycle.

Hormonal regulation of zinc accumulation, citrate production and Krebs
cycle remodelling is quite a rare example of how the Krebs cycle and its
derivatives can be repurposed by environmental cues for non-metabolic roles.
However, this concept has gained real traction in recent years with the discovery
that classically-activated macrophages suppress OXPHOS and dramatically
rewire the Krebs cycle, as identified primarily by the accumulation of succinate
and itaconate (20, 45, 46) (Fig. 1.3). It has now been proposed that two metabolic
‘breakpoints’ occur in the Krebs cycle upon pro-inflammatory activation of

macrophages.
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The first breakpoint occurs at IDH, due to transcriptional repression of Idh
MRNA levels, and was first suggested by Tannahill et al (2013) (20). In this
landmark study, the authors generated a comprehensive metabolic map of LPS-
activated macrophages by combining unbiased transcriptional and metabolic
datasets, demonstrating that downregulation of many mitochondrial genes
directly correlated with the expression profile of altered metabolites. This
breakpoint was confirmed by Jha et al (2015) using an integrated high-throughput
transcriptional and metabolic profiling analysis pipeline (CoMBI-T) (45). While the
authors also observed transcriptional downregulation of Idh mRNA and an
increase in the citrate:a-ketoglutarate ratio, they went one step further to validate
this breakpoint by performing stable isotopic experiments using uniformly
labelled glucose (U-13C-glucose) and glutamine (U-13C-glutamine) (45).
Consistent with the CoMBI-T results, ~ 20% of the total citrate pool contained
glucose-derived carbon, whereas a-ketoglutarate had none (45). Likewise, a loss
of partially-labelled a-ketoglutarate from U-'3C-glutamine was also observed,
indicative of interrupted Krebs cycle activity (45). Reverse flow through IDH was
also undetectably low based on the absence of 5 carbon labelling in citrate from
U-13C-glutamine (45). Importantly, the authors of these studies also noted that in
the context of Idh downregulation, cis-aconitate is redirected towards itaconate
(45) and citrate toward lipid synthesis (20). A more recent study has found that
downregulation of Idh mRNA does not result in the downregulation of IDH protein
levels (47). However, IDH enzymatic activity is suppressed by NO-mediated
cysteine nitrosation. As such, the induction of INOS and NO synthesis is a crucial
mediator of Krebs cycle rewiring and the first metabolic breakpoint in

macrophages.
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The second metabolic breakpoint in the Krebs cycle is proposed to occur
at SDH (45, 46) (Fig. 1.3). While no change in the expression of SDH subunits
was detected, U-'3C-glutamine tracing experiments suggested inefficient
succinate-to-fumarate transition as ~35% of the total pool of succinate, but only
22% of the total pool of malate, contained glutamine-derived carbon (45).
Importantly, succinate was previously shown to accumulate to high levels in
response to LPS stimulation, a process that was largely-dependent on glutamine
anaplerosis (20). Mechanistically, it was suggested that NO-based inhibition of
SDH activity may account for impaired succinate oxidation (45), although more
recent studies have identified itaconate-mediated SDH inhibition as the cause of
this metabolic breakpoint, a discovery that will be discussed in detail below and
in this thesis (48, 49). Importantly, these studies nicely demonstrated how the
coordination of anaplerotic/cataplerotic sequences and Krebs cycle enzyme
functionality act to remodel the Krebs cycle. Anaplerosis occurs via glutamine
feeding the Krebs cycle at a-ketoglutarate, while cataplerosis includes withdrawal

of citrate for lipid synthesis and cis-aconitate for itaconate production.

More recently, the Krebs cycle has been show to undergo two stages of
remodelling highlighting the dynamic and temporal nature of this process. The
first stage is characterised by the above metabolic breakpoints with succinate
and itaconate transiently accumulating (50). The second later stage is marked by
the subsistence of these metabolites, which is largely driven by the inhibition of
the pyruvate dehydrogenase complex (PDHC) and the OGDC (50) (Fig. 1.4).
PDHC is a large, highly integrated complex of three distinct enzymes that belongs
to a family of homologous complexes, which includes the OGDC (33, 51-53).

These complexes are giant with molecular masses ranging from 4 million to 10
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million Daltons (51, 52). The three distinct enzymes are the pyruvate
dehydrogenase component (Ei1), Dihydrolipoyl transacetylase (E2) and
Dihydrolipoyl dehydrogenase (Es). E1 uses thiamine pyrophosphate (TPP) as a
catalytic cofactor and catalyses the oxidative decarboxylation of pyruvate (or a-
ketoglutarate in the case of OGDC) releasing CO: in the process (51, 52). Ez
uses lipoic acid as a catalytic cofactor (lipoamide as a prosthetic group) and
catalyses the transfer of an acetyl group to CoA (stoichiometric cofactor) (51, 52).
Finally, Es uses FAD as a catalytic cofactor and NAD* as stoichiometric cofactor
and catalyses the regeneration of the oxidized form of lipoamide (51, 52). The
core of the complex is formed by E2 and consists of eight catalytic trimers (o)
with a small domain at the amino terminus that contains the flexible lipoamide
cofactor (51, 52). The lipoamide domain is followed by a domain that interacts
with Es and a large transacetylase domain (51, 52). E1 is an a2 tetramer, of
which there are 24 copies, while Es is an off dimer, of which there are 12 copies
(51, 52). E1 and Es surround the E2 core. The key to the efficient catalysis for
both PDHC and OGDC is the flexible lipoamide arm of E2 that carries substrate
from active site to active site, thus the structural integration of three distinct
enzymes and the lipoamide arm makes the coordinated catalysis of a complex
reaction possible. In macrophages, inhibition of PDHC and OGDC in the second
stage of remodelling is achieved by altering the lipoylation state of their E>
subunits (50). PDHC activity is further inhibited by the phosphorylation of its E1
subunit. As such, it can be proposed that a third metabolic breakpoint occurs in
the Krebs cycle at OGDC. This study therefore elucidates a dynamic picture of
Krebs cycle remodelling in pro-inflammatory macrophages, while uncovering key

mechanistic insights into how this remodelling is achieved.
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In a resting state, macrophages utilize an intact Krebs cycle and respire
normally (4, 45, 54). Similarly, in an alternatively activated state, macrophages
maintain robust oxidative TCA cycling while increasing OXPHOS and ATP levels
(45, 54). Arole for acetyl-CoA generated from glycolysis-derived pyruvate and -
oxidation has previously been suggested to facilitate enhanced mitochondrial
respiration (55-58). However, the relative contribution of these pathways has
been disputed in recent years as both seem to be dispensable for alternative
activation (58, 59). These issues have largely arisen from the use of 2-
deoxyglucose (2-DG), a glycolytic inhibitor that targets hexokinase, and etomoxir,
a carnitine palmitoyl transferase 1 (Cptla) inhibitor that inhibits long chain fatty
acid (LCFA) oxidation (58, 59). Specifically, Wang et al (2018) found that 2-DG
impairs both glycolysis and OXPHOS, coinciding with reduced JAK-STAT6
pathway activity and alternative activation (58). However, effective suppression
of glycolysis via glucose deprivation and substitution with galactose did not
interfere with OXPHOS, JAK-STAT6 signalling or alternative activation (58).
Similarly, high concentrations of etomoxir (> 10 uM) retained the ability to inhibit
M[IL-4] polarisation in the absence of Cptla and Cpt2 expression (59). At
concentrations of 200 uM etomoxir increased etomoxiryl-CoA levels and blocked
alternative activation by perturbing intracellular CoA enzyme homeostasis (59).
As such, the enhancement of Krebs cycle activity after IL-4 stimulation is now
largely believed to be driven by anaplerotic rewiring of glutamine metabolism (45,
58, 60, 61). In fact, one third of all carbons in Krebs cycle metabolites in M[IL-4]
macrophages originated from glutamine, as determined by U-3C-glutamine.
Interestingly, high concentrations of 2-DG inhibit glutamine anaplerosis in

alternatively-activated macrophages, whereas it is further enhanced to
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compensate for suppressed glycolytic activity achieved using galactose or
glucose deprivation (58). Likewise, glutamine deprivation was associated with a
distinctly downregulated Krebs cycle and M[IL-4] transcriptional signature in
alternatively-activated macrophages (45). Furthermore, IL-4 induced PPARYy
transcriptional activity is essential for alternative activation via modulation of
Krebs cycle enzyme and RC gene expression and glutamine metabolism (61).
Together these studies provide compelling support for a causal link between this
anaplerotic sequence, Krebs cycle and OXPHOS functionality and alternative
macrophage activation. How specific Krebs cycle metabolites co-ordinate pro-
and anti-inflammatory macrophage gene expression programmes will now be

discussed in turn and are summarised in Table.1.
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Figure 1.3 — Early stage Krebs cycle rewiring in macrophages

To meet their bioenergetic demands, quiescent macrophages utilise an intact
Krebs cycle and oxidative phosphorylation (OXPHOS) to generate ATP.
However, in response to lipopolysaccharide (LPS) and other pro-inflammatory
stimuli, they undergo glycolytic reprogramming to generate ATP and lactate,
whilst the Krebs cycle is rewired to facilitate the accumulation of Krebs cycle
intermediates citrate, succinate, fumarate and malate. cis-Aconitate is also
diverted away from the Krebs cycle to form itaconate. Accompanying this
remodelling is a downregulation of OXPHOS and ATP production by the electron
transport chain (ETC).
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Figure 1.4 — Late stage Krebs cycle rewiring in macrophages

While early stage Krebs cycle remodelling supports the accumulation of itaconate
and succinate, late stage remodelling results in a subsistence of these
metabolites. The subsistence of these metabolites is achieved via inhibition of
PDH and OGDH complexes, which prevents the flow of glucose-derived and
glutamine-derived carbon into the Krebs cycle.
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Table 1 — Overview of the Krebs cycle and Krebs cycle-derived metabolite signalling
Metabolite(s)

Succinate

a-Ketoglutarate

Succinyl-CoA

Fumarate

Citrate
Acetyl-CoA

Malonyl-CoA

Itaconate (and derivatives)

Itaconyl-CoA

Synthesis (enzyme)

Succinyl-CoA synthetase

Isocitrate dehydrogenase

a-ketoglutarate
dehydrogenase complex
Succinate dehydrogenase

Citrate Synthase
ATP-citrate lyase

Acetyl-CoA carboxylase

cis-Aconitate
decarboxylase

Succinyl-CoA synthetase?

Cellular target(s) and/or PTM in macrophage

SUCNRA1

a-KGDDs:
PHDs
JMJIDs
a-KGDDs:
PHDs

JMJDs
TETs

Succinylation:
PKM2

a-KGDDs:
JMJDs
SLC2kal
Acetylation:
Histone H3
a-Tubulin

Malonylation:
GAPDH
SDH

2,3-dicarboxypropylation:
KEAP1

GSH

LDHA

Several others

MuT

Signalling pathway(s) and/or
processes

Gi- and Gg-coupled

HIF-1e
Stabilisation
Histone methylation

HIF-1a

Inhibition

Histone de-methylation
DMA de-methylation

HIF-1e. activity

Histone methylation

Downstream citrate metabolism

Transcription
p38 kinase

Glycaolysis, RMNA binding
Succinate oxidation

NRF2
ATF3

Mitochondrial Bz metabolism

Inflammatory outcome(s)

Increased IL-1p

Chemotaxis

Increased type 2 cytokine signalling
Increased IL-15 )

Increased

pro-inflammatory gene expression

Decreased IL-1p
Increased
anti-inflammatory and M[IL-4] gene

expression

Increased IL-1p

Increased TMF and IL-6

Increased ROS, NO and prostaglandins

Increased IL-G6
Increased IL-10

Increased TMNF
Inhibits pro-inflammatory cytokine
production

Inhibits IL-1p
Inhibits IL-6

Unknown
Unknown
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1.3 - The role of succinate and a-ketoglutarate as inflammatory

signals

Succinate has recently emerged as a key player in macrophage activation (20,
62, 63). Mechanistically, succinate has been shown to act on several pathways
to exert its immunomodulatory properties. Intracellularly, succinate can
accumulate, undergo mitochondrial export and act to stabilise hypoxia-inducible
factor-1a (HIF-1a) and/or undergo oxidation by SDH to drive mitochondrial
reactive oxygen species (MtROS) generation from complex | (20, 62).
Dysregulated succinate metabolism can also result in the accumulation of
succinyl-CoA and lysine succinylation, a recently identified post-translational
modification (PTM) (20, 64). Importantly, the balance between succinate and o-
ketoglutarate levels intracellularly can also regulate members of the a-
ketoglutarate-dependent dioxygenases (a-KGDDs) involved in epigenome
remodelling and innate immune memory (60). A role for fumarate in this process
will also be discussed here (65). Extracellularly, succinate can ligate the G-
protein-coupled receptor (GPCR), succinate receptor 1 (SUCNRL1), to elicit
downstream signalling cascades and regulate macrophage effector functions
(63, 66-68). This section will discuss in detail the current work carried out on both

the intracellular and extracellular functions of succinate and a-ketoglutarate.

1.3.1 — Intracellular succinate signalling

A key discovery in the field of immunometabolism was the identification of
succinate accumulation in macrophages treated with LPS and it’s signalling via
the transcription factor HIF-1a (20) (Fig. 1.5). HIF-1 is a highly conserved

member of the basic helix-loop-helix (bHLH) family of transcriptional regulators,
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central in directing the response to hypoxia (69, 70). HIF-1 was first discovered
by Semenza and Wang in 1992 (71), where it was found to bind the human
erythropoietin gene under hypoxic conditions. Since then, a crucial role for HIF-
1 in the regulation of numerous cellular processes has emerged. Specifically,
HIF-1 co-ordinates the expression of genes involved in cellular metabolism,
angiogenesis, inflammation, erythropoiesis and proliferation by binding hypoxia
response elements (HRES) in the promoters of its target genes (69, 70). A key
outcome of its activation is the orchestrating of a transcriptional switch in the
metabolic phenotype of the cell from the use of OXPHOS to glycolysis (glycolytic

reprogramming), as previously discussed (69).

During hypoxia, HIF-1 forms a heterodimeric complex consisting of an
oxygen-sensitive o subunit and a constitutively active B subunit (69). Under
normoxic conditions (when O:2 levels are high), HIF-1a is tightly regulated by
prolyl hydroxylases (PHDs), a family of a-KGDDs (72). Enzymatically, PHD1, 2
and 3 utilise a-ketoglutarate and molecular oxygen to hydroxylate conserved
proline residues in HIF-1la, generating succinate in the process (72).
Hydroxylation of HIF-1la provides a recognition site for the binding of an E3
ubiquitin ligase, the tumour suppressor protein Von Hippel-Lindau (VHL) (72, 73).
The binding of VHL results in the ubiquitination of HIF-1a and its subsequent
degradation via the 26S proteasome (73). Under hypoxic conditions, HIF-1la
degradation is prevented enabling its translocation to the nucleus, dimerization

with HIF-1p and the binding of target genes (69).

In 2005, Selak and colleagues identified a novel mitochondrion-to-cytosol

signalling pathway linking the mitochondrial dysfunction observed in tumours with
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SDH mutations and the activation of HIF-1a (74). Importantly, inefficient SDH
activity enabled succinate to accumulate to high levels and competitively inhibit
PHDs, even in the absence of VHL mutations, an important oncogenic event in
tumour formation (74). As such, this represented the first identification of
succinate as an ‘oncometabolite’. Analogous to this, Tannahill et al (2013)
demonstrated that under normoxic conditions LPS-induced succinate
accumulation stabilised HIF-1a. in macrophages (20). This study also suggested
that succinate behaves as a danger signal or ‘alarmin’ to sustain the production
of IL-18 via direct binding of succinate-induced HIF-1a to an HRE element in its
promoter (20). As such, enhanced ll1b transcription was identified as a key
inflammatory output from succinate accumulation. Furthermore, LPS-induced
HIF1a activation is essential for the glycolytic reprogramming event observed in
macrophages following stimulation (20). This study was the first to identify the
importance of Krebs cycle rewiring in governing macrophage metabolic
remodelling and emphasised the importance of Krebs cycle intermediates as

inflammatory signalling molecules.
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Figure 1.5 — Succinate as an inflammatory signal during inflammation

Succinate accumulation in pro-inflammatory macrophages can regulate IL-13
production. Succinate, derived in part from glutamine anaplerosis, can be
exported from mitochondria into the cytosol where it directly inhibits PHD activity
to stabilise HIF-1a. Mitochondrial ROS (mtROS) from complex | and complex Il
can also inhibit PHD activity to stabilise HIF-1a. Succinate can also be secreted
from the cell where it can bind SUCNR1, which acts as an autocrine and
paracrine sensor for succinate, as part of a positive feed forward loop to sustain
IL-1B and promote chemotaxis. Extracellular succinate and SUCNRL1 can also be
anti-inflammatory in certain contexts by synergising with type Il cytokine signaling
to promote anti-inflammatory gene expression.
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More recently, succinate oxidation by LPS-activated macrophages was
shown to inhibit PHD activity indirectly via mtROS resulting in HIF-1a. stabilisation
and IL-1B production (62) (Fig. 1.5). Like succinate, ROS are critical regulators
of PHD enzymatic activity under normoxic conditions (75, 76). Although the
physiological relevance of mtROS in HIF-1a stabilisation is not without its
controversy, normoxic mtROS production that arises from loss of SDHB from
complex Il has previously been suggested to inhibit PHDs by inducing non-
enzymatic decarboxylation of a-ketoglutarate (75, 76). However, PHD activity is
also highly dependent on iron (Fe?*) as a cofactor and so ROS-mediated
oxidation of Fe?* to Fe®" has also been proposed as a potential inhibitory
mechanism (75). Interestingly, Mills et al (2016) found that limiting succinate
oxidation in activated macrophages with the prodrug dimethyl malonate (DMM),
which releases the potent complex Il inhibitor malonate, potently blocked mtROS
production from complex | while repressing LPS-induced HIF-1a and IL-18 (62).
In a reciprocal manner, succinate oxidation limits the production of the anti-
inflammatory cytokines IL-10 and IL-1RA, an impairment overcome by SDH
inhibition with DMM (62). However, the precise role of HIF-1a. in regulating IL-10
and IL-1RA remains to be explored. In line with this study, complex I-mediated
mMtROS generation in macrophages has previously been shown to promote IL-1
production while limiting IL-10, a process inhibited by the antidiabetic drug
metformin (77). In addition to succinate oxidation by SDH, mtROS production by
complex | was dependent on increased mitochondrial membrane potential
(electrochemical gradient) (62). Hyperpolarisation of the IMM is thought to be

driven by the hydrolysis of glycolytic ATP by the reverse activity of ATP synthase,
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as inhibition of hexokinase 2-DG, or the FoF1-ATP synthase with oligomycin, is
sufficient to lower membrane potential and impair LPS-induced IL-1p production
(62). Treatment of macrophages with the proton ionophore uncoupling agent,
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), which
dissipates mitochondrial membrane potential, was also sufficient to block

MtROS, HIF-1a and IL-1p levels (62).

Mills et al (2016) argue that succinate-induced mtROS production from
complex | in this setting is a result of reverse electron transport (RET) (62) (Fig.
1.6). This process was first observed in a model of ischaemia-reperfusion (IR)
injury, whereby succinate accumulates during ischaemia due to a reversal in
SDH directionality (78). Upon reperfusion however, SDH rapidly oxidises
succinate resulting in excessive reduction of the CoQ pool (78). This forces
electrons to flow backwards through complex | to generate superoxide (O2), an
event inhibited by DMM or the complex | inhibitor rotenone (62, 78). To further
support a role for RET, macrophages expressing an alternative oxidase (AOX)
from Ciona intestinalis were employed (62). Importantly, AOX enables the
oxidation of excess electrons built up in the Q pool (62). In agreement with RET,
AOX expression in macrophages impaired LPS-induced mtROS production, HIF-
la stabilisation and IL-1f production (62). Complex I-derived mtROS, caused by
deletion of the essential subunit Ndufs4, has previously been shown to promote
inflammation and potentiate macrophage activation even in the absence of
stimulation, highlighting the relevance of this site in ROS production (79). The
importance of complex Il and succinate oxidation in innate immune signalling is
also further exemplified by Garaude et al (2016) who nicely demonstrated the

transient remodelling of complex I-containing supercomplexes in activated
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macrophages, switching the relative contributions of complex | and complex Il to
respiration (80). Importantly, the authors demonstrated an impairment in the anti-
bactericidal activity of macrophages and an inhibition of IL-1p in Escherichia coli-
infected mice treated with DMM. While no direct evidence was presented, the
authors suggested an impairment in RET may account for their observed
phenotype. It is also important to note that a role for complex Ill-derived mtROS
in regulating pro-inflammatory macrophage activation has recently been
identified (81). As such, the dynamics of mtROS production and the relative
contributions of RET, complex | and complex Il to this process will require further
investigation. Taken together, these observations highlight an essential role for
the ETC and mtROS signalling in the regulation of macrophage activation and

inflammation.

Page | 56



OXPHOS

H+
H20
ADP

ATP % 02+ 2H*

Fumarate

H-I-

Succinate

H+ H+

Intermembrane space

H+

H+

@inate
H+

H* H+ H+ H*
Intermembrane space
Matrix
E Fumarate
H-I-

H+

Figure 1.6 — Succinate oxidation and mtROS as an inflammatory signal

LPS reprograms oxidative phosphorylation (OXPHQOS), which enables succinate
oxidation by complex Il to drive reverse electron transport (RET). RET promotes
mitochondrial reactive oxygen species (mtROS) production from complex |,
which inhibits PHD activity and stabilises HIF-1a. The repurposing of OXPHOS
to RET is aided by glycolytic ATP, complex V and inner mitochondrial membrane

(IMM) hyperpolarisation.

Page | 57



1.3.2 — Succinylation and inflammatory signalling

As mentioned, dysregulated succinate metabolism and succinyl-CoA
accumulation can result in lysine succinylation, such as that observed in LPS-
activated macrophages (20, 64). This modification induces a 100 Da change in
mass and masks the positive charge of the lysine side chain, likely resulting in a
significant conformational change in the target protein (82). Succinylation is
largely thought to occur non-enzymatically, however, mitochondrial-localised
SIRT5 is a known desuccinylase that can enzymatically remove succinyl groups
and regulate signalling processes (83, 84). Interestingly, succinylation is known
to regulate macrophage function in response to LPS (64). Specifically,
hypersuccinylation of lysine 311 on pyruvate kinase M2 (PKM2), a key glycolytic
enzyme previously known to interact with HIF-1a and regulate aerobic glycolysis
in macrophages (21), inhibits its pyruvate kinase activity by promoting its
tetramer-to-dimer transition (64). Importantly, Wang et al (2017) show that SIRT5
desuccinylates PKM2 to prevent its entry into the nucleus, the formation of a HIF-
1a/PKM2 complex and IL-1f induction (64). Furthermore, the authors show that
SIRT5-deficient mice are more susceptible to dextran sodium sulfate (DSS)-
induced colitis and display elevated levels of IL-1B in vivo (64). This study,
coupled with the identification of a plethora of substrates that constitute the
‘succinylome’, suggest this PTM could have far reaching consequences in

altering protein function and as a signal in innate immunity.
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1.3.3 — Succinate, a-ketoglutarate, fumarate and epigenetic

reprogramming

In addition to the PHDs, a-ketoglutarate is an important cofactor for the a-KGDDs
family of Jumoniji-C-domain-containing histone demethylases (JMJDs), involved
in histone demethylation, and the ten eleven translocation (TET) family of 5mC
hydroxylases, which play a role in DNA demethylation (85). Like the PHDs, these
enzymes can undergo competitive inhibition by succinate, and so the ratio of a-
ketoglutarate to succinate can often be a key determinant of their enzymatic
activity, thus enabling them to remodel the epigenome (60, 85). As previously
mentioned, glutamine anaplerosis of the Krebs cycle represents an important
metabolic module governing the alternative activation of macrophages in
response to IL-4 (45, 60, 61). Liu et al (2017) took this observation further when
they uncovered an important signalling role for glutamine-derived o-
ketoglutarate, which facilitates an IL-4-induced gene expression programme via
JMJD3-driven epigenetic changes (60) (Fig. 1.7). Furthermore, the authors found
that a-ketoglutarate suppresses the classical activation of macrophages (as a
low a-ketoglutarate/succinate ratio strengthens the pro-inflammatory phenotype)
and supports endotoxin tolerance after classical activation (60). Recently,
melatonin was shown to alleviate inflammation associated with obesity in part by
increasing the ratio of anti- to pro-inflammatory adipose tissue macrophages
(ATMs) (86). Mechanistically, this was achieved by the targeting of ATMs with
adipocyte-derived exosomal a-ketoglutarate and TET-mediated DNA

demethylation (86).
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Epigenetic remodelling has also been implicated as an important
mechanism governing innate immune memory (also known as trained immunity)
(87, 88). Innate immune memory is an emerging concept in immunology
describing a change in the reactivity of immune cells previously exposed to
various inflammatory stimuli (87, 88). This change in reactivity allows
macrophages to respond more robustly to subsequent, but potentially unrelated,
insults. At the molecular level, stimuli, such as the fungal wall component -
glucan from Candida albicans, alter histone methylation patterns that persist after
resolution of the infection and enhance cytokine production upon re-infection
(88). Like LPS, B-glucan induces Krebs cycle rewiring and glutamine anaplerosis
in human monocytes, which acts to increase intracellular fumarate levels (65).
Fumarate, like succinate, is a competitive inhibitor of the JIMJD and TET families
of a-KGDDs that can modulate the epigenome (85). Importantly, Arts et al (2016)
could show that glutamine-derived fumarate acted to inhibit the KDM5 family of
histone demethylases after B-glucan training (65) (Fig. 1.7). Inhibition of these
demethylases subsequently increased the levels of H3K4me3, a marker of active
gene transcription, at the promoters of the pro-inflammatory cytokines TNF and
IL-6, boosting their production upon re-stimulation with LPS (65). As such, the
balancing of succinate, a-ketoglutarate and fumarate levels in macrophages can
have profound functional consequences for macrophage polarization states and

innate immune memory by altering the epigenetic landscape of the cell.
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Figure 1.7 — a-Ketoglutarate and fumarate remodel the epigenetic
landscape of macrophages

Glutamine-derived alpha-ketoglutarate and fumarate are required for epigenome
remodelling in alternatively-activated macrophages and during innate immune
memory, respectively. IL-4 induces glutamine anaplerosis during alternative
activation to enhance oxidative phosphorylation (OXPHOS) and ATP production.
This also increase alpha-ketoglutarate levels, which is then used as a cofactor
by the histone demethylase JMJD3 to promote an anti-inflammatory M[IL-4] gene
expression programme. Monocytes primed with B-glucan (used to induce innate
immune memory) undergo Krebs cycle rewiring, which results in fumarate
accumulation derived from glutamine anaplerosis. Fumarate then acts to inhibit
the KDMS5 family of histone demethylases, which alters histone methylation and
results in increased TNF and IL-6 production upon re-challenge with other
inflammatory stimuli, such as LPS.
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1.3.4 — Extracellular succinate signalling

In 2004, He and colleagues discovered unexpectedly that the Krebs cycle
intermediates succinate and a-ketoglutarate were the cognate ligands for the
orphan GPCRs, GPR91 (also SUCNR1) and GPR99 (also OXGR1), respectively
(89). Furthermore, SUCNR1 was found to be a Gi and Gq coupled GPCR highly
expressed in the kidney, liver, spleen and small intestine. Importantly, the authors
demonstrated that succinate acts as a hypertensive agent to increase blood
pressure in animals, in part through SUCNR1 and the renin-angiotensin system
(89). Thus, by acting as a ligand for SUCNRL1, succinate was found to have an
unexpected signalling function independent of its role in bioenergetics. Since this
seminal discovery, subsequent studies have found SUCNRL1 to be expressed on
the plasma membrane of macrophages, with important consequences for their

function during a variety of inflammatory contexts (63, 66-68) (Fig. 1.5).

Since the discovery of SUCNRL, the elucidation of the signalling cascades
elicited by binding of succinate has begun to emerge (90, 91). Robben et al
(2009) showed GPR91 to be a Gi- and Gg-coupled receptor using the inhibitors
pertussis toxin (PTX) and YM254890 in kidney-derived MDCK cells (92).
Sundstrom et al (2013) confirmed that GPR91 was a Ga(i)- and Ga(q)-coupled
receptor resulting in the inhibition of 3’-5’-cyclic adenosine monophosphate
(cAMP) inhibition and inositol triphosphate (IP3) formation (93). The agonist-
mediated effects of SUCNR1 stably expressed in the human embryonic kidney
(HEK) 293 cell line were detected using dynamic mass redistribution (DMR) and
found to be sensitive to PTX (90, 91, 93). Inhibition of SUCNRL1 signalling with
PTX, edelfosine and U73122 also demonstrated the importance of SUCNRL1 to

elevate intracellular calcium (Ca?*) via IP3 generated by phospholipase C B
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(PLCB) (90, 91, 93). Similar signalling pathways have also been uncovered in
other SUCNRL1-positive cell types including adipocytes treated with lipolytic
hormones (94) and hematopoietic progenitors (95), which drove proliferation via
activation of ERK1/2. Interestingly, succinate-induced responses in cardiac
myocytes and platelets involved the induction of protein kinase A (PKA) through
the Gs/cCAMP pathway, suggesting cell-type specific coupling of G proteins to
SUCNRL1 (96, 97). Even more importantly, SUCNRL1 stimulated with succinate
was found to induce intracellular Ca?* mobilisation and phosphorylation of
ERK1/2 in DCs, highlighting its functionality in immune effector cells and

inflammation (98).

In 2008, the first line of evidence that succinate signalling through
SUCNR1 was an important inflammatory mechanism was proposed (98). Rubic
et al (2008) demonstrated that succinate acted in synergy with TLR agonists to
boost inflammatory cytokine expression in DCs (98). Specifically, succinate
boosted TNF levels, in synergy with TLR3 agonist poly(l:C) and TLR7 agonist
imiquimod, whilst it also potentiated IL-1 levels in conjunction with LPS (98). In
addition, SUCNR1 was also found to be involved in DC chemotaxis, as
monocyte-derived DCs (moDCs) exhibited enhanced migration to draining lymph
nodes when treated with succinate (98). Furthermore, succinate was also found
to enhance antigen presentation by DCs and antigen-specific activation of helper

T cells, an effect abolished in SUCNR1 KO DCs (98).

In a recent study, Littlewood-Evans et al (2016) demonstrated that
macrophages release succinate into the extracellular milieu when activated,
while simultaneously upregulating SUCNR1 (66). Intriguingly, SUCNRL1 then acts

as an autocrine and paracrine sensor for extracellular succinate to augment IL-$3
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production, which in turn increases SUCNRL1 levels fuelling this cycle of cytokine
production (66). SUCNR1-deficient mice also show reduced macrophage
activation and production of IL-1p in response to LPS and in a model of antigen-
induced arthritis (66). Treatment of macrophages with synovial fluid from
rheumatoid arthritis (RA) patients, which is abundant in succinate, elicits IL-1
release suggesting that chronically elevated succinate is pathological in this
setting (66). Succinate levels are also elevated in other chronic inflammatory
settings, such as in mouse adipose tissue during models of diet-induced obesity
or in the plasma of patients with type 2 diabetes (68). Interestingly, SUCNR1-
deficient mice were reported to have significantly reduced numbers of ATMs
compared to adipocytes and improved glucose tolerance compared with wildtype
(WT) mice fed a high-fat diet, owing in part to a reduction in macrophage
chemotaxis (68). Succinate-induced chemotaxis has also been implicated in the
pathogenesis of chronic neuroinflammation during experimental autoimmune
encephalomyelitis, a mouse model of multiple sclerosis (MS) (67). Specifically,
infiltration of damaging mononuclear phagocytes (MP) is decreased via the
transplantation of neural stem cells (NSCs), which scavenge succinate from the
cerebrospinal fluid (67). Mechanistically, inflammatory phagocytes release
succinate that ligate SUCNR1 on the surface of NSCs to upregulate the
expression of the dicarboxylate co-transporters SLC13a3 and SLC13a5, and
induce the secretion of the anti-inflammatory lipid mediator prostaglandin E2
(PGE2) (67). Upregulation of solute carrier family 13 member 3 (SLC13a3) and
SLC13a5 scavenges succinate away from inflammatory macrophages and
microglial cells preventing further infiltration and secondary CNS damage (67).

These findings suggest that SUCNR1-induced chemotaxis promotes the
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infiltration of macrophages into various tissues during chronic inflammatory
settings and presents itself as a promising target to combat inflammatory

disease.

In contrast to these studies, Keiran et al (2019) have found that activation
of SUCNRL has a critical role in the anti-inflammatory response in macrophages
during alternative activation and obesity (63). Specifically, SUCNR1 expression
was increased in M[IL-4]-polarized macrophages and decreased in M[LPS]-
polarized macrophages, in contrast to reports by Littlewood-Evans and
colleagues, while succinate-SUCNRL1 signalling promoted an anti-inflammatory
phenotype by augmenting their response to type 2 cytokines (63). Transgenic
mice which had SUCNR1 deleted specifically from the myeloid lineage also
displayed signs of tissue inflammation and glucose intolerance when fed a
normal chow diet, while the metabolic consequences of obesity, such as insulin
insensitivity, were also exacerbated (63). Furthermore, myeloid-specific deletion
of SUCNRL1 impaired adipose-tissue browning in response to cold exposure (63).
As such, an unexpected role for succinate in limiting inflammation during obesity

was identified.

SUCNR1-deficient mice have also been shown to exhibit reduced arthritic
disease in an ovalbumin-induced arthritis model, in line with previous findings
(99). Interestingly however, these mice are also more susceptible to allergic
contact dermatitis (ACD) attributed to increased mast cell activation (99). These
results among others discussed have prompted the suggestion that SUCNR1
antagonism may constitute a promising therapeutic approach in RA patients and
other inflammatory disorders, however, the observation of elevated ACD and
metabolic disease during obesity suggests a possible anti-inflammatory role for
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succinate and SUCNR1 under certain circumstances. Whether extracellular
succinate is pro-inflammatory or anti-inflammatory during inflammation could

therefore be context-dependent.

1.4 - The role of citrate and itaconate during inflammation

The last set of metabolites that will be considered within the context of Krebs
cycle rewiring in macrophages are citrate and itaconate, which are synthesised
in the mitochondrial matrix by citrate synthase and immunoresponsive gene 1
(IRG1), also known as cis-aconitate decarboxylase (CAD), respectively (30, 100).
Intriguing roles for these metabolites have been reported in macrophage function

and will be discussed below.

1.4.1 — Extra-mitochondrial citrate metabolism and inflammation

In a manner like that observed in prostate secretory epithelial cells, a key
functional outcome of Krebs cycle rewiring in macrophages is to facilitate citrate
synthesis and export from mitochondria (101-103). To achieve this, pro-
inflammatory macrophages sustain pyruvate oxidation through pyruvate
dehydrogenase (PDH) and increase glutamine uptake and anaplerosis, as
demonstrated using stable-isotope-assisted metabolomics (101). This
reprogramming event is quite surprising given that HIF-1a stabilisation can also
result in the induction of pyruvate dehydrogenase kinase 1 (PDK1), which
phosphorylates and inhibits PDH enzymatic activity in other contexts, such as
during tumour hypoxia (101). In macrophages however, PDK1 expression is
repressed by LPS stimulation via an as yet unidentified mechanism, thus
enabling glucose-derived citrate synthesis (101). In addition to sustaining PDH

activity, LPS increases the expression of the mitochondrial citrate carrier,
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SLC25al, in an NF-kB-dependent manner (102). SLC25al can then catalyse the
exchange of mitochondrial citrate for cytosolic malate, leading to an efflux of
citrate from the mitochondria and its accumulation in the cytosol (102) (Fig. 1.8).
Functionally, inhibition of SLC25al in activated macrophages with the inhibitor
1,2,3-benzentricarboxylic acid (BTA) or through genetic silencing, leads to a
marked reduction in ROS, NO and prostaglandin production (102). This suggests
that the efflux of citrate from mitochondria is an essential pro-inflammatory signal

during macrophage activation.

In the cytosol, citrate can be converted to acetyl-CoA and oxaloacetate by
the ATP-citrate lyase (ACL) (103, 104) (Fig. 1.8). Like SLC25al, ACL is
transcriptionally upregulated in response to LPS and functionally required for
ROS, NO and prostaglandin synthesis in activated macrophages (103). Although
the precise mechanism by which citrate regulates these processes is unknown,
acetyl-CoA produced in this manner is essential for de novo lipogenesis and as
a cofactor for acetyltransferases, a family of enzymes that catalyse the transfer
of acetyl groups to protein lysine residues (104-106). Acetyl-CoA can also be
converted to malonyl-CoA via the acetyl-CoA carboxylase (ACC), which is then
used by fatty acid synthase (FASN), along with acetyl-CoA, as the primary
substrates for palmitate synthesis (105, 106). Importantly, FASN has recently
been identified as a key regulator of classical macrophage activation (105, 106).
Firstly, during diet-induced obesity deletion of FASN prevents macrophage
adhesion, migration and activation in vivo by altering plasma membrane order
and composition, primarily by reducing cholesterol retention, and impairing RHO
GTPase trafficking (106). Secondly, FASN-derived acetoacetyl-CoA,

synthesised from the condensation of acetyl-CoA and malonyl-CoA, was
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unexpectedly required for endogenous cholesterol synthesis and enabled TLR4
recruitment to lipid rafts in response to LPS stimulation (105). TLR4 recruitment
to lipid rafts is an important cellular event that facilitates signal transduction and
pro-inflammatory macrophage activation during infection. Furthermore, C130rf31
(FAMIN), a recently identified protein that forms a complex with FASN on
peroxisomes and promotes de novo lipogenesis, was also found to regulate ROS
and cytokine production in LPS-activated macrophages (107). As such, inhibition
of SLC25al, ACL and downstream citrate metabolism may modulate ROS,
cytokine and prostaglandin levels by impairing de novo lipogenesis, TLR4

receptor signalling and NF-xB activation.

1.4.2 — Acetylation and inflammatory signalling

Acetylation can also modulate macrophage function (108-112). ACL-derived
acetyl-CoA has been shown to drive histone acetylation, a process that can have
profound effects on cellular function (104). Importantly, histone
acetyltransferases (HATS) can play a major role in the epigenetic regulation of
gene expression by modifying chromatin structure (104, 113). Specifically,
acetylation of lysine residues on H3 is associated with the expression of IL-6 in
virus-infected (112) and paraquat (PQ)-treated (111) macrophages, MMP-1 and
MMP-3 secretion in Mycobacterium tuberculosis (Mtb)-infected macrophages
(110) and elevated IL-12p40 promoter activity (109). Despite this, there are only
limited reports on the involvement of HATs in specific gene activation during
macrophage activation and this remains an open area of investigation.
Acetylation can also regulate the function of proteins outside of histone
modifications. Specifically, acetylation of the cytoskeletal protein a-tubulin, by the

tubulin acetyltransferase MEC17, was shown to regulate IL-10 induction in LPS-
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activated macrophages (108) (Fig. 1.8). As such, acetylation can serve as an
important signal to govern both pro- and anti-inflammatory cytokine production in

activated macrophages.

1.4.3 — Malonylation and inflammatory signalling

Like succinyl-CoA and acetyl-CoA, malonyl-CoA can also modify protein lysine
residues, in a process termed malonylation (82, 114, 115). Protein lysine
malonylation is a highly-conserved protein modification, however it remains
largely understudied. In two models of type 2 diabetes, proteomic analysis of liver
tissue was used to identify 573 malonylated lysine sites from 268 proteins, many
of which were metabolic enzymes involved in glycolysis, e.g. GAPDH, and lipid
metabolism, e.g. ACLY (114). Recently, Galvan-Pefia et al (2019) showed an
increase in the levels of malonyl-CoA and protein malonylation in activated
macrophages (115). One of the targets identified also included GAPDH (115). In
addition to its role in glycolysis, GAPDH also acts as an RNA binding protein to
post-transcriptionally regulate mRNAs containing ARE elements in their 3UTR,
as previously mentioned (22, 115). In macrophages, GAPDH is known to post-
transcriptionally repress TNF translation, however the signals that govern this
process remain unclear. Interestingly, Galvan-Pefia and colleagues could show
that upon LPS stimulation GAPDH undergoes malonylation on lysine 213,
leading to its dissociation from TNF mRNA and promoting its translation (115)
(Fig. 1.8). Furthermore, malonylation of GAPDH was also shown to increase its
enzymatic activity and engagement in the glycolytic pathway (115). As such,
malonylation was shown for the first time to be an important inflammatory signal
in macrophages regulating both metabolic reprogramming and cytokine

production.
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Figure 1.8 — Citrate as an inflammatory signal in macrophages

In macrophages, citrate synthesised from glucose-derived pyruvate and pyruvate
dehydrogenase (PDH) can be exported from mitochondria via the mitochondrial
citrate carrier SLC25al. In the cytosol, citrate can be converted to acetyl-CoA
and oxaloacetate by the ATP-citrate lyase (ACL). Increased cytosolic acetyl-CoA
can then be used as a cofactor by acetyltransferases, such as MEC17, which
acetylates tubulin during pro-inflammatory macrophage activation to increase the
anti-inflammatory cytokine IL-10. Likewise, it can also be used by histone
acetyltransferases (HATS) to regulate cytokine levels. Acetyl-CoA can also be
converted to malonyl-CoA via the acetyl-CoA carboxylase (ACC). Similar to
acetylation, malonyl-CoA can be used to malonylate protein lysine residues, such
as observed with GAPDH, or it can feed into fatty acid and cholesterol synthesis
through fatty acid synthase (FASN). Malonylation is an important pro-
inflammatory signal that promotes TNF translation and secretion in response to
LPS. Fatty acids and cholesterol from FASN are also essential for lipid raft
formation, TLR4 signaling and the production/secretion of cytokines and
prostaglandins
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1.4.4 — ltaconate as an antimicrobial and immunomodulatory metabolite

In addition to citrate formation, a key functional outcome of IDH repression and
PDH activity is the synthesis of the anti-bacterial metabolite itaconate (45, 49,
101, 116) (Fig. 1.9). Itaconate is synthesised from the Krebs cycle-intermediate
cis-aconitate by cis-aconitate decarboxylase (CAD), an enzyme whose
expression is induced in response to inflammatory macrophage activation and
largely restricted to cells of the myeloid lineage (100). For decades, itaconic acid,
also called methylenesuccinic acid, produced by the fungus Aspergillus terreus
has been used in the industrial arena for the synthesis of various polymers and
was not generally classified as a mammalian metabolite (117). However, in 2011
it was detected in primary murine macrophages that had been activated with LPS
(117) and in the lungs of Mtb-infected mice (118). Following this discovery,
Michelucci et al (2013) were able to demonstrate that immunoresponsive gene 1
(Irgl), now aconitate decarboxylase 1 (Acodl), which is highly expressed in
mammalian macrophages during inflammation, was the sought after cis-
aconitate decarboxylase (100). Furthermore, the authors observed a reduction in
anti-microbial activity during bacterial infection upon loss of itaconate synthesis
(100). The anti-bacterial function of itaconate had been first demonstrated in the
1970’s, as it effectively inhibited isocitrate lyase (ICL) from Pseudomonas
indigofera under low glucose conditions, however, this property of itaconate did
not garner interest until its discovery as a naturally occurring immunometabolite
(48, 119). In addition to P. indigofera, exogenous itaconate has since been shown
to inhibit in vitro growth of numerous pathogenic bacteria including M.
tuberculosis, Staphylococcus aureus, S. enterica, Legionella pneumophillia and

Acinetobacter baumannii (100, 120). In another example, in Yersinia pestis and
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Pseudomonas aeruginosa, itaconate degradation (mediated by 3 enzymes —
itaconyl-CoA transferase, itaconyl-CoA hydratase and (S)-citramalyl-CoA lyase)

is critical for bacterial survival and pathogenicity (121).

ICL itself is a key enzyme of the glyoxylate shunt, an anabolic variation of
the Krebs cycle that circumvents the two decarboxylation reactions and is used
as a mechanism for survival in glucose-poor conditions in some plants and
microorganisms (122, 123). The importance of ICL as a virulence factor in
microorganisms has been clearly demonstrated with the pathogenic fungus,
Candida albicans (122). Upon infection, C. albicans undergoes phagocytosis by
macrophages resulting in the upregulation of ICL1, however, C. albicans strains
with a mutant ICL1 are significantly less virulent than wildtype strains. Similarly,
deletion of both isoforms of ICL, ICL1 and ICL2, in M. tuberculosis resulted in
complete impairment of intracellular replication in macrophages and its rapid
elimination from the lungs of mice, whilst inhibition of ICL also inhibited growth in

macrophages (124).

Despite the importance of ICL in infection and the evidence implicating
itaconate as an antimicrobial agent, there has been some debate around the
physiological relevance of studies using itaconate to inhibit bacterial cell growth
(125). This has arisen from inconsistencies between the concentrations of
itaconate used in vitro, ranging from 5 mM to 100 mM, and the intracellular
concentrations identified in macrophages, ranging from 40 uM to 80 mM (125).
However, many studies have used itaconate in the 10 mM range, a concentration
close to some previous reports (100), whilst induction of IRG1 by both type | and
type Il interferons in L. pneumophillia-infected macrophages mediates itaconate
production and restricts intravacuolar growth of the bacteria (120). A recent study
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by Nair and colleagues found that Irgl-deficient mice succumbed rapidly to M.
tuberculosis infection (126). This increase in mortality was accompanied by
increased Mtb burden in the lungs and increased pro-inflammatory cytokine and
chemokine production (126). Furthermore, the authors found that even when a
strain of M. tuberculosis (Acll), which lacks a functional glyoxylate shunt, was
used, Irgl -/- mice still succumbed rapidly to infection with increases in cytokine
and chemokine levels (126). The authors went further and demonstrated that this
immunopathology was largely driven by increased infiltration of neutrophils into
the lung (126). RNA seq analysis of Mtb-infected macrophages suggests this
hyper-inflammatory phenotype was driven by the loss of itaconate and its ability
to temper the immune response (126). As such, the role of itaconate as a
physiologically relevant anti-bacterial metabolite remains an open question to be

explored.

Despite the known bactericidal activity of itaconate, its role in regulating
macrophage function remained unknown. Recent studies have brought to light
the possibility that itaconate is an important immunomodulator (49, 116, 127).
Importantly, LPS stimulated-BMDMs treated with methyl ester derivative of
itaconate, dimethyl itaconate (DMI), exhibited potent inhibition of pro-
inflammatory mediators including NO, ROS and the cytokines IL-1f, IL-12p70,
and IL-6, however no effect on TNF levels was observed (49). Furthermore, LPS-
activated Irgl-deficient BMDMs exhibited a boost in the production of IL-12, IL-
6, NO, and under conditions that stimulate the NLRP3 inflammasome, increased
IL-1B and IL-18 (49). An increase in HifLa mMRNA and HIF1a protein levels was
also observed in Irgl-deficient BMDMSs, a critical regulator of aerobic glycolysis

and IL-1p production (49). The role of IRG1 and itaconate as negative regulators
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of inflammation is further supported by the findings that IRG1 suppresses the
production of TNF, IL-6 and IFN-B in LPS-tolerised macrophages (128).
Additionally, IRG1 has also been found to mediate the immunosuppressive
effects of CO releasing molecule 2 (CORM2)-induced heme oxygenase 1 (HO-
1) on LPS-induced TNF production in macrophages and in a murine LPS sepsis
model (129). Interestingly, IRG1 also appears to play a major role in embryo
implantation in the womb, a process thought to require suppression of the
immune system (130-132). These findings suggest that the production of
itaconate by IRG1 in macrophages acts as a negative regulator of inflammation
and crucially provides the first link between itaconate signalling and the

modulation of pro-inflammatory cytokine production.
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Figure 1.9 — Itaconate synthesis from cis-aconitate (100)

Chemical schematic showing itaconate synthesis via decarboxylation of citrate-
derived cis-aconitate, a reaction catalysed by IRG1/CAD.
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Mechanistically, itaconate is now known to mediate these effects via modulation
of macrophage metabolism (48, 49, 116, 127) (Fig. 1.10). Firstly, itaconate can
competitively inhibit complex ll-mediated oxidation of succinate, which enables
succinate accumulation in response to LPS and is thought to limit RET-induced
inflammation (48, 49). Itaconate was first identified as a competitive SDH inhibitor
in 1949 (133), which prompted the initial speculation that itaconate may modulate
cellular metabolism in macrophages. In two independent studies, genetic
deletion of Acodl and the exogenous addition of itaconate or itaconate
derivatives was sufficient to decrease and increase succinate accumulation in
macrophages, respectively (48, 49). Iltaconate was also shown to competitively
inhibit purified SDH (49). Furthermore, the suppression of OXPHOS is lost in
Acod1-deficient macrophages treated with LPS and in fact an increase in oxygen
consumption rates (OCR) is observed (49). This increase in OCR is likely due to
increased fuelling of the Krebs cycle by glutamine in the absence of complex I
inhibition. Together these papers provide compelling evidence that CAD-
mediated itaconate synthesis promotes succinate accumulation and offers a

molecular explanation for the second breakpoint in the TCA cycle.

Secondly, itaconate can bind and inactivate reactive thiol groups of proteins and
glutathione, an irreversible non-enzymatic process termed 2, 3-
dicarboxypropylation (116, 127). This novel function of itaconate, which was in
part identified through work performed in this thesis, derives from its unsaturated
dicarboxylic acid structure that makes it a mildly electrophilic alkylating agent
when it accumulates to sufficient levels. Importantly, the alkylating potential of
itaconate and its derivatives has important functional consequences during the

inflammatory response (116). Specifically, it has been proposed that itaconate is
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exported from mitochondria to the cytosol whereby it alkylates E3 ubiquitin ligase
substrate adaptor, kelch-like ECH-associated protein 1 (KEAP1), and depletes
intracellular GSH levels to drive the activation of the anti-inflammatory
transcription factor Nrf2 (116). Evidence for KEAP1 targeting, the major Nrf2
repressor protein, comes primarily from the use of itaconate-derivatives, namely
4-octyl itaconate (4-Ol), which has the same electrophilic properties of
endogenous itaconate and has been shown to directly alkylate the key redox
sensing cysteine, C151 (116). Importantly, mutation of C151 to serine (C151S)
in KEAP1 impairs the ability of 4-Ol to stabilise Nrf2 (116). In addition to Nrf2
regulation, GSH depletion by itaconate, and its more electrophilic derivatives,
activates a novel NF-kB inhibitor zeta (Ixb{)-ATF3 inflammatory axis that
regulates IL-6 expression in LPS-tolerised macrophages and LPS-activated
macrophages, respectively (127). Furthermore, several other targets of 2, 3-
dicarboxypropylation were identified in a quantitative proteomic screen in LPS-
and 4-Ol-treated macrophages, including lactate dehydrogenase A (LDHA)
(116). LDHA is an important regulator of aerobic glycolysis which suggests that
this novel PTM may have far reaching consequences as an inflammatory signal

during macrophage activation.

Itaconate accumulation has also been reported to increase itaconyl-CoA levels
in macrophages. Intriguingly, two consequences of itaconyl-CoA accumulation
are the inhibition of the mitochondrial Bi2>-dependent enzyme, methylmalonyl-
CoA mutase (MUT) (134) and the abolition of substrate-level phosphorylation
(SLP) (135). Inhibition of MUT by itaconyl-CoA results in B12 inactivation in LPS-
activated macrophages and a reduction in circulating Biz levels in patients who

present with the homozygous loss of the citramalyl-CoA ligase (CLYBL) (134).
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However, the consequences of dysregulated Bi2 metabolism and indeed SLP
inhibition with regard to macrophage activation and inflammation remains an
open area of investigation. It is also tempting to speculate that increased itaconyl-
CoA levels could result in the ‘itaconylation’ of protein lysine residues and thus
act as an inflammatory signal akin to acetylation, malonylation and succinylation.
Itaconate has also been shown to create an anti-viral metabolic niche in neurons
infected with Zika virus (136). Whilst the exploration of itaconate signalling during
macrophage activation (and indeed other inflammatory contexts) is still in its
infancy, the profound levels to which it accumulates and the findings to date

suggest it is a central regulator of macrophage metabolism and function.
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Figure 1.10 - Itaconate as an anti-microbial and anti-inflammatory
metabolite

In the mitochondrial matrix, citrate can be converted to itaconate, via cis-
aconitate by the enzyme immunoresponsive gene 1/cis-aconitate decarboxylase
(IRG1/CAD). Increased itaconate levels result in the competitive inhibition of
complex I, impaired succinate oxidation and a decrease in oxidative
phosphorylation (OXPHOS). Increased itaconate also results in elevated
itaconyl-CoA levels, which inhibits the vitamin Bl2-dependent enzyme,
methylmalonyl-CoA mutase (MUT). Itaconate can also be exported from
mitochondria by the oxoglutarate carrier (OGC), whereby it can stabilise the anti-
oxidant and anti-inflammatory transcription factors Nrf2 and ATF3 to decrease
the pro-inflammatory cytokines IL-1p and IL-6, respectively.
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1.5 -The Nrf2 anti-oxidant defence system and inflammation

1.5.1 — Nrf2 discovery and structure

Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2, also called Nfe2l2) is a key
a focus of this project. It is a cap’n’collar (CNC) transcription factor that plays a
major role in regulating cellular redox status and the expression of anti-oxidant
proteins (137). Nrf2 was originally isolated as a homolog of the hematopoietic
transcription factor NF-E2 p45 in 1994 with no known function (138). However,
in 1997 it was identified as a trans regulator of cis-regulatory elements,
designated anti-oxidant response elements (AREs), also referred to as
electrophile response elements (EpRES), critical for the induction of phase Il
gene expression (139, 140). Specifically, Itoh et al (1997) observed a complete
loss of the electrophile counterattack response and phase Il gene expression in
Nrf2-deficient mice challenged with the anti-oxidant 2 (3)-tert-butyl-4-
hydroxyanisole (BHA) (140). It is now known that Nrf2 primarily functions as a
guardian against cell intrinsic oxidative damage induced by ROS, environmental
stressors, tissue injury and inflammation (137). Importantly, Nrf2 is widely and
constitutively expressed in mouse and human tissues, including macrophages,

and has a key role in limiting ROS-induced inflammation (137).

Nrf2 is composed of six functional domains Nrf2-ECH homology domain 1
(Neh1l) to Neh6, identified by the phylogenetic comparison of Nrf2 across species
(141). Neh1l contains the CNC and conserved basic region-leucine zipper (bZIP)
motif that mediates DNA binding and heterodimerisation with small
musculoaponeurotic fibrosarcoma (MAF) proteins (141). sMAF proteins are

essential binding partners of the CNC family of transcription factors, including
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Nrf2, and facilitate the efficient binding of Nrf2 to ARE motifs (140, 142). Neh3,
Neh4 and Neh5 function as extremely important transactivation domains required
for Nrf2s transcriptional activity (143, 144). Specifically, Neh4 and Neh5 work in
concert to recruit the histone acetyl-transferase cAMP responsive element
binding protein (CBP) and mediator complex (143, 144). Neh2 deletion markedly
increases Nrf2 transcriptional activity, a key observation that led to the discovery
of a unique de-repression mechanism governing Nrf2 activation, as detailed
below. Finally, Neh6 is also an important domain regulating Nrf2 activity as it can
be phosphorylated on a cluster of serine residues by glycogen synthase kinase

3 (GSK-3), which promotes Nrf2 degradation via p-transducin repeat-containing

protein (3TrCP)-cullin-1 (Cull)-mediated ubiquitination (145, 146).

1.5.2 — Nrf2 regulation by KEAP1 and the anti-oxidant response

Although Nrf2 had been identified as the primary transcription factor regulating
the electrophile counterattack response in 1997, how it became activated in
response to ROS and other intrinsic and extrinsic electrophiles remained a
mystery. In 1999, Itoh and colleagues identified the thiol-rich protein KEAP1 as
a novel interactor of Nrf2 using yeast two-hybrid screening (141). This was
performed after an increase in Nrf2 transcriptional activity was observed in a
truncated version of Nrf2 lacking the Neh2 domain (141). A highly important
discovery that identified KEAP1 as a critical biosensor for electrophiles and ROS

in mammalian cells.

The most important feature of Nrf2 is its inducible nature, which is created
by its interaction with KEAP1 (Fig. 1.11). Under basal (unstressed) conditions,

Nrf2 is negatively regulated KEAP1 located in the cytosol (141). KEAP1 itself is
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a dimeric E3 ubiquitin ligase substrate adaptor that binds to high-affinity ETGE
and low affinity DLG motifs in the Neh2 domain, a KEAP1-specific degron of Nrf2,
both of which are required for Cullin (Cul)-3-RING (really interesting new gene)-
box protein (Rbx)1 to ubiquitinate and target Nrf2 for degradation by the 26S
proteasome (147-149). In contrast, the Neh6 domain of Nrf2 represents a
KEAP1-independent degron of Nrf2 and is responsible for BTrCP-Cull-

dependent Nrf2 degradation in the nucleus (145).

Thus far, three domains have been identified in KEAP1, a broad complex-
tramtrack-bric-a-brac (BTB) domain, an intervening region (IVR) and a double
glycine repeat and COOH-terminal region (DC) domain (141). Structure-function
and molecular dissection studies have shown that the DC domain of KEAP1 is
responsible for the interaction of KEAP1 with both the ETGE and DLG motifs in
the Neh2 domain of Nrf2 (148, 149). Furthermore, the stoichiometry of the
interaction between Neh2 and KEAPL1 is 1:2, highlighting the importance of
KEAP1 homodimerisation (148). Indeed, an essential function of the BTB domain
is to facilitate the homodimerisation of KEAP1 (150). Cul3 is also known to
interact with a hydrophobic groove called the ‘3-box’ motif located between the
BTB and IVR domains of KEAP1 (147, 151). As such, these interactions facilitate
the formation of a CUL3-KEAP1-Nrf2 ternary complex permissive for Nrf2
ubiquitination. Live cell imaging has suggested that under basal conditions, the
interaction between KEAP1 and Nrf2 follows a cycle whereby Nrf2 sequentially
binds first one subunit of KEAP1 via its ETGE motif, to form an ‘open’
conformation, before the DLG motif is captured by the other Keapl subunit to

form the ‘closed’ conformation that enables Cul3—Rbx1 to ubiquitinate Nrf2 (152).
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This subsequently allows free KEAPl1 to be regenerated to bind newly

synthesised Nrf2 (152).

Interestingly, KEAPL1 is a thiol-rich protein containing many cysteine
residues. Many KEAPL1 cysteines are adjacent to the basic amino acids lysine
and arginine creating an environment that promotes the reactive anionic form of
the sulfhydryl group (153). Three major cysteine residues critical for the
regulation of the ubiquitin E3 ligase activity of the KEAP1-CUL3 complex, and
are covalently bound by electrophiles, have been identified (154). These three
cysteines residues are cysteine 151 (C151), which is found in the BTB domain,
and cysteine 273 (C273) and cysteine 288 (C288) found in the IVR domain (154).
Upon initiation of oxidative stress, or when exposed to electrophilic agents, these
critical cysteine residues in KEAP1 are oxidised or modified, preventing Cul3-
Rbx1 assisted ubiquitination of Nrf2 (154). Modification of KEAP1 by
electrophiles does not result in release of Nrf2, but rather blocks the Nrf2-KEAP1
cycle by causing conformational changes in KEAP1 (153). This ultimately leads
to an uncoupling of the cycle. Consequently, free KEAP1 cannot be regenerated,
and newly synthesized Nrf2 protein is therefore permitted to translocate directly
to the nucleus. Following its modification, KEAP1 is targeted for degradation by
the proteasome and autophagic degradation pathways (155, 156). Within the
nucleus, Nrf2 forms heterodimers with sMAF proteins and binds to AREs
upstream of several antioxidant genes, such as heme-oxygenase-1 (Hmox1) and

NADPH:quinone oxidoreductase-1 (Nqol), thus inducing their expression (137).

In addition, Nrf2 is a crucial regulator of the master antioxidant, glutathione
(GSH) and NADPH-regeneration enzymes. GSH is a tripeptide with a gamma
peptide linkage between the carboxyl group of the glutamate side chain and
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cysteine, while the carboxyl group of cysteine is attached by a normal peptide
linkage to glycine (y-glutamyl-cysteine-glycine) (137).GSH is a potent antioxidant,
capable of acting as an electron donor, reducing disulphide bonds in cytoplasmic
proteins. In return, GSH is oxidised to glutathione disulphide (GSSG) (137). Nrf2
induces expression of glutamate-cysteine ligase catalytic (Gclc) and glutamate-
cysteine ligase modifier (Geclm), which form heterodimers catalysing the rate-
limiting step of GSH synthesis (137). In addition to regulating GSH synthesis,
Nrf2 is also capable of replenishing the GSH pool by inducing expression of
glutathione reductase (Gsr), which converts GSSG to GSH, the ratio of which is

crucial for maintaining the cellular redox state (137).
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Figure 1.11 — Nrf2 regulation by KEAP1 (157)

Under homeostatic conditions, Nrf2 is polyubiquitinated by the Cul3-Rbx1-
KEAPL ternary complex and continually targeted for degradation by the 26S
proteasome. In response to oxidative stress or Nrf2 inducers, key redox sensing
cysteines are modified on KEAP1, which enables newly synthesised Nrf2 to
translocate to the nucleus, dimerise with sMafs and bind AREs to induce anti-
oxidant gene expression programmes.
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1.5.3 = Nrf2 and inflammation

In addition to its role an anti-oxidant transcription factor, Nrf2 has also been found
to act as a critical negative regulator of inflammation (137, 158, 159). Importantly,
disruption of Nrf2 dramatically increased the mortality of mice in response to
endotoxin- and caecal ligation and puncture-induced septic shock (158). LPS
stimulus resulted in greater lung inflammation in Nrf2-deficient mice, whilst
temporal analysis of pulmonary global gene expression after LPS challenge
revealed augmented expression of large numbers of pro-inflammatory genes
associated with the innate immune response, indicating severe immune
dysregulation (158). In addition, Nrf2 has previously been linked to regulation of
both IL-18 and IL-6, independent of its role as an anti-oxidant mediator (159).
Nrf2 was found to bind to specific, non-antioxidant response elements, in the
promoters of these cytokines, thus inhibiting RNA Polymerase |l recruitment.
Diethyl maleate (DEM), an Nrf2 activator, but not NAC, was able to decrease
levels of II1b and 116 transcription, demonstrating that this effect was outside of
ROS regulation (159). However, this study was carried out after acute LPS
activation of macrophages, at which ROS regulation is less critical. In later stages
of macrophage activation, ROS levels accumulate, leading to a stabilization of
HIF1a to drive IL-1B production (62, 160). It is likely that at later time points
following LPS stimulation that both the anti-oxidant effect of Nrf2 and direct
binding to the 1l1b promoter regulate IL-1B production. Finally, several Nrf2
activators have been shown to have therapeutic efficacy in limiting inflammation
in several inflammatory disorders, suggesting activation of Nrf2 may present a
promising therapeutic approach in the treatment of inflammatory diseases (137,

161-164).
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1.6 — Aims

The overall aim of this project is to further decipher the role of metabolic
reprogramming and cell-intrinsic Krebs cycle-derived metabolite accumulation in
governing pro-inflammatory cytokine production in LPS-activated macrophages.

The specific aims are:

I.  To determine the role of increased fumarate levels in macrophages
a) What metabolic pathway(s) governs fumarate accumulation?
b) Can this pathway(s) and fumarate act as immunomodulators to
regulate cytokine levels?
c) If so, by what mechanism?
. To determine the role of IRG1 induction and itaconate production in
macrophages
a) What effect does itaconate have on macrophage metabolism?
b) Can itaconate act as an immunomodulator and regulate cytokine
levels?

c) If so, by what mechanism?

A greater understanding of metabolic events arising from Krebs cycle rewiring
could unearth novel biochemical signalling mechanisms that dictate cytokine
status, thus opening-up the possibility of identifying new therapeutic targets for

the treatment of inflammatory diseases.
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Chapter 2:

Materials and Methods
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2.1 — Materials

2.1.1 — General Buffers

Table 2.1 — Composition of most frequently used buffers in this study

Buffer Name Buffer Composition

PBS (10X) 1.45 M NaCl, 39 mM NaH2POg4, 22.7 mM
Na2HPO4
Sample Lysis Buffer (5X) 10% (w/v) glycerol, 2% (w/v) sodium

dodecyl sulphate (SDS), 215 mM Tris pH
6.8, 200 ug/mL bromophenol blue. 50 uL of
1 M dithiothreitol (DTT) is added to 950 uL
5X sample buffer immediately before use.

SDS-PAGE Running Buffer (10X) 144 g 192 mM glycine, 30.3 g 25 mM Tris,
10 g 0.1% SDS. Diluted to 1 L with dH20.

SDS-PAGE Transfer Buffer (10X) 1.9 M glycine, 35 mM SDS, 0.25 M Trizma
base

Tris-buffered saline (TBS) Tween (TBST) 87.6 g NaCl, 10 mL Tween-20, 12.11 g

(20X) Tris. Diluted to 1 L with dH20.

Low Stringency Lysis Buffer (500mL) 50mM HEPES, 100mM NacCl, 1 mM EDTA,
10% glycerol, 1% NP-40. pH to 7.5.

ELISA Wash Buffer 0.05% Tween in PBS, pH 7.2-7.4

Standard suppliers Sigma Aldrich or Fisher Scientific were used to obtain all other

general laboratory chemicals unless otherwise stated.
2.1.2 — Cell culture media

DMEM (Dulbecco’s Modified Eagle Medium) and Opti-MEM | reduced serum
media were obtained from Gibco Biosciences. Foetal calf serum (FCS) was
obtained from Biosera. Penicillin/Streptomycin  (P/S) and Trypsin-
ethylenediaminetetraacetic acid (EDTA) were sourced from Sigma Aldrich.

DMEM (10% FCS, 1% P/S) was used for all in vitro experiments unless otherwise
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stated. DMEM high glucose, no glutamine (11960044) and DMEM no glucose

(11966025) were from Thermo Fisher Scientific.
2.1.3 — Cell types

The HEK293T cell line was from Invivogen. L929 cells were obtained from Sigma.
COS1 cells were provided by Professor Albena T. Dinkova-Kostova (University
of Dundee, UK). Bone-marrow-derived macrophages (BMDMs) were

differentiated from murine bone marrow.
2.1.4 — Mouse strains

C57BL/6 mice obtained from Harlan UK were maintained under pathogen-free
conditions in line with Irish and European Union regulations. Use of animals
received ethical approval by the universities’ ethics committees in accordance
with the personal licence approved by the HPRA. Tamoxifen-CRE inducible Fh
+/+, Fh +/- and Fh -/- mice were generated on the C57BL/6 genetic background
and their hind legs were generously donated by Dr. Christian Frezza (University
of Cambridge, UK). Hind legs from Nrf2 +/+ and Nrf2 -/- mice, both on the
C57BL/6 genetic background, were generously donated by Professor Albena T.
Dinkova-Kostova (University of Dundee, UK). Transgenic mice (Stock No:
029340) strain C57BL/6N-Acodleml1(IMPC)J/J and Wildtype controls

C57BL/6NJ (Stock No. 005304) were obtained from The Jackson Laboratories.
2.1.5 — Reagents

LPS used in in vitro studies was from Escherichia coli, serotype EH100 (Alexis).
Dimethyl malonate (DMM), dimethyl itaconate (DMI), dimethyl fumarate (DMF),
monomethyl fumarate (MMF), aminooxyacetic acid (AOAA) and 4-

hydroxytamoxifen and itaconic acid were from Sigma-Aldrich. 4-octyl itaconate
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(4-0Ol), methyl-itaconate (4-Ml), 4-octyl succinate (4-OS) and 4-octyl-2-
methylsucinnate (4-OMS) were synthesised by Dr Stuart Caldwell and
Professor Richard Hartley (University of Glasgow, UK). [U-13C] glucose (CLM-
1822-SP_PK) and [U-13C] glutamine CLM-1396-MPT-PK were from
Cambridge Isotope Laboratories.

Antibodies used were goat anti-mouse IL-1p3 (R&D Systems, AF401-NA), mouse
anti-B-actin (Sigma-Aldrich, AC-74), rabbit anti-HIF-1a (D22U3T) (Cell Signalling
Technology, 14179), rabbit anti-TNF (D2D4) XP® (Cell Signalling Technology,
11948) rabbit anti-Fumarase (D9C5) (Cell Signalling Technology, 4567), rabbit
anti-Nrf2 (D179C) XP® (Cell Signalling Technology, 12721), rabbit anti-Hmox1
(P249) (Cell Signalling Technology, 5061) mouse, rabbit anti-IRG1 (Abcam,
ab222411), rabbit anti-FLAG® (Sigma, F7425) and rabbit anti-2SC antibody was
kindly provided by Dr. Norma Frizzell (University of South Carolina, US).
Secondary horseradish peroxidase (HRP)-conjugated anti-mouse IgG, anti-
rabbit IgG and anti-goat IgG were from Jackson ImmunoResearch Inc.
RNAimax and siRNAs were from Thermo Fisher Scientific, Nrf2 (Catalogue
Number: 4390771, Assay ID: s70521 and s70522) and scrambled control
(Catalogue Number: 4390843). MYC-DDK-tagged KEAP1 (Catalogue number:
MR225865) was from Origene. GenelJuice was purchased from Novogen.
Plasmid purification maxiprep kits were purchased from Qiagen. TNF, IL-6 and
IL-10 ELISA Duoset kits were purchased from R&D Systems. Reverse
transcription reagents were from Applied Biosystems (High capacity cDNA

reverse transcription Kit). The anchored oligo(dT) primer

(TTTTTTTTTTTTTTTTTTVN) was synthesised by Eurofins Genomics.
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Figure 2.1 — MYC-DDK-tagged KEAP1 plasmid map
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2.2 — Methods

2.2.1 — Cell culture

For optimal growth, all cell types were incubated in a humidified atmosphere at
37°C with 5% CO2. BMDMs, HEK293Ts and L929s were cultured in complete
DMEM supplemented with 10% FCS and 1% P/S (v/v). HEK293Ts were removed
from the T175 flask by incubation with 5 mL 1X trypsin-EDTA at 37°C with 5%
COg2, and sub cultured 1:15-1:30 every 2-3 days. Cells were centrifuged at 1500
rpm for 5 mins before resuspending the pellet in fresh media. Cell viability and
cell number were assessed using Trypan Blue dye, a haemocytometer and a
bright light microscope before being plated for experiments. HEK293Ts were

plated at 1 x 108 cells/mL in 10 cm dishes.

2.2.2 — Cell cryopreservation

To maintain stocks of HEK293T and L929 cell lines, cells were grown to ~70-
80% confluency in T175 flasks and harvested as previously described. Cells were
centrifuged at 1500 rpm for 5 mins and resuspended in 90% FCS and 10%
dimethyl sulfoxide (DMSQO) before being placed into 1.5 mL cryovials. Each
cryovial was placed into a cryo-freezing container containing isopropanol at -

80°C overnight before being transferred to liquid nitrogen for long-term storage.

2.2.3 — Generation of BMDMs

Mice were bred and maintained in WEHI animal facilities. Female mice were
euthanized in a CO2 chamber and death was confirmed by cervical dislocation.
Bone marrow was then extracted from the from the femur, tibia and hip bones.
Red blood cells were lysed using red blood cell lysis buffer (hypotonic solution).

The remaining monocytic cell population was differentiated in complete DMEM
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(containing 10% FCS, 1% P/S and 20% L929 supernatant) for 6-7 days at 37°C
with 5% CO:2. After 6-7 days, the BMDM population was scraped, counted and
re-plated for experiments. Unless otherwise stated, BMDMs were plated at 0.5 x

10° cells/mL in 12-well plates for in vitro experiments.

2.2.4 — Synthesis of octyl esters

Designed and performed by Dr Stuart Caldwell and Prof. Richard Hartley

(University of Glasgow, UK) for this project.

4-octyl itaconate (4-Ol)

(0]

Itaconate anhydride (1.00 g, 8.92 mmol, 1.0 eq) and 1-octanol (1.22 g, 9.36
mmol, 1.05 eq) were heated to 110°C for 4h. After cooling to room temperature
(RT) the solution was poured slowly into hexane (30 ml) and the resulting solid
filtered off and washed with cold hexane (20 ml). The solid was recrystallised
twice from hexane to give the acid as fine white needles (726 mg, 33%).

1 (400 MHz: CDCls): 0.88 (3H, t, J = 7.0 Hz, CHs), 1.22-1.36 (10H, m, 5XCH2),
1.69-1.56 (2H, m, OCH2CH>), 3.34 (2H, s, CH2CO2), 4.10 (2H, t, J = 6.7 Hz,
OCH?2), 5.83 (1H, d, J = 0.8 Hz, C=CHaHg), 6.46 (1H, broad s, C=CHaHg), 11.68
(1H, broad s, OH).

c (100 MHz: CDCls): 14.22 (CHs), 22.78 (CHz2), 25.98 (CHz), 28.66 (CH2), 29.30
(CH2), 29.32 (CH2), 31.92 (CH2), 37.47 (CH2), 65.39 (CH2), 130.79 (CH2), 133.51
(C), 170.73 (C), 171.66 (C).

m/z (ESI): Found: 265.1410. Ci3H22NaOa4 requires (M+Na) *, 265.1410.
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Vmax(ATR)/cm: 2918 (CH), 1722 (C=0 of ester), 1683 (C=0 of carboxylic acid),
1633 (C=C),

Regioisomer confirmed by NOE experiments. 'H NMR data agree with literature

(165).

4-octyl succinate (4-0OS)

\/\/\/\/O\n/\)J\OH

0
Succinic anhydride (1.40 g, 14.0 mmol, 1.0 eq) and 1-octanol (2.00 g, 15.4 mmol,
1.10 eq) were heated to 110 °C for 4h. After cooling to RT the solution was poured
slowly into hexane (30 ml) then placed in an ice bath for 1h. The resulting solid
was filtered off and washed with cold hexane (20 ml) to give the acid as fine white
needles (2.02 g, 63%).

M.p. 36-38 °C.

81 (400 MHz: CDClz): 0.87 (3H, t, J = 6.7 Hz, CHs), 1.26-1.34 (10H, m, 5xCH2),
1.61 (2H, apparent quin, J = 6.8 Hz, OCH2CH>), 2.59-2.63 (2H, m, CH2CH>),
2.66-2.69 (2H, m, CH2CHy), 4.08 (2H, t, J = 6.7 Hz, OCH>), 10.78 (1H, broad s,
OH).

Sc (100 MHz: CDCls): 14.21 (CHs), 22.76 (CH2), 25.99 (CH2), 28.67 (CH2), 29.01
(CH2), 29.12 (CHz), 29.29 (CH2), 29.32 (CHz), 31.90 (CH2), 65.21 (CH), 172.35
(C), 178.55 (C).

m/z (ESI): Found: 253.1404. C12H22NaOa4 requires (M+Na) *, 253.1410.
vmax(ATR)/cmL: 2918 (CH), 1724 (CO2R), 1705 (CO2H).

'H NMR data agree with literature (165).

4-octyl 2--methylsuccinate (4-OMS)
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\/\/\/\/ONOH
(0]

Palladium on carbon (5% Pd loading) (50 mg) was added to a solution of 4-octyl
itaconate (500 mg, 2.06 mmol) in EtOAc (5 ml). The suspension was then stirred
under an atmosphere of hydrogen (balloon) for 4 h. After this time the suspension
was filtered through a plug of silica, which was then washed with EtOAc (20 ml).
The combined organics were concentrated under vacuum to give the acid as
colourless viscous oil (495 mg, 98%).

u (400 MHz: CDCls): 0.85 (3H, t, J = 6.7 Hz, CH3), 1.20-1.34 (13H, m, 5xCH:
and CH3CH), 1.58 (2H, apparent quin, J = 6.8 Hz, OCH2CHy), 2.39 (1H, dd, J =
16.6, 6.1 Hz, CHaHg), 2.71 (1H, dd, J = 16.6, 7.9 Hz, CHaHg), 2.92 (1H, m, CH),
4.05 (2H, t, J = 6.7 Hz, OCH), 11.15 (1H, broad s, OH).

c (100 MHz: CDCl3): 14.15 (CHs), 16.86 (CH3), 22.71 (CHz2), 25.95 (CHz), 28.62
(CH2), 29.24 (CH2), 29.26 (CH2), 31.86 (CHz), 35.80 (CH), 37.45 (CH2), 65.02
(CH2), 171.91 (C), 181.68 (C).

m/z (ESI): Found: 267.1555. Ci3H24NaOa4 requires (M+Na) *, 267.1567.
vmax(ATR)/cmt: 2926 (CH), 1735 (CO2R), 1705 (CO2H).

Single product: the regioisomer unambiguous because it is derived from the 4-

octyl ester of itaconate.

2.2.5 - Enzyme-linked immunosorbent assay (ELISA)

Cytokine concentrations in cell supernatants were measured using ELISA
Duoset kits for mouse IL-10, IL-6 and TNF, according to the manufacturer's
instructions. Optical density values were measured at a wavelength of 450 nm,
using a FLUOstar Optima plate reader (BMG Labtech). Concentrations were

calculated using a standard curve.
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2.2.6 — Western blot

Protein samples from cultured cells were prepared by direct lysis of cells in 5X
Laemmli sample buffer, followed by heating at 95°C for 5 min. Protein samples
were resolved on 10 or 12% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Table 2.2) using a Bio-Rad Mini Protean Il
electrophoresis system. Samples were resolved alongside a pre-stained protein
marker range (Spectra™, Thermo Fisher Scientific) for approximately 2-3 hours
at 60V. Resolved proteins were then transferred onto a polyvinylidene difluoride
(PVDF) or nitrocellulose membrane using a Bio-Rad wet transfer system at 40
mA overnight. Membranes were blocked in 5% (w/v) dried milk in TBST for 1 h
at RT. Membranes were incubated with primary antibody (1:1000 - 1:10000) in
5% (w/v) milk or bovine serum albumin (BSA) in 1X TBST at 4°C overnight or for
2 h at RT. Membranes were then washed 3 x 5 mins in 1X TBST, followed by
incubation with the appropriate HRP-conjugated secondary antibody (1:2000) in
5% (w/v) milk in 1X TBST for 1 h at RT. The blots were then developed using
enhanced chemiluminescent (ECL) substrate (Merck). Bands were visualized

using the GelDoc system (Bio-Rad).
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Table 2.2 — Composition of SDS-PAGE gels

Resolving gel 10% 12% Stacking gel

(mL) (mL)
30% acrylamide mix 3.3 4 30% acrylamide mix 1.7
1.5 M Tris (pH 8.8) 2.5 2.5 1.0 M Tris (pH 6.8) 1.25
10% SDS 0.1 0.1 10% SDS 0.1
10% ammonium 0.1 0.1 10% ammonium 0.1
persulfate persulfate
N,N,N,N- 0.00 | 0.00 | N,N,N,N- 0.01
tetramethylethylenediami | 4 4 tetramethylethylenediami
ne (TEMED) ne (TEMED)

2.2.7 — Plasmid DNA preparation

Plasmid DNA was transformed into competent E. coli DH5a strain. 50ng of DNA
was transformed into 20uL DH5a in a microcentrifuge tube and incubated on ice
for 30 mins. Cells were then heat shocked at 42°C for 45 secs before immediately
placing back on ice for 2 mins to allow for DH5a recovery. Cells were
resuspended in 200uL S.O.C medium and plated on ampicillin agar plates. Agar

plates were incubated at 37°C overnight.

After transformation on agar plates, a single colony was selected using a
sterile micropipette tip and added to 5mL lysogeny broth (LB) medium without
antibiotics for 4-6 h at 37°C and 250 rpm shaking. 100uL of this starter culture
was transferred into 100mL of pre-warmed LB broth containing ampicillin and left
shaking at 250 rpm overnight at 37°C. The bacterial cell culture was harvested

the next day by centrifugation at 4000 rpm for 30 min at 4°C. LB broth was
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removed, and cell pellets were used to extract plasmid DNA using a maxiprep kit

according to the manufacturer’s instructions, or frozen for future extraction.

2.2.8 — Transfection

Plasmid transfection of HEK293Ts was performed with GeneJuice (Novogen)
according to manufacturer’s instructions. Briefly, DNA and Geneduice (3 pL per
ug of DNA) were combined in Opti-MEM (250 uL per ug of DNA), incubated for

15 mins at RT and added dropwise to cells.

For siRNA transfection of BMDMs, cells were plated at 0.5 x 10° cells/ml
in 12 well plates overnight and transfected using RNAimax the following day, as
per the manufacturer’s instructions. Briefly, on the day of transfection, the media
was replaced with 500 yL DMEM without FCS or P/S. Two Eppendorfs/siRNA
were prepared. Opti-MEM (250 uL/well) was added to each tube. RNAimax (add
5 uL/well) was added to one set of tubes and siRNA (50 nM/well) was added to
the second set of tubes. The tubes containing the siRNA was added to the tube
with RNAimax, mixed well by pipetting and incubated for 15 min. The mix (500

ML) was added to each well. 24 h post transfection cells were treated as required.

2.2.9 - KEAP1 Immunoprecipitation assay and liquid chromatography-

mass spectrometry (LC-MS) analysis

HEK293Ts were transfected with a pCMV6-Keapl vector (Myc-DDK-tagged
mouse KEAP1) as previously described. 24 h post-transfection, cells were
treated with Ol (500 uM) or vehicle control (PBS) for 4 h. The cells were lysed in
low stringency lysis buffer and vortexed at 1500 rpm for 15 mins at 4°C in a
thermomixer. This was followed by centrifugation at 4°C at max rpm for 10 min.

Tagged-Keapl was then immunoprecipitated using an anti-FLAG™ antibody
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(Sigma) and protein A/G beads (Santa Cruz). After immunoprecipitation, bound
KEAP1 was eluted off the beads using FLAG™ peptide (500 pl; 200 pg/ml)
(Sigma) diluted in 1X TBS pH 7.4. The samples were then concentrated, and the
FLAG peptide removed using 10K centrifugation filter columns (Merck). The
concentrated samples were then divided in half for downstream processing. One
half of each sample was diluted 1 in 2 with 5X SDS sample buffer and separated
using SDS-PAGE (Bio-Rad) as previously described.

Overexpressed KEAP1 was detected using Coomassie blue staining and
the corresponding bands were excised from the gel and subjected to in-gel
digest. Briefly, the gel slices were cut into smaller pieces (1-2 mm?3) prior to
reduction with DTT (10 mM) and alkylation with IAA (50 mM). Half of the gel slices
from each sample were then subjected to a trypsin (2 pg) digest, the other half
were digested with elastase (1 ug) overnight at 37°C. Similarly, the remaining
sample concentrates (in solution) were reduced with DTT and alkylated with I1AA,
prior to precipitation of the protein via the methanol-chloroform extraction
method. The protein pellet was re-suspended in urea (6 M), which was then
diluted to <1 M urea with ultrapure H20. The samples were then digested with
trypsin (2 ug) overnight at 37°C.

Digested protein samples were analysed in an Orbitrap Fusion Lumos
coupled to a UPLC ultimate 3000 RSLCnhano System (both Thermo Fisher
Scientific) by Dr. Roman Fischer in the lab of Professor Benedikt Kessler
(University of Oxford, UK). The samples were loaded in 1% CH3CN 0.1% TFA
buffer and eluted using a gradient of 2 to 35% CH3CN with 0.1% formic acid and
5% DMSO in 60 min at a flow rate of 250 nL/min. The survey scan was acquired

within a 400-1500 m/z window at a resolution of 120.000 and AGC target of 4e5.
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Precursor ions were fragmented by CID at 35% normalized collision energy after
isolation in the quadrupole with a mass isolation window of 1.6Th. MS/MS data
was acquired with an AGC target set to 4e3 in rapid mode for up to 300 mLs
using full parallelization. The duty cycle time was fixed to 3 s and selected
precursors were dynamically excluded for 7 secs.

MS data was analysed with PEAKS Studio 8 (Bioinformatics Solutions).
Precursor mass tolerance was set to 10 ppm, while fragments were detected with
a tolerance of 0.5 Da. We used Elastase cleavage specificity as previously
reported (166). Oxidation (M), Deamidation (N, Q), Carbamidomethylation (C),
modification of a cysteine by 4-octyl-ltaconate (C) and S-(2-
monomethylsuccination) (C) were defined as variable modifications. The
database used was the reviewed human proteome retrieved from UniProt on the

14/07/2017. Peptide FDR was set to 1%.

2.2.10 - KEAP1 cysteine target validation

COS1 cells (25 x 10° per well) in 6-well plates were co-transfected
(Lipofectamine 2000) with 0.8 pg of V5-Nrf2 and 1.6 pg of wild-type or Cys151S
mutant Keapl 14, or 1.6 pg of pcDNA. Cells were grown for 21 h prior to a 3 h
treatment with 20 or 100 uM OlI, 5 uM sulforaphane (SFN) or 0.1% acetonitrile
(ACN, vehicle). Cell were washed in PBS and lysed in 200 ul of SDS-lysis buffer
[50 mM Tris-HCI pH 6.8, 2% (w/v) SDS and 10% (v/v) Glycerol]. After sonication
of the lysates (20 sec at 30% amplitude using Vibra-Cell ultrasonic processor,
Sonic) and boiling of the samples (100°C for 3 min), DTT and Bromophenol blue
were added up to 0.1M and 0.02% (w/v) final concentrations, respectively.
Proteins (10 pg) were resolved on a gradient (4-12%) NuPAGE SDS gel,

transferred onto nitrocellulose membranes, and immunoblotted with anti-Keap1
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(rat monoclonal, Merk Millipore, clone 144), anti-Nrf2 (rabbit monoclonal, CST),
and anti-B-actin (mouse monoclonal, Sigma) antibodies. HRP- or IRDye-labelled
secondary antibodies were used interchangeably, followed by either ECL-

detection or scanning using Odyssey imager (Li-COR).

2.2.11 — Assessment of cysteine alkylation by itaconate using iodoTMT

Following treatment cells were lysed in HEPES pH 7.5, EDTA, glycerol and
NP40. 2 mM TCEP and 50 mM NEM were added in a buffer containing 50 mM
HEPES, 2 % SDS, 125 mM NacCl, pH 7.2 and samples were incubated for 60 min
at 37 °C in the dark to reduce and alkylate all unmodified protein cysteine
residues. 20 % (v/v) TCA was added to stabilize thiols and incubated overnight
at 4°C and then pelleted for 10 mins at 4000 g at 4 °C. The pellet was washed
with 3 times with cold methanol (2 mL) and then resuspended in 2 mL 8 M urea
containing 50 mM HEPES (pH 8.5). Protein concentrations were measured by
BCA assay (Thermo Fisher Scientific) prior to protease digestion. Protein lysates
were diluted to 4 M urea and digested with LysC (Wako, Japan) in a 1:100
enzyme/protein ratio and trypsin (Promega) at a final 1/200 enzyme/protein ratio
for 4 hours at 37 °C. Protein extracts were diluted further to a 2.0 M urea and
LysC (Wako, Japan) at 1/100 enzyme/protein ratio and trypsin (Promega) at a
final 1/200 enzyme/protein ratio were added again and incubated overnight at 37
°C. Protein extracts were diluted further to a 1.0 M urea concentration, and trypsin
(Promega) was added to a final 1/200 enzyme/protein ratio for 6 hours at 37 °C.
Digests were acidified with 250 uL of 25% acetic acid to a pH ~2, and subjected
to C18 solid-phase extraction (50 mg Sep-Pak, Waters). 6-7 M excess TMT label

was added to each digest for 30 min at room temperature (repeated twice). The
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reaction was quenched using 4 uL of 5% hydroxylamine. Samples were

subjected to an additional C18 solid-phase extraction (50 mg Sep-Pak, Waters).

2.2.12 - LC-MS/MS parameters

Data was collected by Dr. Mark Jedrychowski (Harvard university, US) using an
Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, USA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo Fisher
Scientific). Peptides were separated on a 100 ym inner diameter microcapillary
column packed with 45 cm of Accucore C18 resin (2.6um, 100 A, Thermo
Scientific Fisher). Peptides were separated using a 3 h gradient of 6-22 %
acetonitrile in 0.125% formic acid with a flow rate of ~400 nL/min. Each analysis
used an MS3-based TMT method as described previously [100]. The data were
acquired using a mass range of m/z 400 — 14000, resolution 120,000, AGC target
1 x 108, maximum injection time 100 ms, dynamic exclusion of 120 seconds for
the peptide measurements in the Orbitrap. Data dependent MS? spectra were
acquired in the ion trap with a normalized collision energy (NCE) set at 35%, AGC
target set to 1.8 x 10% and a maximum injection time of 120 ms. MS3 scans were
acquired in the Orbitrap with a HCD collision energy set to 55%, AGC target set
to 1.5 x 10°%, maximum injection time of 150 ms, resolution at 50,000 and with a

maximum synchronous precursor selection (SPS) precursors set to 10.

2.2.13 — Data processing and MS2 spectra assignment

A compendium of in-house software was used to convert .raw files to mzXML
format, as well as to adjust monoisotopic m/z measurements and correct
erroneous peptide charge state assignments. Assignment of MS? spectra was

performed using the SEQUEST algorithm (167). All experiments utilized the
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Mouse UniProt database (downloaded 4/ 2016) where reversed protein
sequences and known contaminants such as human keratins and bovine albumin
were appended. SEQUEST searches were performed using a 20 ppm precursor
ion tolerance, while requiring each peptide’s N/C terminus to have trypsin
protease specificity and allowing up to two missed cleavages. TMT tags on
peptide N termini/lysine residues (+229.162932 Da) and cysteine (+ 125.047679
Da) were set as static modifications while methionine oxidation (+15.99492 Da)

and cysteine alkylation (+4.978931 Da) was set as variable modifications.

2.2.14 — TMT reporter ion intensities and quantitative data analysis

For quantification, a 0.003 m/z window centered on the theoretical m/z value of
each reporter ion was utilized for the nearest signal intensity. Reporter ion
intensities were adjusted to correct for the isotopic impurities from the different
TMT reagents as per manufacturer specifications. The signal to noise values for
all peptides were summed within each TMT channel. For each peptide, a total
minimum sum signal to noise value of 150 and an MS! and MS? isolation

specificity of greater than 70% was required.

2.2.15 — Metabolomics analysis

Cells were treated as desired. For tracing studies, immediately prior to LPS
stimulation the media was removed and replaced with DMEM media (1 ml)
containing U-3C-glucose (4.5 g/L) or U-3C-glutamine (584 mg/mL) deplete of
12C- glucose or *?C-glutamine.

Cells were washed three times with ice-cold PBS, with all the PBS being
removed after the last wash. Extraction solution (methanol/acetonitrile/water,

50:30:20 v/v/v) was added (1 mL per 1 x 10° cells) and samples were incubated
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for 15 mins on dry-ice. The resultant suspension was transferred to ice-cold
microcentrifuge tubes. Samples were agitated for 15 min at 4°C in a thermomixer
and then incubated at -20°C for 1 h. Samples were centrifuged at maximum
speed for 10 min at 4°C. The supernatant was transferred into a new tube and
centrifuged again at maximum speed for 10 min at 4°C. The supernatant was
transferred to autosampler vials and stored at -80°C prior to analysis by LC-MS.

LC-MS analysis was performed using a Q Exactive mass spectrometer
coupled to a Dionex U3000 UHPLC system (Thermo) by Dr Sofia Costa and
Efterpi Nikitopoulou in the lab of Dr. Christian Frezza (University of Cambridge,
UK). The liquid chromatography system was fitted with a Sequant ZIC-pHILIC
column (150 mm x 2.1 mm) and guard column (20 mm x 2.1 mm), both from
Merck Millipore (Germany) and temperature maintained at 45°C. The mobile
phase was composed of 20 mM ammonium carbonate with 0.1% ammonium
hydroxide, and acetonitrile. The flow rate was set at 200 pL/min with the gradient
described by Mackay and colleagues (2015) (168). The mass spectrometer was
operated in full MS and polarity switching mode. Samples were randomised to
avoid bias due to machine drift and processed blindly. The acquired spectra were
analysed using XCalibur Qual Browser and XCalibur Quan Browser software
(Thermo Scientific). Absolute quantification of selected metabolites was
performed by interpolation of the corresponding standard curve obtained from
serial dilutions of commercially available standards (Sigma Aldrich) running with
the same batch of samples. Data was then further analysed using MetaboAnalyst

4.0 software.
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2.2.16 — Assessing itaconate ester reactivity with glutathione

1- or 5-mM reduced glutathione and 5 mM itaconate esters or vehicle control
were incubated in KCI buffer (pH 7.2 or 8) at 37°C for 2 h. The reaction was
stopped by acidification with 5 % sulfosalicylic acid prior to assessing glutathione

content by GSH recycling assay as described previously (169).

2.2.17 — ltaconate transport assays

Itaconate transport by mitochondrial carriers was assessed as described
previously (170). Briefly, empty, H. sapiens citrate carrier (HsCTP), H. sapiens 2-
oxoglutarate carrier (HsOGC), H. sapiens oxodicarboxylate carrier (HsODC), S.
cerevisiae dicarboxylate carrier (ScDIC), H. sapiens ADP/ATP carrier (HSAAC1)
and S. cerevisiae ADP/ATP carrier (SCAAC2) plasmid containing L. lactis pre-
cultures were grown in M17 media containing 1% glucose (w/v) and 5 pg/ml
chloramphenicol at 30°C before recombinant protein induction with 1:10,000
nisin A for a further 2 hours. Cells were disrupted (33,000 psi) in ice-cold PIPES
buffer (pH 7), cell debris pelleted (10,800 x g, 20 min, 4°C) and supernatant

ultracentrifuged to pellet membranes (138,000 x g, 1 h, 4°C).

To make membrane vesicle fusions, 1 mg lactis membranes was mixed
with 5 mg liposomes (E. coli polar lipid and egg yolk phosphatidylcholine in a 3:1
ratio; Avanti Polar Lipids), diluted to a final volume of 900 ul with PIPES, and
fused by six cycles of freezing in liquid nitrogen and thawing at room temperature
before storage in liquid nitrogen. For HSAAC1, 3 mg lactis membranes were
mixed with 3 mg liposomes and diluted to a final volume of 900 ul with PIPES.
The membrane vesicle fusions were thawed, and 100 ul of 50 mM substrate was

added (as indicated in the figures). Fused membranes were extruded 11 times
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through a 1-um polycarbonate filter, passed through a pre-equilibrated PD10
desalting column (GE Healthcare) to remove external substrate, and collected in

1.6 ml PIPES buffer.

Transport assays were carried out using a Hamilton MicroLab Star robot
(Hamilton Robotics Ltd). Transport of [14C]-labeled malate (HsCTP, HsOGC and
ScDIC), [14C]-labeled ADP (ScAAC2 and HsAAC1) and [14C]-labeled a-
ketoglutarate (HsODC) (all from Perkin Elmer), and [3H]-labeled itaconate
(American Radiolabeled Chemicals) was initiated by the addition of 100 pL
PIPES buffer plus radioactivity (1 uM itaconate, 2.5 yM malate, 1.5 yM or 5 uM
ADP and 1.5 pM a-ketoglutarate) to approximately 5 pg fusions in a
MultiScreenHTS-HA 96-well filter plate (pore size = 0.45 ym; Millipore). The
transport was stopped at 0, 10, 20, 30, 45, 60, 150 s and, 5, 7.5, 10 and 15 min
by the addition of 200 ul ice-cold PIPES buffer and filtering using a vacuum
manifold, followed by two additional wash steps with 200 uL ice-cold PIPES
buffer. Levels of radioactivity in the vesicles were measured by the addition of
200 pL MicroScint-20 (Perkin Elmer) and by quantifying the amount of
radioactivity with the TopCount scintillation counter (Perkin Elmer). Initial rates
were determined using linear regression. For experiments using [3H]-labeled
itaconate, filters were punched out, and radioactivity measured using Perkin
Elmer TriCarb 2800 TR-liquid scintillation analyzer after addition of 3 ml

UltimaGold (Perkin Elmer).

2.2.18 — RNA analysis, cDNA synthesis and gPCR

Total RNA was isolated using the RNeasy Plus Mini kit (Ambion) as per

manufacturer’s instructions and quantified using a Nanodrop 2000 UV-visible
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spectrophotometer. After RNA extraction and quantification, reverse transcription
polymerase chain reaction (RT-PCR) was used to convert RNA to
complementary DNA (cDNA) using a high capacity cDNA reverse transcription
kit. 10 uL of RNA (100 ng/uL) was added to 10 uL of reaction mix as described
(Table 2.5). 20 uL RNA/RT-PCR mix was transferred to 200 uL microcentrifuge
tubes and placed in a thermal cycler programmed to: 10 min 25°C, 120 min 37°C,
15 min 85°C and final holding stage of 4°C. Samples were diluted 1:4 to 80 uL

and stored at -20°C.

Table 2.3 — RT-PCR of RNA to cDNA

Component Volume (uL)

10X RT Buffer 2
10X Random Primers 2
100mM deoxyribonucleotide triphosphates | 1
(dNTPs)

MultiScribe Reverse Transcriptase 1
Nuclease-free water 3.5
RNA (50-100ng/pL) 10

Real-time quantitative PCR (qPCR) was performed on cDNA generated from RT-
PCR. gPCR was used to examine the expression levels of mouse TNF, IL1B,
Hmox1, Ngol, Taldol, Pdg, Gclm, Gsr and Rpsl8 (Table 2.5). gPCR was
performed using SYBR Green reagents (Table 2.4). Relative fold values were
calculated using the comparative threshold cycle (Ct) method and normalized to

Rps18 housekeeping gene.
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Table 2.4 — SYBR green gPCR reaction mix

Component Volume (uL)

Kapa SYBR mix SuL

Primer Pair mixed (10 puM final) 0.6 uL (600 nM each)
Nuclease-free H20 0.4 uL

cDNA 4 L

Table 2.5 — Primer sequences

Primer Forward (5°-3’) Reverse (5°-3’)

IL1B TGGCAACTGTTCCTG GGAAGCAGCCCTTCATCTTT
TNF GCCTCTTCTCATTCCTGCTT TGGGAACTTCTCATCCCTTTG
Hmox1l  TCAGGCAGAGGGTGATAGAA GCTCCTGCAACTCCTCAAA
Ngol GCTGCAGACCTGGTGATATT ACTCTCTCAAACCAGCCTTT
Taldol | GCTGTCATCAACCTGGGAAG TGGGCGAAGGAGAAGAGTAA
Pdg ACTGCCCTCTCCTTCTATGA CTGTCCAGTTGGTGTGGATAA
Gcelm GACAAAACACAGTTGGAACAGC | CAGTCAAATCTGGTGGCATC
Gsr CGGTGCCAGCTTAGGAATAA GCCATCTCCACAGCAATGTA
Assl GGCTGAAGGAACAAGGCTA CTTCCTGGCTTCCTCAAAGT
Fh ATTGGAGGTGCTACGGAACG ACCTTCAGCTACCTCATCTGC
PHD3 | TGCTGAAGAAAGGGCAGAAG GCACACCACAGTCAGTCTTTA
Rps18 | GGATGTGAAGGATGGGAAGT CCCTCTATGGGCTCGAATTT

2.2.19 — Fumarate assay

Analysis of fumarate levels were assessed using a fumarate colorimetric assay

kit (Sigma) that uses an enzyme assay, which results in a colorimetric (450 nm)

product proportional to the fumarate present, as per manufacturer’s instructions.
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2.2.20 — Cell volume analysis

Macrophage cell volume was assessed using acridine orange (AO), confocal
microscopy and 3D reconstruction as previously described with some minor
adjustments (171). Specifically, in this experiment BMDMs were plated and
imaged directly in p-Dish 35 mm and did not require transfer to a coverslip. In
brief, a LEICA SP8 scanning confocal microscope with 40X oil objective NA 1.3
was used to detect AO signals at 506-590 nm. Z-series profiles in the range of
40-60 optical sections were collected. Using Bitplane imaris software, each
optical section for each cell was combined to generate a 3D image of each cell

and facilitated the assessment of volume based on the AO signal.
2.2.21 - Statistics

One-way ANOVA or two-tailed t-tests were used as reported in the figure

legends.
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Chapter 3.

Potential role for an inflammatory aspartate-
argininosuccinate shunt and fumarate in the

regulation of cytokine production
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3.1 — Introduction

This chapter concerns the role of a newly identified metabolic pathway in
inflammatory macrophages that links the Krebs cycle with the urea/NO cycle
termed the aspartate-argininosuccinate shunt (45). The aspartate-
argininosuccinate shunt, sometimes referred to as the ‘Krebs bicycle’, is
generally a pathway describing the metabolic interaction between ureagenesis

and the Krebs cycle (45, 172) (Fig. 3.1).

The three key enzymes involved in the shunt are the glutamic-
oxaloacetate transaminase (GOT2), the argininosuccinate synthase (Assl) and
the argininosuccinate lyase (Asl) (172, 173). GOT2 is a mitochondrial localized
enzyme, that catalyses the transamination of the Krebs cycle metabolite
oxaloacetate to the amino acid aspartate (173). This is an essential step in the
shunt as aspartate is one of the two fuel molecules of the urea/NO cycle (173).
GOT2 also generates a-ketoglutarate, which can re-enter the Krebs cycle (173).
Argininosuccinate synthase (Assl) catalyses the formation of argininosuccinate
from aspartate, citrulline and ATP, whilst the argininosuccinate lyase (Asl)
catalyses the cleavage of argininosuccinate to produce fumarate and arginine
(172, 173). Together with the argininosuccinate lyase (Asl), is responsible for the
synthesis of the semi-essential amino acid arginine in most bodily tissues (173).
Importantly, Assl also constitutes the rate-limiting step in the aspartate-
argininosuccinate shunt and L-arginine biosynthesis (173). Subsequently,
arginase can use arginine to produce urea and ornithine ensuring that arginine
generated through the actions of GOT2, Ass1 and Asl are directed for the most

part into ureagenesis (173). Alternatively, the arginine produced can be utilised
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by NOS to generate NO, which is the case in inflammatory macrophages (45,

173).

Increased fumarate levels owing to the induction of an inflammatory
aspartate-argininosuccinate shunt by LPS has previously been proposed (45).
However, the role of this metabolic pathway in regulating fumarate accumulation
has not been directly shown. Similarly, the link between the shunt, fumarate and
cytokine production has yet to be investigated. Both aspects will be explored in

this chapter.
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Figure 3.1 — Aspartate-argininosuccinate shunt of the Krebs cycle

The aspartate-argininosuccinate shunt also referred to as ‘Krebs bicycle’ is a
metabolic pathway linking the Krebs cycle and the urea cycle. The rate-limiting
enzyme of the shunt is Assl, which synthesises argininosuccinate, a key
intermediate of the urea cycle, from oxaloacetate- and GOT2-derived aspartate,
in the cytosol. Asl cleaves argininosuccinate to form arginine and fumarate.
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3.2 — Results

3.2.1 - LPSinduces an inflammatory aspartate-argininosuccinate shunt

and fumarate accumulation

The first aim was to determine the role of fumarate accumulation in LPS-activated
BMDMs (20, 45). To this end, a semi-targeted metabolomics screen examining
polar metabolites and utilising LC-MS was first used to confirm elevated fumarate
levels in BMDMs stimulated with LPS (Fig. 3.2a, b). A full list of the significantly
upregulated (red) or downregulated (blue) metabolites in LPS-activated BMDMs
(Fig. 3.2a) can be found in Table 4.1. In addition to increased fumarate levels,
significant increases in arginine (4.6 fold), argininosuccinate (31.4 fold) and a
significant decrease in aspartate (0.28 fold) levels were also observed (Fig. 3.2a).
Fumarate, aspartate, argininosuccinate and arginine are all known to participate
in the aspartate-argininosuccinate shunt, a metabolic pathway that links the TCA
cycle to the urea/NO cycle, as previously mentioned (45). Further analysis of the
aspartate-argininosuccinate shunt demonstrated significant alterations in several

metabolites linked to this pathway upon stimulation with LPS (Fig. 3.2a).

Utilising data generated from an unbiased quantitative proteomic screen,
which used isobaric tandem mass tags (TMTs) coupled to LC-MS, a significant
increase in the rate-limiting enzyme of the aspartate-argininosuccinate shunt,
Assl (3.8 fold), was observed in LPS-activated BMDMs, whilst a small but
significant decrease in fumarate hydratase (Fh) (0.81 fold), the enzyme
responsible for fumarate catabolism (174-178), was also observed (Fig. 3.3b). To
validate these findings, Assl and Fh mRNA (Fig. 3.4a) expression was found to

be significantly increased and decreased, respectively, over an LPS time-course.
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Figure 3.2 — LPS induces fumarate accumulation

Relative metabolite levels were determined by LC-MS in control or LPS-activated
(100 ng/mL, 24 h) BMDMs. (a) Volcano plot indicating metabolites significantly
up-regulated (red) or down-regulated (blue) upon treatment with LPS was
generated using MetaboAnalyst 4.0 (n=5 biological replicates performed in
technical duplicate). Aspartate, arginine, argininosuccinate and fumarate (green)
are highlighted. FDR = false discovery rate. (b) Box and whiskers plot of relative
fumarate levels (n=5 biological replicates performed in technical duplicate). P-
values were calculated using an unpaired t-test. *P <0.05, **P <0.01, **P <0.001,
*rxpP <0.0001.
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Figure 3.3 — LPS induces Assl & an inflammatory argininosuccinate
shunt

(a) Heatmap of upregulated (red) and downregulated (green) metabolites
involved in the argininosuccinate shunt generated using the Ward clustering
algorithm and MetaboAnalyst 4.0 software (n=5 biological replicates performed
in technical duplicate). (b) Relative changes in protein levels were quantified
using TMT coupled to LC-MS in control and LPS-activated (100 ng/mL, 24 h)
BMDMs. Relative changes in key enzymes of the argininosuccinate shunt are
shown (n=4 biological replicates). Data is presented as mean + SEM. P-values
were calculated using an unpaired t-test. *P <0.05, **P <0.01, **P <0.001, ****pP
<0.0001.
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Figure 3.4 — LPS induces Assl & decreases Fh mRNA expression

(a) Relative fold change in mRNA levels of Assl and Fh in response to LPS
treatment (100 ng/mL) for indicated timepoints, as assessed by gPCR (n=3
biological replicates performed in technical duplicate). Data is presented as mean
+ SEM. P-values were calculated using one-way ANOVA. *P <0.05, **P <0.01,
***pP <0.001, ****P <0.0001.
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3.2.2 - The aspartate-argininosuccinate shunt regulates fumarate levels

and cytokine production

Increased fumarate levels owing to the induction of an inflammatory aspartate-
argininosuccinate shunt by LPS has previously been proposed (45). However,
the role of this metabolic pathway in regulating fumarate accumulation has not
been directly shown. Similarly, the link between the shunt, fumarate and cytokine

production has yet to be investigated.

In addition to Ass1 and Asl, the mitochondrial aspartate aminotransferase
GOT2, which catalyses the transamination of oxaloacetate to aspartate,
constitutes an important enzyme for the functioning of the aspartate-
argininosuccinate shunt, as discussed (45). As such, the GOT1/2 inhibitor
aminooxyacetic acid (AOAA), which will inhibit aspartate synthesis from
oxaloacetate, was employed as an experimental tool to assess the functional role
of the shunt in LPS-activated BMDMs. Pre-treatment of BMDMs with AOAA
resulted in potent inhibition of LPS-induced TNF protein expression (Fig. 3.5a;
compare lanes 2-4 to lanes 8-10) and TNF secretion (Fig. 3.5¢) but had no
significant effect on TNF mRNA expression (Fig. 3.5d), over an LPS timecourse.
Mouse and rat TNF are predicted to be glycosylated, which can influence the
molecular weight of this cytokine, hence the three bands that appear on the
western blot (Fig. 3.5a). Similarly, AOAA also inhibited LPS-induced pro-IL-1
levels (Fig. 3.6a; compare lane 7 to lane 8), and as previously reported [22], IL-6
secretion (Fig. 3.6b). Unlike TNF, the inhibition of IL-1p (Fig. 3.6¢) and IL-6 (Fig.
3.6d) appears to occur at the transcript level. As expected, AOAA treatment on
its own in unstimulated conditions (no LPS) had no effect on IL-6 (Fig. 3.6b) or
TNF (Fig. 3.5c) secretion, or on TNF protein levels (Fig. 3.5a; compare lane 1 to
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lanes 5-7) at 5 h (lane 6), 9 h (lane 7) and 25 h (lane 8) post treatment. AOAA
treatment on its own also had no effect on pro-IL13 (Fig. 3.6a; compare lane 1 to

lane 2), IL1B (Fig. 3.6¢), IL6 (Fig. 3.6d) or TNF (Fig. 3.5d) mRNA expression.

Furthermore, the specificity of GOT1/2 inhibition by AOAA was validated
by loading BMDMs with aspartate or dimethyl aspartate (to overcome inhibition
of GOT1/2) prior to AOAA treatment, which rescued the inhibitory effect of AOAA
on TNF (Fig. 3.5b; compare lane 8 to lanes 11-12) and pro-IL-13 (Fig. 3.6b;
compare lane 8 to lanes 11-12) levels, whilst pre-treatment of macrophages with
aspartate or dimethyl aspartate on their own had no effect on LPS-induced TNF
(Fig. 3.5b; compare lane 7 to lanes 9-10) and pro-IL-1p (Fig. 3.6b; compare lane
7 to lanes 9-10) levels or in unstimulated conditions (TNF; Fig. 3.5b, compare

lane 1 to lanes 3-4, pro-IL1; Fig. 3.6a; compare lane 1 to lanes 3-4).

In addition to affecting cytokine production, pre-treatment of BMDMs with
AOAA also resulted in an inhibition of fumarate levels both in control and LPS-
activated BMDMs (Fig. 3.7a). Furthermore, pre-treatment of BMDMs with the
cell-permeable fumarate analogue, dimethyl fumarate (DMF), augmented LPS-
induced Ass1l mRNA expression suggesting a positive feedback loop may exist

between fumarate and Assl (Fig. 3.7b).
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Figure 3.5 — Aminooxyacetic acid blunts LPS-induced TNF protein
expression

(a) Protein expression of TNF and the loading control $-actin in response to LPS
treatment (100 ng/mL) = 1 h AOAA pre-treatment (5 mM) for indicated timepoints,
as assessed by western blot. The results shown are representative of three
independent experiments. (b) Protein expression of TNF and the loading control
B-actin in response to LPS treatment (100 ng/mL, 4 h) + 3 h L-Asp or DMA pre-
treatment (10 mM and 2.5 mM, respectively) + 1 h AOAA pre-treatment (5 mM),
as assessed by western blot. The results shown are representative of three
independent experiments. (c) TNF protein levels secreted into the CCM in
response to LPS treatment (100 ng/mL) + 1 h AOAA pre-treatment (5 mM) for
indicated timepoints, as assessed by ELISA (n=3 biological replicates performed
in technical duplicate). (d) Relative fold change in mRNA levels of TNF in
response to LPS treatment (100 ng/mL) = 1 h AOAA pre-treatment (5 mM) for
indicated timepoints, as assessed by gPCR (n=3 biological replicates performed
in technical duplicate). Data is presented as mean = SEM. P-values were
calculated using one-way ANOVA. *P <0.05, *P <0.01, ***P <0.001, ****p
<0.0001.
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Figure 3.6 — Aminooxyacetic acid inhibits LPS-induced IL-18 & IL-6 levels

(a) Protein expression of pro-IL-1p and the loading control B-actin in response to
LPS treatment (100 ng/mL) + 1 h AOAA pre-treatment (5 mM) for indicated
timepoints, as assessed by western blot. The results shown are representative
of three independent experiments. (b) IL-6 protein levels secreted into the CCM
in response to LPS treatment (100 ng/mL) £ 1 h AOAA pre-treatment (5 mM) for
indicated timepoints, as assessed by ELISA (n=3 biological replicates performed
in technical duplicate). Relative fold change in mRNA levels of (c) IL1B and (d)
IL6 in response to LPS treatment (100 ng/mL) £ 1 h AOAA pre-treatment (5 mM)
for indicated timepoints, as assessed by gPCR (n=3 biological replicates
performed in technical duplicate). Data is presented as mean + SEM. P-values
were calculated using one-way ANOVA. *P <0.05, **P <0.01, ***P <0.001, ****P

<0.0001.
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Figure 3.7 — Reciprocal regulation of Ass1 & fumarate

(a) Fumarate levels in response to LPS treatment (100 ng/mL) + 1 h AOAA pre-
treatment (5 mM, 4 h), as assessed by a fumarate colorimetric assay (n=3
biological replicates performed in technical duplicate). (b) Relative fold change in
MRNA levels of Assl in response to LPS treatment (100 ng/mL) £ 1 h DMF pre-
treatment (25 uM) for indicated timepoints, as assessed by gPCR (n=3 biological
replicates performed in technical duplicate). Data is presented as mean + SEM.
P-values were calculated using one-way ANOVA. *P <0.05, *P <0.01, ***P
<0.001, ****P <0.0001.
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3.2.3 — DMF modulates LPS-induced cytokine production

To determine the consequences of elevated fumarate levels on the inflammatory
response in macrophages, a cell-permeable fumarate analogue, DMF, was
employed as an experimental tool (179) (Fig. 3.8a). Pre-treatment of BMDMs
with DMF resulted in potent inhibition of LPS-induced pro-IL1j levels (Fig. 3.8b;
compare lanes 2-4 to lanes 9-11), IL-6 secretion (Fig 3.8c) and IL1B and IL6
MRNA expression (Fig. 3.9a, b) over an LPS time-course. However, DMF pre-
treatment also augmented LPS-induced TNF protein expression (Fig. 3.8b;
compare lanes 3-4 to lanes 10-11) and TNF secretion (Fig. 3.8d) but had no
significant effect on TNF mRNA expression (Fig. 3.9c). As expected, DMF
treatment on its own in unstimulated conditions (no LPS) had no effect on IL-6 or
TNF secretion (Fig 3.8c, d), or on TNF and pro-IL1j levels (Fig. 3.8b; compare
lane 1 to lanes 6-8) at 5 h (lane 6), 9 h (lane 7) and 25 h (lane 8) post treatment.
DMF treatment on its own in unstimulated conditions also had no effect on IL1B,

IL6 or TNF mRNA expression (Fig. 3.9a, b).

DMF is a key component of the anti-inflammatory drugs Fumaderm® and
Tecfidera® used to treat psoriasis and multiple sclerosis (MS), respectively (161,
180). DMF is thought in part to mediate its anti-inflammatory mode of action via
alkylation of key redox sensing cysteines on Keapl, a PTM termed succination,
and subsequent activation of Nrf2 (174, 176). Pre-treatment of BMDMs with DMF
augmented LPS-induced Nrf2 (Fig. 3.10a; compare lanes 2-4 to lanes 9-11) and
Hmox1 (Fig. 3.10a; compare lanes 2-3 to lanes 9-10) protein and Hmox1 mRNA
(Fig. 3.9b) expression over an LPS time-course. DMF treatment on its own in
unstimulated conditions also increased Nrf2 and Hmox1 protein (Fig. 3.10a;
compare lane 1 to lanes 6-7) and Hmox1 mRNA (Fig. 3.6b) levels at 5 (lane 6)
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and 9 (lane 7) h post-treatment. However, 25 h post-treatment (lane 8), Nrf2
stabilisation and Hmox1 levels are no longer observed, likely due to negative

regulation of the pathway by Nrf2 itself following acute activation.

As Nrf2 is a known regulator of inflammatory cytokine production (158),
the ability of DMF to induce TNF, when Nrf2 levels are reduced using siRNA-
mediated gene silencing, was investigated. DMF pre-treatment of BMDMs
transfected with two independent siRNAs targeting Nfe2I2 mRNA, or a scrambled

control, resulted in a significant potentiation of TNF secretion (Fig. 3.10c).
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Figure 3.8 — DMF inhibits LPS-induced IL-1B & IL-6 but increases TNF
levels

(&) Chemical structure of cell-permeable fumarate analogue DMF. (b) Protein
expression of pro-IL-1p, TNF and the loading control B-actin in response to LPS
treatment (100 ng/mL) £ 1 h DMF pre-treatment (25 uM) for indicated timepoints,
as assessed by western blot. The results shown are representative of three
independent experiments. (c) TNF and (d) IL-6 protein levels secreted into the
CCM in response to LPS treatment (100 ng/mL) £ 1 h DMF pre-treatment (25
uM) for indicated timepoints, as assessed by ELISA (n=4 biological replicates
performed in technical duplicate). Data is presented as mean + SEM. P-values
were calculated using one-way ANOVA. *P <0.05, **P <0.01, ***P <0.001, ****P
<0.0001.
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Figure 3.9 — DMF inhibits LPS-induced IL1B & IL6 but not TNF mRNA

levels

(a-c) Relative fold change in mRNA levels of IL1B, IL6 and TNF in response to
LPS treatment (100 ng/mL) £ 1 h DMF pre-treatment (25 uM) for indicated
timepoints, as assessed by gPCR (n=3 biological replicates performed in
technical duplicate). Data is presented as mean + SEM. P-values were calculated
using one-way ANOVA. *P <0.05, *P <0.01, ***P <0.001, ****P <0.0001.
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Figure 3.10 — LPS-induced TNF is further boosted by DMF upon Nrf2
silencing

(a) Protein expression of Nrf2, Hmox1 and the loading control B-actin in response
to LPS treatment (100 ng/mL) = 1 h DMF pre-treatment (25 uM) for indicated
timepoints, as assessed by western blot. The results shown are representative
of three independent experiments. (b) Relative fold change in mRNA levels of
Hmox1 in response to LPS treatment (100 ng/mL) + 1 h DMF pre-treatment (25
uM) for indicated timepoints, as assessed by qPCR (n=3 biological replicates
performed in technical duplicate). (c) TNF protein levels secreted into the CCM
in response to LPS treatment (100 ng/mL, 24 h) + 1 h DMF pre-treatment (25
uM) after transfection with two independent Nrf2 siRNAs or a scrambled siRNA
control (24 h, 50 nM), as assessed by ELISA (n=3 biological replicates performed
in technical duplicate). NT indicates non-transfected control. Data is presented
as mean = SEM. P-values were calculated using one-way ANOVA. *P <0.05, **P
<0.01, **P <0.001, ****P <0.0001.
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3.2.4 — MMF modulates LPS-induced cytokine production

DMF is metabolised to monomethyl fumarate (MMF) in vivo (Fig. 3.11a) and so
it's thought that DMF itself is a prodrug and that the anti-inflammatory actions of
Fumaderm® and Tecifidera® are mediated by MMF (181). MMF can also induce
succination of target proteins, however, it is less electrophilic than DMF as only
one carboxyl group is esterified (162) and is thus more likely to behave in a similar
manner to endogenous fumarate. As such, the ability of MMF to modulate

cytokine levels and Nrf2 was also investigated.

Pre-treatment of BMDMs with MMF differentially modulated LPS-induced
pro-IL1B (Fig. 3.11b; compare lanes 2-5 to lanes 9-12) with a small inhibition after
24 h of LPS stimulation (compare lane 4 to lane 11) but a marked increase after
48 h of LPS stimulation (compare lane 5 to lane 12). The increase in pro-IL1j3
levels after 48 h of LPS stimulation in MMF pre-treated BMDMs is preceded by
an increase in IL1B mRNA expression (Fig 3.12b) after 24 h of LPS stimulation
in MMF pre-treated BMDMs. Like DMF, MMF pre-treatment also potentiated
LPS-induced TNF protein expression (Fig. 3.11b; compare lanes 3-4 to lanes 10-
11) and TNF secretion into the cell culture medium (Fig. 3.11d) but had no
significant effect on TNF mRNA expression (Fig. 3.12d). Unlike DMF, MMF pre-
treatment had no effect on IL-6 secretion (Fig 3.11c) or IL6 mMRNA expression
(Fig 3.12c). As expected, MMF treatment on its own in unstimulated conditions
(no LPS) had no effect on IL-6 or TNF secretion (Fig 3.11c, d), or on TNF and
pro-IL1p levels (Fig. 3.11b; compare lane 1 to lanes 6-8) at 5 h (lane 6), 9 h (lane
7) and 25 h (lane 8) post treatment. MMF treatment on its own in unstimulated
conditions also had no effect on IL1B, IL6 or TNF mRNA expression (Fig. 3.12b-
d).
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Pre-treatment of BMDMs with MMF marginally augmented LPS-induced
Nrf2 (Fig. 3.7b; compare lane 2 to lanes 9), but not Hmox1 (Fig. 3.12a; compare
lane 2 to lane 9) protein levels, at an early LPS timepoint (4 h) but not at other
timepoints. This early augmentation interfered with the kinetics of Nrf2 induction
by LPS, as 24 h post LPS stimulation Nr2 was still stable in control conditions but
not in the MMF-treated condition (Fig. 3.12a; compare lane 4 to lane 11). MMF
treatment in unstimulated conditions (no LPS) marginally increased Nrf2 and
Hmox1 protein levels (Fig. 3.12a; compare lane 1 to lanes 6-7), at 5 h (lane 6)
and 9 h (lane 7) but not 25 h (lane 8) post-treatment. Again, these results
implicate negative regulation of Nrf2 activation by itself. Induction of Nrf2 and
Hmox1 was less potent than that observed with DMF (Fig. 3.10a; compare lane

1 to lanes 6-7), which is in line with MMF being less electrophilic than DMF.
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Figure 3.11 — MMF increases LPS-induced TNF production

(a) Chemical structure of cell-permeable fumarate analogue MMF. (b) Protein
expression of pro-IL-1, TNF and the loading control B-actin in response to LPS
treatment (100 ng/mL) £ 1 h MMF pre-treatment (50 uM) for indicated timepoints,
as assessed by western blot. The results shown are representative of three
independent experiments. (d-e) IL-6 and TNF protein levels secreted into the
CCM in response to LPS treatment (100 ng/mL) £ 1 h MMF pre-treatment (50
uM) for indicated timepoints, as assessed by ELISA (n=3 biological replicates
performed in technical duplicate). Data is presented as mean + SEM. P-values
were calculated using one-way ANOVA. *P <0.05, **P <0.01, **P <0.001, ****P

<0.0001
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Figure 3.12 — MMF stabilises Nrf2 & differentially regulates cytokine levels

(a) Protein expression of Nrf2, Hmox1 and the loading control B-actin in response
to LPS treatment (100 ng/mL) + 1 h MMF pre-treatment (50 uM) for indicated
timepoints, as assessed by western blot. The results shown are representative
of three independent experiments. Relative fold change in mRNA levels of (b)
IL1B, (c) IL6 and (d) TNF in response to LPS treatment (100 ng/mL) + 1 h MMF
pre-treatment (50 uM) for indicated timepoints, as assessed by qPCR (n=2
biological replicates performed in technical duplicate). Data is presented as mean

+ SEM.
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3.2.5 — Fh deficiency modulates LPS-induced cytokine production

Endogenous fumarate is an electrophilic o, B-unsaturated carbonyl compound
that can induce protein succination (176). However, esterification renders it an
activated Michael acceptor as the thiol-reactive alkene component of fumarate is
directly conjugated to both carboxyl groups. As such, the use of the cell-
permeable fumarate surrogates DMF and MMF, whilst informative, are more
chemically reactive than endogenous fumarate. MMF, whilst being less reactive
than DMF and so more akin to fumarate, is also an agonist of the
hydroxycarboxylic acid receptor HCA2 (182, 183), whereas fumarate itself is not.
Although fumarate itself is cell impermeable, intracellular fumarate levels can
also be elevated through genetic deletion of one or both alleles of the Krebs cycle

enzyme Fh (174, 177, 178, 184).

To this end, the ability of LPS to modulate cytokine production in Fh -/-
deficient BMDMs was investigated. Confirmation that these BMDMs lacked Fh
protein expression (Fig. 3.13a; compare lanes 1-6 to lanes 7-12) and Fh mRNA
expression (Fig. 3.14a) was assessed via western blot and gPCR, respectively.
Downregulation of Fh protein levels (Fig. 3.13a; compare lane 1 to lanes 2-6) and
Fh mRNA levels (Fig. 3.14a) by LPS was again observed in wildtype control Fh
+/+ BMDMSs. The ability of LPS to induce IL-6 secretion (Fig. 3.13b) and pro-IL-
1B expression (Fig. 3.13a; compare lanes 2-6 to lanes 8-12) was relatively
unaffected in Fh -/- BMDMs, with a small decrease in pro-IL-1p observed after
48 h LPS stimulation (Fig. 3.13a; compare lane 6 to lane 12). IL6 mMRNA
expression was also no different between wildtype and knockout (Fig. 3.14a),
however, IL1B mRNA expression appeared to increase after 24 h of LPS

stimulation in Fh -/- BMDMs (Fig. 3.14d) similarly to that observed with MMF and
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LPS (Fig. 3.12b). As with DMF and MMF, LPS-induced TNF protein levels (Fig.
3.12a; compare lanes 3-4 to lanes 8-9) and TNF secretion (Fig. 3.13c) were
enhanced across an LPS timecourse (from 4 h), whilst no increase in TNF mRNA

expression was observed at any timepoint (Fig. 3.14d).

As complete deletion of Fh truncates the Krebs cycle and drastically
impairs OXPHOS (178), a less deleterious means to elevate endogenous
fumarate was sought. To this end, the ability of LPS to modulate cytokine
production in Fh +/- deficient BMDMs was examined, whereby there is only a
partial loss of Fh and less severe impairment of OXPHOS, but fumarate can still
accumulate (184). Confirmation that these BMDMs had reduced Fh protein levels
(Fig. 3.15a; compare lanes 1-5 to lanes 6-10) and Fh mRNA levels (Fig. 3.16a)
was assessed via western blot and gPCR, respectively. Downregulation of Fh
protein levels (Fig. 3.15a; compare lane 1 to lanes 2-6) and Fh mRNA levels (Fig.
3.16a) by LPS was observed in both Fh +/- and Fh +/+ BMDMs. Unlike Fh -/-
BMDMs, the ability of LPS to induce IL-6 secretion (Fig. 3.15b) and pro-IL-
1B expression (Fig. 3.15a; compare lanes 2-6 to lanes 8-12) was increased in Fh
+/- BMDMs but only evident at early timepoints for IL-6 and after 24 h LPS
stimulation for pro-IL-1p (Fig. 3.15a; compare lane 4 to lane 9). These increases
at the protein level in Fh +/- macrophages were mirrored at the transcript for both
IL6 (Fig. 3.16¢c) and IL1B (Fig 3.16d). Furthermore, LPS-induced TNF protein
levels (Fig. 3.15a; compare lanes 2-3 to lanes 7-8) and TNF secretion (Fig. 3.15c)
were augmented, whilst no increase in TNF mRNA expression was observed at

any timepoint (Fig. 3.16b).

Elevated fumarate levels observed in mice genetically lacking Fh has

previously been implicated in the succination and inhibition of Keapl and
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activation of Nrf2 (185). As such, it was investigated whether the induction of Nrf2
observed with LPS could be owed to increased fumarate accumulation in
BMDMs. However, Nrf2 protein expression was surprisingly impaired in LPS-
activated Fh -/- (Fig. 3.17a; compare lanes 2-6 to lanes 8-12) and Fh +/- (Fig.
3.17b; compare lanes 3-4 to lanes 8-9) BMDMs over an LPS time-course.
Despite impairment of Nrf2 stabilisation, the Nrf2 target Hmox1 was still induced
by LPS in both Fh -/- (Fig. 3.17a; compare lanes 5-6 to lanes 11-12) and Fh +/-
(Fig. 3.17b; compare lanes 4-5 to lanes 9-10) BMDMSs, suggesting it can be

regulated independent of Nrf2 activation in response to LPS in macrophages.
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Figure 3.13 — Fh -/- deficiency increases LPS-induced TNF production

(a) Protein expression of Fh, pro-IL-1p, TNF and the loading control B-actin in Fh
+/+ or Fh -/- BMDMs in response to LPS treatment (100 ng/mL) for indicated
timepoints, as assessed by western blot. The results shown are representative
of two independent experiments. IL-6 (b) and TNF (c) protein levels secreted into
the CCM in response to LPS treatment (100 ng/mL) in Fh +/+ or Fh -/- BMDMs
for indicated timepoints, as assessed by ELISA (n=2 biological replicates
performed in technical duplicate). Data is presented as mean + SEM.
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Figure 3.14 — Fh -/- deficiency has differential effects on cytokine mRNA
levels

Relative fold change in mRNA levels of (a) Fh, (b) TNF, (c) IL6 and (d) IL1B in
response to LPS treatment (100 ng/mL) in Fh +/+ or Fh -/- BMDMs for indicated
timepoints, as assessed by gPCR (n=2 biological replicates performed in
technical duplicate). Data is presented as mean = SEM.
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Figure 3.15 — Fh +/- deficiency increases pro-inflammatory cytokine
production

(a) Protein expression of Fh, pro-IL-1p, TNF and the loading control B-actin in Fh
+/+ or Fh +/- BMDMs in response to LPS treatment (100 ng/mL) for indicated
timepoints, as assessed by western blot. The results shown are representative
of two independent experiments. IL-6 (b) and (c) TNF protein levels secreted into
the CCM in response to LPS treatment (100 ng/mL) in Fh +/+ or Fh +/- BMDMs
for indicated timepoints, as assessed by ELISA (n=2 biological replicates
performed in technical duplicate). Data is presented as mean + SEM.
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Figure 3.16 — Fh +/- deficiency has differential effects on cytokine mRNA
levels

Relative fold change in mRNA levels of (a) Fh, (b) TNF, (c) IL6 and (d) IL1B in
response to LPS treatment (100 ng/mL) in Fh +/+ or Fh -/- BMDMs for indicated
timepoints, as assessed by gPCR (n=2 biological replicates performed in
technical duplicate). Data is presented as mean + SEM.
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Figure 3.17 — Fh -/- and Fh +/- deficiency impairs induction of Nrf2 by LPS

Protein expression of Nrf2, Hmox1 and the loading control B-actin in (a) Fh +/+
or Fh -/- BMDMs and (b) Fh +/+ or Fh +/- BMDMSs in response to LPS treatment
(100 ng/mL) for indicated timepoints, as assessed by western blot. The results
shown are representative of two independent experiments.
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3.2.6 — LPS-induces fumarate-mediated protein succination

Whilst fumarate-mediated protein succination (Fig. 3.18a) is well documented
under conditions of Fh deficiency and in mouse models of diabetes (176-178),
whether this covalent modification occurs in LPS-activated macrophages has yet
to be elucidated. To investigate protein succination in BMDMs a well validated

antibody raised to a succinated peptide was employed (176).

Indeed, stimulation of BMDMs with LPS for 6 or 24 h resulted in an
increase in protein succination (Fig. 3.18a), with a marked increase observable
after 24 h (Fig. 3.18a; compare columns 1-3, 9-11 and 17-19 to lanes 7-8, 15-16
and 23-24). Protein extracts derived from Fh -/- MEFs, whereby fumarate is
known to accumulate and induce succination, were used as a positive control
demonstrating the specificity of the succination antibody (Fig. 3.18a; lane 25).
Further to this, protein succination can also result in the accumulation of the
metabolite, (S)-2-succinocysteine (2SC) (Fig. 3.19a), the final breakdown
product arising from the degradation of succinated proteins and/or succinicGSH
due to the irreversible nature of the thioether bond (175, 176). Utilising data
generated from a semi-targeted metabolomics screen, 2SC was observed in
both control and LPS-activated BMDMs (Fig. 3.19b) and largely appeared to be
further increased in response to LPS stimulation reaching concentrations

between 10 and 30 nM (Fig 3.19c).
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Figure 3.18 — LPS induces fumarate-mediated protein succination

(a) Schematic of fumarate-mediated cysteine modification termed succination.
(b) Protein succination and the loading control tubulin in response to LPS
treatment (100 ng/mL) for 6 and 24 h, as assessed by western blot (n=3). Fh -/-
MEFs were used as a positive control.
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Figure 3.19 — LPS induces 2SC metabolite formation

(a) Chemical structure of the fumarate-cysteine metabolite 2SC. (b) Relative 2SC
levels were determined by LC-MS in control or LPS-activated (100 ng/mL, 24 h)
BMDMs (n=5 biological replicates performed in technical duplicate). Data is
presented as mean. P-values were calculated using a paired t-test. *P <0.05, **P
<0.01, **P <0.001, ****P <0.0001.
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3.3 = Discussion

Recent findings on the role of Krebs cycle intermediates during inflammation
have advanced our understanding of the complexity of immunometabolism. A
precedent has now been set for metabolites generated by innate immune cells
to have distinct functions as signalling entities and anti-bactericidal agents,
beyond their role in bioenergetics. As such, the first aim of this project was to
assess the previously uncharacterised role of fumarate accumulation in LPS-
activated macrophages and to uncover the metabolic pathway(s) that govern its

increase.

Evidence of increased fumarate levels in response to LPS was
successfully confirmed, as previously reported (20, 45), whilst several
metabolites involved in the aspartate-argininosuccinate shunt were also found to
be significantly altered. Using CoMBI-T, Jha et al (2015) were the first to report
the existence of an inflammatory aspartate-argininosuccinate shunt linking the
Krebs cycle with NO production, noting increases in Ass1 and argininosuccinate
in response to LPS and IFN-y (45). Furthermore, U-'3C-glutamine tracing
revealed that carbon-labelling in malate was strikingly consistent with that found
in argininosuccinate and aspartate, a common characteristic of metabolites
partaking in common metabolic cycles (45). Jha et al (2015) went onto suggest
that the increase observed in malate and fumarate were likely owed to this
argininosuccinate shunt, however, a direct link between the shunt and fumarate
was never shown (45). Consistent with this data, a significant increase in Assl
MRNA expression and protein levels was observed using gPCR and an unbiased
guantitative proteomic screen, respectively, whilst inhibition of GOT1/2 and

aspartate synthesis with AOAA lowered fumarate levels in both control and
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activated macrophages, confirming a role for the aspartate-argininosuccinate
shunt in regulating fumarate accumulation. Unfortunately, due to technical
issues, U-13C-glutamine tracing in LPS-activated macrophages and metabolic
analysis by LC-MS failed to conclusively identify argininosuccinate and fumarate
peaks, as they were below the limit of detection in that particular experiment. As
such, confirmation of the aspartate-argininosuccinate shunt via U-13C-glutamine
tracing and/or tracing from U-3C-aspartate into fumarate would need to be
performed in future work. Furthermore, U-1°N-glutamine could be used to trace
the fate of isotopically labelled nitrogen into argininosuccinate and arginine upon
LPS stimulation. Pharmacological inhibition of Ass1 using a-Methyl-DL-aspartic
acid (MDLA), in addition to genetic ablation, has recently been demonstrated to
decrease intracellular fumarate levels in colorectal cancer cells thus impairing
cancer pathogenicity, further supporting its role as a key regulator of fumarate
production (186). Interestingly, DMF was also shown to induce Assl mRNA
expression suggesting a positive feedback loop may exist between fumarate and
the shunt. In the same study, Assl itself was shown to be a cysteine-reactive
metabolic enzyme (186), but how or if this affects its enzymatic activity or

regulation remains to be explored.

In addition to increased Assl, a small but significant decrease in both Fh
MRNA expression and Fh protein levels was also observed upon LPS
stimulation. As Fh catalyses the reversible hydration of fumarate to malate, Fh
loss is well-reported to elevate intracellular fumarate (175, 178). Homozygous
mutations of Fh lead to the lethal metabolic disorder fumaric aciduria, whilst
heterozygous Fh mutations cause hereditary leiomyomatosis and renal cell

carcinoma (HLRCC), a cancer syndrome characterised by cutaneous
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leiomyoma, uterine fibroids and type 2 papillary renal cell cancer (178). As the
oncogenic properties of Fh loss have mostly been ascribed to the intracellular
accumulation of fumarate, LPS-mediated suppression of Fh is likely to synergise
with increased Assl expression and the aspartate-argininosuccinate shunt to

elevate fumarate in macrophages.

Prior to this study, little was known about the role of endogenous fumarate
and cytokine production in macrophages. To elucidate this, three
pharmacological agents and two genetic approaches were employed as
experimental models to either lower or elevate intracellular fumarate levels. As
mentioned, the first tool employed was AOAA an inhibitor of GOT1/2 and the
aspartate-argininosuccinate shunt [22], which was verified to lower endogenous
fumarate levels. Interestingly, inhibition of the aspartate-argininosuccinate shunt
significantly attenuated LPS-induced pro-inflammatory cytokine production.
Specifically, pre-treatment of LPS-activated macrophages with AOAA appeared
to attenuate IL-6 expression and secretion, as previously demonstrated (45).
Furthermore, AOAA was also found to significantly inhibit LPS-induced TNF and
pro-IL1pB levels, TNF secretion and IL1B mRNA expression, but not TNF mRNA
expression. As AOAA is known to have off-target effects (187), the specificity of
GOT2 inhibition in mediating these effects was confirmed by rescuing the
decrease in either TNF or pro-IL1J expression by pre-loading macrophages with
aspartate. However, GOT2 also participates in the malate-aspartate shuttle
(MAS), a transport-transamination-redox cycle that enables the transfer of
electrons from cytosolic NADH (which is impermeable to the IMM) into the
mitochondrial matrix to enter the ETC (188, 189). The shuttle is also important

for regenerating cytosolic NAD* to maintain glycolytic flux (188, 189). Indeed,
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Jha et al (2015) also found that pre-treatment of LPS-activated BMDMs with
AOAA attenuated the induction of aerobic glycolysis and prevented the inhibition
of respiration, as assessed by extracellular acidification rates (ECAR) and
oxygen consumption rates (OCR), respectively, using Seahorse technology (45).
The authors attributed this result on respiration (and indeed IL-6) to the inhibition
of NO production, which is known to suppress mitochondrial respiration in both
murine dendritic cells and macrophages (190, 191). However, inhibition of the
MAS could also explain the observed inhibition of aerobic glycolysis, which is an
important regulator of IL1B, by preventing cytosolic NAD* regeneration (20).
Hypothetically, Ass1 and the shunt would siphon off aspartate from the MAS, and
so whether the MAS is functional in LPS-activated macrophages remains an
open question. One way to assess this would be to evaluate NADH mitochondrial
shuttling by tracing a deuterium from glucose (?H-glucose) through
glyceraldehyde 3-phosphate and NADH into malate, as previously done in
alternatively activated macrophages (192). To further confirm and dissect the role
of Assl and the aspartate-argininosuccinate shunt in the regulation of cytokine
production (and fumarate production), the inhibitor, MDLA, or genetic ablation of
Assl could be employed as experimental models (186). As such, these models
would better enable the separation of the aspartate-argininosuccinate shunt from
the malate-aspartate shuttle in future studies. However, with MAS functionality
likely to be low, the use of AOAA supports a role for the shunt as an important

metabolic module that regulates pro-inflammatory macrophage activation.

To assess whether fumarate itself is directly involved in regulating cytokine
production, the first tool employed was DMF, a cell permeable fumarate analogue

and a key component of the anti-inflammatory drugs Fumaderm® and Tecfidera®
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used to treat psoriasis and relapse-remitting MS, as previously mentioned (180,
181). Furthermore, DMF has previously been shown to suppress the induction of
pro-inflammatory cytokines, such as IL-1B, in LPS-activated microglia and
astrocytes (163). These published findings would appear to exclude the
possibility that fumarate would promote pro-inflammatory cytokine production
because of an inflammatory argininosuccinate shunt, instead suggesting
fumarate would be an anti-inflammatory metabolite that acted as a negative

regulator of cytokine production.

Consistent with previous reports (163), pre-treatment of BMDMs with DMF
was shown to potently inhibit LPS-induced IL1B and IL6 mRNA levels, IL-6
secretion and pro-IL-1B expression, however, a significant increase in LPS-
induced TNF protein levels and secretion was also observed. This suggested that
fumarate may exert both pro- and anti-inflammatory effects. Mechanistically, it
has been suggested that the anti-inflammatory action of DMF is mediated by
alkylation of key redox sensing cysteines on KEAP1 (137, 162). Importantly,
KEAPL1 is a redox-sensitive E3 ubiquitin ligase substrate-adaptor essential for
ubiquitin-mediated Nrf2 proteolysis (137). As such, KEAP1 modification and
inhibition is an integral step in the stabilisation of Nrf2 (162). Nrf2 itself is an anti-
oxidant transcription factor and a negative regulator of pro-inflammatory cytokine
production in macrophages (159) and during experimental sepsis (158).
Likewise, Nrf2 has been proposed to mediate the anti-inflammatory effect of DMF
in experimental autoimmune encephalomyelitis (EAE), a mouse model of MS
(164). Indeed, a marked increase in Nrf2 and its downstream target Hmox1 was
observed in macrophages treated with DMF, suggesting it may play a role in the

suppression of LPS-induced IL-6 and IL-1p in this context. Interestingly, induction
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of TNF by DMF was further augmented upon genetic silencing of Nrf2,

suggesting its acute activation partly masked DMFs ability to induce TNF.

More recently, the relevance of DMF-induced Nrf2 stabilisation in the
treatment of EAE has been called into question (193). Furthermore, a chemical
proteomic map of DMF sensitive cysteines also supported a Nrf2-independent
role for the inhibition of primary T cell activation, which was in part owed to
electrophilic inactivation of PKCB thus blocking its interaction with CD28 (194). It
must also be noted that DMF has previously been shown to impair NF-xB
signalling in a Nrf2-independent manner, via inhibition of M1 and TLR-induced
M1 and K63 ubiquitin chain formation in primary macrophages (195, 196).
However, the concentration of DMF at which NF-xB signalling was inhibited was
higher than the dose used in this study and indeed no inhibition was apparent at
the lower dose (195). Furthermore, McGuire et al (2016) pre-treated BMDMs for
4 h in comparison to the 1 h pre-treatment used here, which is important as
alkylation is a time-dependent process and essential in mediating the effects of
DMF (195). Likewise, TNF mRNA levels were unaffected at this dose indicative

of NF-kB signalling remaining intact. As such, inhibition of NF-xB signalling is

unlikely to play a role in IL-6 and IL-1p inhibition here.

As previously mentioned, endogenous fumarate is an electrophilic a, -
unsaturated carbonyl compound that can induce protein succination (176).
However, dimethyl esterification renders it an activated Michael acceptor as the
thiol-reactive alkene component of fumarate is directly conjugated to both
carboxyl groups (162, 197). Furthermore, DMF has been shown to chemically

react with GSH rapidly, and at physiological pH, to yield a 1:1 mixture of both
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diastereomeric 2-(S-glutathionyl)-succinic acid dimethyl esters in vitro and
deplete intracellular GSH levels, which can result in acute and superfluous Nrf2
activation (162, 197). The lowest unoccupied molecular orbital (LUMO), which is
the lowest energy orbital that has the scope to accept electrons thus
characterising the susceptibility of a molecule to nucleophilic attack, of DMF is
1.5 eV. However, fumarate’'s LUMO, 12.2 eV, is far higher in energy than that of
DMF, which increases the energetic barrier to covalent bond formation with
nucleophilic cysteines (198). As such, DMFs increased reactivity may give rise
to confounding variables, such as acute GSH depletion and electrophilic stress,
when trying to use it as a tool to gauge the physiological functions of endogenous
fumarate. More recently, depletion of intracellular GSH levels by DMF can also
more broadly elicit an electrophilic stress response inducing activating
transcription factor 3 (ATF3), which acts to inhibit I1kBC levels (127). Inhibition of
IxkBC blocks secondary transcriptional responses in macrophages, such as IL6
MRNA expression, but not primary transcriptional responses, such as TNF
MRNA expression (127). This phenomenon likely explains the observed
inhibition in IL6 MRNA expression and IL-6 secretion by DMF in LPS-activated

macrophages.

To counteract the issue of thiol reactivity, MMF was also employed to
study the effects of increased fumarate levels. Unlike DMF, MMF was less able
to inhibit LPS-induced pro-IL-18, with some small inhibition observable after 24 h
of LPS stimulation. This correlated with weaker induction of Nrf2 and Hmox1,
consistent with previous reports on the differential effects of fumaric acid esters
and Nrf2 stabilisation (162). It must also be noted that MMF has been identified

as a potent agonist of the hydroxycarboxylic acid receptor (HCA2), a G-protein
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coupled receptor highly expressed on macrophages (182, 183). Activation of
HCA2 with niacin, in both bone marrow-derived and alveolar macrophages, has
been reported to block LPS-induction of pro-inflammatory cytokines in an NF-xB-
dependent manner, whilst it has also been suggested that HCA2 mediates the
protective effect of DMF and MMF in EAE (182, 199). However, unlike DMF, MMF
does not inhibit NF-kB signalling, which suggests inhibition of IL-1 occurs
independently of HCA2 activation and NF-kB activity in this context (196).
However, after 24 h MMF appeared to induce IL1B mRNA and after 48 h pro-
IL1p3 levels. MMF can also induce HIF1la stabilisation via inhibition of the PHDs
(65) and while that wasn’t explored here it’s likely the cause of this increase.
Unlike DMF, MMF did not inhibit IL-6 secretion and indeed after 24 h there
appeared to be a slight increase. This result also suggests that the inhibitory
effect of DMF is due to its increased thiol reactivity, acute GSH depletion and
electrophilic stress and as such is not representative of endogenous fumarate,

as previously mentioned.

Intriguingly, MMF also potentiated LPS-induced TNF protein expression
and secretion but had no effect on mRNA levels. This observation was in line
with Asadullah et al (1997), whereby they observed increased TNF secretion
from control and psoriatic peripheral blood mononuclear cells (PBMCs) (200).
The authors further suggested that the well-documented adverse effects
experienced by psoriatic patients after first initiating therapy could be owed in
part to increased TNF production (200). More recently, Arts et al (2016)
suggested that accumulation of fumarate in response to B-glucan was essential
for trained immunity in macrophages (65). To discern the role of fumarate in this
process, they also utiised MMF and showed that it increased H3K4me3 via
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inhibition of the KDM5B family of histone demethylases. Furthermore, they also
showed MMF could potentiate TNF secretion in their experimental system (65).
However, it must be noted that the authors never showed whether MMF could
induce TNF mRNA expression. In contrast to Arts et al (2016), results from this
study suggest that MMF regulation of TNF occurs independently of its

transcriptional regulation.

Although the reactivity of MMF more closely resembles that of fumarate,
mono esterification may still render it more electrophilic as the thiol-reactive
alkene component of fumarate is directly conjugated to both carboxyl groups, as
aforementioned. MMF does not react as acutely with GSH as DMF, with
theoretical calculations indicating this stems from MMF’s higher lying LUMO of
6.4 eV, increasing the energy required for covalent bond formation (198). This
higher lying LUMO would also enable it to react more readily with thiol groups on
macromolecules (197). However, fumarate’s LUMO is even higher than MMF at
12.2 eV, as previously mentioned. As such, to determine the role of endogenous
fumarate on cytokine production, homo- and heterozygous Fh-deficient BMDMs
were utilised, which are known to accumulate fumarate in other cell types (175,
177, 184). Like MMF, pro-IL-1p levels weren’t increased in Fh -/- BMDMs, but
an increase in MRNA expression was observed after 24 h of LPS stimulation. IL-
6 MRNA levels and secretion were also unaffected in Fh -/- macrophages.
However, LPS-induced TNF production was augmented in Fh -/- deficient
BMDMs, comparably with that seen with MMF. As complete deletion of Fh
truncates the Krebs cycle and drastically impairs OXPHOS (178), a less
deleterious means to elevate endogenous fumarate was sought. To this end, the

ability of LPS to modulate cytokine production in Fh +/- deficient BMDMs was
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examined, whereby there is only a partial loss of Fh and less severe impairment
of OXPHOS, but fumarate can still accumulate (184), as previously discussed.
Indeed, IL1B mRNA expression and pro-IL-1p levels were increased in Fh +/-
BMDMs after 24 h of LPS stimulation. IL-6 mRNA levels and secretion appeared
to be increased at early timepoints. Interestingly, HIF overexpression and
stabilisation, a key regulator of IL-13 in macrophages, correlates with genetic
ablation of Fh and the accumulation of fumarate, which can act to competitively
inhibit PHDs and promote evasion from von Hippel-Lindau-dependent
degradation (201, 202). Fh loss can also promote ROS-dependent HIF
stabilisation through glucose addiction (203). Fumarate has also been suggested
to promote pseudohypoxia and increase HIF1la levels via non-canonical TBK1
activation, p65 phosphorylation and p65 accumulation at the HIF1a promoter
(204). How both ROS levels and metabolite abundance, especially fumarate, are
affected in Fh-deficient macrophages remain to be investigated, and how these
regulate cytokine production will be an important component of future work. A
more comprehensive investigation into other signalling pathways, such as the
non-canonical NF-xB pathway, could also be explored. Furthermore, LPS-
induced TNF protein levels and secretion, but not mMRNA expression, were
augmented in Fh +/- deficient BMDMs, comparably to MMF, DMF and Fh -/-
BMDMs. Evidence from Fh +/- macrophages would suggest that endogenous
fumarate can positively regulate IL-1f3, IL-6 and TNF levels and therefore act as
a pro-inflammatory signal to promote cytokine production. It also suggests that
some of the effects observed by inhibiting the aspartate-argininosuccinate shunt

may be due to inhibition of fumarate production.
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Intriguingly, Fh can be localised to the cytosol, in addition to mitochondria
(205), while a small but significant decrease in Fh is observed in LPS-activated
macrophages. It would be interesting to examine whether the localisation and/or
levels of Fh changes between cellular compartments in response to LPS in future
studies. It could be possible that a decrease in Fhn mRNA expression may
preferentially decrease either the mitochondrial or extra-mitochondrial Fh levels
if there is a difference in their half-life in the macrophage. Indeed, cytosolic Fh
purified from rat liver has a much shorter half-life (4.7 days) than mitochondrial
Fh (9.7 days) (206). This would suggest that decrease Fh mRNA expression
would preferentially lower cytosolic Fh and increase extra-mitochondrial fumarate
levels. Furthermore, Fh -/- kidney cells are known to synthesise
argininosuccinate directly from fumarate via reversal of the argininosuccinate
lyase (205). A phenomenon reversed by re-expression of cytosolic Fh (205). This
demonstrates how closely interlinked Fh is with the Krebs bicycle and unearthing
how this pathway operates in LPS-activated Fh -/- and Fh +/- macrophages would

also be important to examine in future studies.

Genetic loss of Fh and subsequent accumulation of endogenous fumarate
has previously been shown to activate Nrf2 in the kidney and found to be a
contributing factor to cyst development and HLRCC (185). Adam et al (2011) also
went on to show that Nrf2 stabilisation arose from fumarate-mediated succination
and inactivation of KEAP1 (185). Furthermore, fumarate has also been shown to
be cardioprotective via activation of Nrf2 in FH-deficient cardiomyocytes (174).
In stark contrast, LPS-induced Nrf2 stabilisation was surprisingly decreased in
both Fh +/- and Fh -/- BMDMs, which suggests endogenous fumarate is unlikely

to play a major role in the induction of Nrf2 in macrophages and could also in part
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explain the more pro-inflammatory phenotype observed in these macrophages.
Interestingly, LPS maintained its ability to induce Hmoxl levels despite
decreased Nrf2 stability, whilst Hmox1 levels were increased after 24 h in Fh +/-
BMDMs. As well as a key Nrf2 target gene, Hmox1 is also regulated at the
transcriptional level by hypoxia and HIF1a stabilisation (207), as such, induction
of Hmox1 in response to LPS is likely mediated (at least in part and in this

context) by HIF1a.

Despite the individual caveats of each experimental model used to try and
explore the role of fumarate accumulation in macrophages, as discussed, they
all consistently point to a role for fumarate in the regulation of TNF (Fig. 3.20). To
summarise, LPS-activated macrophages induce Assl and the aspartate-
argininosuccinate shunt, which results in increased fumarate levels. Inhibition of
the aspartate-argininosuccinate shunt (and fumarate accumulation) with AOAA
inhibits TNF protein production, while treatment of macrophages with both cell
permeable fumarate derivatives, MMF and DMF, elevate LPS-induced TNF
protein levels. Furthermore, LPS-induced TNF protein levels are further elevated
in Fh +/- and Fh -/- BMDMs, where endogenous fumarate levels will be high. The
increase in TNF production by fumarate appears to occur at the post-

transcriptional level.
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Figure 3.20 — Summary of experimental data on TNF production

Brief overview of how the different experimental tools employed influenced TNF
protein production in LPS-activated macrophages.
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Whilst these findings suggest that endogenous fumarate may play role in
the post-transcriptional regulation of TNF in LPS-activated macrophages, the
mechanism remains elusive. As aforementioned, Arts et al (2016) suggested
fumarate-mediated epigenome remodelling was responsible for increased
cytokine production during innate immune training (65), however, in this system
no increase in TNF mRNA was observed, suggesting an alternative mechanism
may also exist. Fumarate is known to non-enzymatically and irreversibly alkylate
protein cysteine residues, a modification termed succination, in conditions in
which fumarate levels are elevated, such as that observed in FH-deficient
tumours (176), as previously mentioned. Based on these observations, it was
hypothesised and experimentally confirmed that LPS could induce fumarate-
mediated protein succination, the first report of this modification in macrophages.
Furthermore, the breakdown product and established biomarker of succination,
2SC (175, 176), was also successfully detected in control and LPS-activated

macrophages.

Interestingly, fumarate-mediated succination of key redox sensing
cysteines on the glycolytic enzyme GAPDH is a well-reported phenomenon and
known to inhibit its enzymatic activity (176, 177). DMF has also been reported to
inhibit glycolysis in a mouse model of Parkinson’s disease (208), whilst inhibition
of glycolysis with 2-DG in LPS-activated macrophages has previously been
shown to potently inhibit IL-1f (20). In addition to its role in glycolysis, GAPDH
also acts as an RNA binding protein to post-transcriptionally regulate mRNAs
containing ARE elements in their 3’'UTR (22, 115). More specifically, GAPDH is
known to post-transcriptionally repress TNF translation in macrophages (22,

115). Intriguingly, treatment of GAPDH with the oxidising agent diamide was
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demonstrated to markedly decrease the binding of GAPDH to the 3'UTR of IFN-
v (209). This suggests that key cysteines of GAPDH may act as a “sulfhydryl
switch” to regulate its RNA binding capacity. More recently and during this study,
Kornberg et al (2018) suggested that a potential mechanism of elevated fumarate
levels is to negatively regulate glycolysis via succination of the active site
cysteine residue (C152) in GAPDH (179). This suggestion arose from the
observation that the cell-permeable fumaric esters, dimethyl fumarate (DMF) and
MMF, currently used to treat psoriasis and relapse-remitting multiple sclerosis
(MS), modify and irreversibly inhibit GAPDH enzymatic activity and aerobic
glycolysis in peripheral blood mononuclear cells (PBMCs) from mice and MS
patients treated with DMF (179). Induction of aerobic glycolysis is a key marker
of activated immune cells and represents an important phenotypic switch to
facilitate proliferation and immune cell effector functions. Two pro-inflammatory
T cell subsets implicated in the pathogenesis of MS, namely Tul and Tu17 cells,
rely heavily on aerobic glycolysis and treatment with DMF or MMF inhibited their
development in vitro, as previously reported. Importantly, inhibition of aerobic
glycolysis by the specific GAPDH inhibitor heptelidic acid (HA) and 2-
deoxyglucose (2-DG) recapitulated the immunomodulatory effects of DMF in
vitro, whilst in vivo administration of HA inhibited the development of
experimental autoimmune encephalomyelitis (EAE), a murine model of MS. As
such, this represents an important proof-of-principle study supporting the concept
that metabolically targeted therapies may be used successfully to treat
inflammatory-driven diseases, whilst also providing mechanistic insight into the

anti-inflammatory action of DMF.
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Intriguingly, endogenous fumarate was also found to succinate GAPDH in
both mouse and human macrophages, which suggests elevated fumarate levels
and succination may act as a signal in inflammation. However, they provided no
evidence that endogenous fumarate was itself anti-inflammatory and their potent
anti-inflammatory effects could also be attributed to the higher lying LUMOs of
DMF and MMF (and doses used). However, Kornberg et al (2018) also showed
that DMF could inhibit the RNA binding capacity of GAPDH. From this and the
accumulated data demonstrated here, it would be tempting to speculate that
endogenous fumarate may succinate GAPDH on key cysteine residues to relieve
its post-transcriptional repression of TNF (Fig. 3.21). Despite this, the precise role
of the aspartate-argininosuccinate shunt and fumarate accumulation in
macrophages and whether fumarate-mediated protein succination regulates IL-

1B, IL-6 or TNF is not yet fully established.
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Figure 3.21 — Proposed model of fumarate-mediated cytokine regulation

Ligation of TLR4 by LPS results in the transcriptional upregulation of Assl1 and
induction of the aspartate-argininosuccinate shunt. An increase in the shunt
promotes fumarate accumulation, whereby it can positively regulate pro-
inflammatory cytokine levels, namely IL-13 and TNF. Although the mechanism
isn’t clear, it's possible that fumarate can increase IL1B mRNA by inducing HIF1a
stabilisation via inhibition of PHDs. Furthermore, fumarate can induce protein
succination. As such, it is proposed that fumarate succinates GAPDH on key
redox sensing cysteines, which inhibit its ability to post-transcriptionally repress
TNF translation. Therefore, it is possible that the function of the aspartate-
argininosuccinate shunt (in addition to supporting NO synthesis) is to generate
fumarate in the cytosol as a pro-inflammatory signal to regulate cytokine
production.
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Chapter 4.

Itaconate is an anti-inflammatory metabolite that

inhibits SDH and activates Nrf2
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4.1 — Introduction

One of the most thought-provoking examples of an immunomodulatory
metabolite that results from Krebs cycle rewiring is cis-aconitate-derived
itaconate (100, 117). As mentioned, recent work by Cordes et al (2016) and
Lampropoulou et al (2016) nicely demonstrated a role for itaconate as a
competitive inhibitor of SDH that governed succinate accumulation in
inflammatory macrophages (48, 49). Furthermore, Lampropoulou et al (2016)
also demonstrated a key role for itaconate in the regulation of pro-inflammatory
cytokine production, which is thought to arise from itaconate-mediated SDH

inhibition (49).

Concerningly, a recent discovery found that DMI, the tool compound used
in the study by Lampropoulou and colleagues, is not metabolised to itaconate
intracellularly (210). It was also found that [*3C] itaconate in cell culture media
was sufficient to increase intracellular levels of unlabelled succinate, with no
evidence of cellular uptake (210). The authors posited this could be due to a
receptor-mediated effect especially given the discovery of metabolites signalling
via GPCRs, for example, the succinate receptor SUCNR1 (89). If an itaconate
receptor did exist, the results of this study could indicate the Irg1l -/- phenotype is
in part due to a loss of autocrine or paracrine signalling by secreted itaconate.
Importantly, esterification of both carboxyl groups is also predicted to increase
the electrophilicity of itaconate and thus it may behave as a cysteine alkylating
agent (210). This suggests the metabolic effects of DMI observed in
macrophages do not appear to be due to intracellular itaconate accumulation but
may instead be due to electrophilic inactivation of metabolic enzymes. This idea

is partially supported since an RNA seq screen performed by Lampropoulou et
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al (2016) reports an upregulation of genes involved in Phase Il conjugation,
glutathione conjugation and biological oxidations upon treatment with DMI (210).
As such, improved methods of delivering itaconate to macrophages and other
immune cells will be important to understand the metabomodulatory properties

of this metabolite.

Furthermore, the role of IRG1 and itaconate production in regulating
metabolism and cytokine production, beyond its role in SDH inhibition, has yet to
be explored. Interestingly, itaconate is considered a relatively weak competitive
inhibitor of SDH (135) and so it remains a possibility that some additional yet
unidentified mechanism also exists that enables IRG1 and itaconate to modulate

cytokine production.
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4.2 — Results

4.2.1 - LPS promotes metabolic rewiring to facilitate itaconate and

succinate production

An untargeted metabolomics screen utilising LC-MS was first used to confirm
elevated itaconate levels (Fig. 4.1a, b) and the prototypical pro-inflammatory
metabolite succinate (20) (Fig. 4.1a, c¢) in BMDMs stimulated with LPS. A full list
of the significantly upregulated (red) or downregulated (blue) metabolites in LPS-
activated BMDMs (Fig. 3.1a and Fig. 4.1a) can be found in Table 4.1. Itaconate,
which was only recently found to be a mammalian metabolite, is synthesised from
the Krebs cycle intermediate cis-aconitate by the mitochondrial decarboxylase
Irgl (also known as CAD) (100). Utilising data generated from an unbiased
guantitative proteomic screen, which used isobaric tandem mass tags (TMTS)
coupled to LC-MS, a significant increase in Irgl (12.7-fold) was observed in LPS-

activated BMDMs when compared to the unstimulated control (Fig. 4.2a, b).

In response to LPS, macrophages initiate rewiring of key metabolic
pathways, such as the Krebs cycle, in addition to promoting flux through
glycolysis and glutaminolysis (20, 45). This metabolic rewiring results in the
accumulation of several Krebs cycle-derived metabolites, namely succinate,
fumarate and itaconate, as previously mentioned (20, 45). As the role of itaconate
in regulating macrophage function remains relatively unexplored, the intracellular
volume of control (Fig. 4.3a) and LPS-activated (Fig. 4.3b) BMDMs was
determined using AO, confocal microscopy and 3D reconstruction (171) to
facilitate absolute quantification of itaconate and other metabolites in this

experimental system. Interestingly, a clear change in morphology change was
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observed in LPS-activated BMDMs (Fig. 4.3b), which became more
heterogeneous in shape, but consistently flattened with observable projections,
in comparison to the more columnar appearance of the unstimulated
macrophages (Fig. 4.3a). Despite differences in morphology, the volume of
unstimulated macrophages (4.55 x 10?2 L) and LPS-stimulated macrophages

(4.68 x 1012 L) was relatively unchanged.

Following this, a targeted metabolomics screen coupled with isotopic
labelling, again using LC-MS, was utilised to assess the relative contribution of
glucose and glutamine carbon to itaconate synthesis in control and LPS-activated
BMDMs. Glucose (6-carbon compound) is converted to pyruvate (3-carbon
compound), via glycolysis, which is subsequently converted to acetyl-CoA by the
pyruvate dehydrogenase complex (PDHC), thus enabling the entry of 2 carbon
units into the TCA cycle (Fig. 4.4a). As such, catabolism of U-'3C-glucose can
result in the formation of differentially labelled isotopologues of Krebs cycle
intermediates, such as citrate, and their derivatives, such as itaconate, as was
observed in both control and LPS-activated BMDMs (Fig. 4.4a, b). Around 62%
of the total pool of itaconate contained glucose-derived carbon (Fig. 4.4b). Of
note, was a significant increase in the m+1 isotopologue of itaconate (~30 % of
the total pool) upon LPS stimulation (Fig. 4.4c, d). Absolute quantification
revealed itaconate reached concentrations of ~ 3.5 mM in LPS-activated
macrophages (Fig. 4.4c). Catabolism of U-*C-glucose can also result in the
labelling of succinate, as such, tracing of glucose carbon into succinate was also
examined to assess whether it was a major contributor to succinate
accumulation. Whilst no glucose carbon was found to label succinate in resting

macrophages, an increase in the m+2 isotopologue of succinate (~ 20% of the
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total pool) was observed (Fig. 4.6a, c). Furthermore, absolute quantification
revealed succinate reached concentrations of ~ 3 mM in LPS-activated

macrophages (Fig. 4.6b).

Glutaminolysis, aka glutamine anaplerosis, represents an important
mechanism for the replenishment of Krebs cycle intermediates (20). Glutamine
anaplerosis has previously been shown to represent an important mechanism
contributing to increased succinate levels in LPS-activated macrophages, as
previously mentioned. Like U-13C-glucose, U-13C-glutamine can result in the
formation of differentially labelled isotopologues of Krebs cycle intermediates
with the m+4 isotopologue generally the most predominant (Fig. 4.5a). Similarly,
~ 60% of the total pool of itaconate contained glutamine-derived carbon (Fig.
4.5b). Of note, was a significant increase in the m+4 isotopologue of itaconate (~
25% of the total pool) upon LPS stimulation (Fig. 4.5c, d), whilst absolute
guantification revealed itaconate reached concentrations of ~ 5 mM in LPS-
activated macrophages in this instance (Fig. 4.5c¢). Confirming previous reports,
the labelling of succinate from U-13C -glutamine increased from less than 10 %
of the total pool in unstimulated control conditions to close to 50 % of the total
pool in LPS stimulated conditions (Fig. 4.7b). Of note, was a significant increase
in the m+4 isotopologue of succinate (~ 28% of the total pool) upon LPS
stimulation (Fig. 4.7b, d). Absolute quantification of succinate again revealed it

accumulated to ~ 3 mM in LPS-activated BMDMs (Fig. 4.7¢).
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8-
b ®
[ ]
6' hd o
E" & o *® ltaconate
E %| o ¢ Succinate ®
D 4-
o] [ ]
=) °
Nl
24 L 2 [
L ]
L ]
0 | L] L]
-5 5 10 15
log2(FC)
b C
Itaconate Succinate
2.5%x10°- Kk 1.5% 108+
— wkk
—_ - —_
= =)
T 2100 =4 .
> 1x1084
-‘E’ 1.5x10°4 B
2 2
= 1x100 £
© © 55107+
=) s 5
b_') 5X10 " .U-)
0- 0- 2
Control LPS Control LPS

Figure 4.1 — LPS induces itaconate and succinate accumulation

Relative metabolite levels were determined by LC-MS in control or LPS-activated
(100 ng/mL, 24 h) BMDMs. (a) Volcano plot indicating metabolites significantly
up-regulated (red) or down-regulated (blue) upon treatment with LPS was
generated using MetaboAnalyst 4.0 (n=5 biological replicates performed in
technical duplicate). Itaconate and succinate (green) are highlighted. FDR = false
discovery rate. Relative (b) itaconate and (c) succinate levels are shown (n=>5).
Data is presented as mean + SEM. P-values were calculated using an unpaired
t-test. *P <0.05, **P <0.01, **P <0.001, ****P <0.0001.
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Table 4.1 — Detailed data table of LPS vs control volcano plot significant
hits

Metabolite FC Log2(FC) p.adjusted -log10(p)
Fumarate 3632.9 11.827 1.8377TE-6 5.7357
e 11.016 3.4615 1.8377E-6 5.7357
Argininosuccinate 31.423 4.9737 6.9657E-6 5.157
Aspartate 0.28594 -1.8062 1.5906E-5 4.7984
Malate 3.9621 1.9863 2.3827E-5 46229
Lysine 5.0894 23475 5.0664E-5 4.2953
ltaconate 30.657 4.9381 521M1E-5 42831
Fructose 6-Phosphate 12.701 3.6668 6.4279E-5 41919
Arginine 4.5635 2.1901 6.4279E-5 41919
Glyceraldehyde 3- phosphate 1795.6 10.81 1.2764E4 3.894
Succinate 10.521 3.3952 1.3292E4 3.8764
Lactate 5.9211 2.5659 1.5671E4 3.8049
Carbamoyl_Aspartate 76373 29332 2.3949E-4 3.6207
Gluconate 8.8069 3.1386 3.5059E-4 3.4552
Uric_acid 10.867 3.4419 3.632E4 3.4399
Pyruvate 17.829 4.1562 0.0010662 2.9722
Glucose_6-Phosphate 4.4142 21421 0.0018828 27252
Citrulline 7.9593 2.9926 0.002644 25777
2-HG 28222 1.4968 0.0039861 23994
Dihydrothymine 2.7676 1.4687 0.0042557 2311
Hypoxanthine 3.1256 1.6441 0.0093033 20314
Cystathionine 2.6296 1.3948 0.011135 1.9533
UDP 24156 1.2724 0.014456 1.84
Propionylcarnitine 0.29157 -1.7781 0.021722 1.6631
CDP 36.768 5.2004 0.021943 1.6587
Fructose 1,6-bisphosphate 113.16 6.8273 0.022347 1.6508
UTP 88.55 6.4684 0.067767 1.169
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LPS-treated vs. Control Macrophages
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Figure 4.2 — LPS induces IRG1 expression

Relative changes in protein levels were quantified using tandem mass tag (TMT)
LC-MS in control and LPS-activated (100 ng/mL, 24 h) BMDMs. (a) Volcano plot
indicating metabolites significantly up-regulated (red) or down-regulated (blue)
upon treatment with LPS (n=4 biological replicates). Irgl (green) is highlighted.
FDR = false discovery rate. (b) Relative change in Irgl is shown (n=4). Data is
presented as mean + SEM. P-values were calculated using an unpaired t-test.
*P <0.05, *P <0.01, ***P <0.001, ****P <0.0001.
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Figure 4.3 — Macrophage cell volume measurements

The cell volume of (a) control (n=83 individual cells) and (b) LPS-treated (100
ng/mL, 24 h) (n=190 individual cells) BMDMs was determined using acridine
orange (AO, 1 ug/mL), confocal microscopy and 3D reconstruction of live cells.
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Figure 4.4 — LPS promotes increased flux of glucose into itaconate

Relative and absolute contribution of U-13C-glucose to the itaconate pool was
determined by LC-MS in control or LPS-activated (100 ng/mL, 24 h) BMDMs. (a)
Schematic demonstrating all the possible isotopologue labelling patterns of
citrate, cis-aconitate and itaconate derived from U-13C-glucose. (b) Isotopologue
labelling of itaconate presented in a stacked plot as % total pool (n=5 biological
replicates performed in technical duplicate). (c) Absolute quantification of
differentially-labelled itaconate isotopologues presented in a stacked plot (n=5).
(d) Relative changes in different itaconate isotopologue levels (n=5). Data is
presented as mean + SEM. P-values were calculated using an unpaired t-test.
*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.
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Figure 4.5 - LPS promotes increased flux of glutamine into itaconate

Relative and absolute contribution of U-13C-glutamine to the itaconate pool was
determined by LC-MS in control or LPS-activated (100 ng/mL, 24 h) BMDMs. (a)
Schematic demonstrating most prominent isotopologue labelling pattern of
glutamate, a-ketoglutarate, succinate, malate, citrate, cis-aconitate and itaconate
derived from U-3C-glutamine. (b) Isotopologue labelling of itaconate presented
in a stacked plot as % total pool (n=5 biological replicates performed in technical
duplicate). (c) Absolute quantification of differentially labelled itaconate
isotopologues presented in a stacked plot (n=5). (d) Relative changes in different
itaconate isotopologue levels (n=5). Data is presented as mean + SEM. P-values
were calculated using unpaired t-test. *P <0.05, **P <0.01, ***P <0.001, ****P
<0.0001.
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Figure 4.6 — LPS promotes increased flux of glucose into succinate

Relative and absolute contribution of U-13C-glucose to the succinate pool was
determined by LC-MS in control or LPS-activated (100 ng/mL, 24 h) BMDMs. (a)
Isotopologue labelling of succinate presented in a stacked plot as % total pool
(n=5 biological replicates performed in technical duplicate). (b) Absolute
guantification of differentially labelled succinate isotopologues presented in a
stacked plot (n=5). (c) Relative changes in different succinate isotopologue levels
(n=5). Data is presented as mean + SEM. P-values were calculated using an
unpaired t-test. *P <0.05, **P <0.01, ***P <0.001, ***P <0.0001.
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Figure 4.7 — LPS promotes increased flux of glutamine into succinate

Relative and absolute contribution of U-13C-glutamine to the succinate pool was
determined by LC-MS in control or LPS-activated (100 ng/mL, 24 h) BMDMs. (a)
Schematic demonstrating most prominent isotopologue labelling pattern of
glutamate, a-ketoglutarate, succinate, malate, citrate, cis-aconitate and itaconate
derived from U-3C-glutamine. (b) Isotopologue labelling of itaconate presented
in a stacked plot as % total pool (n=5 biological replicates performed in technical
duplicate). (c) Absolute quantification of differentially labelled succinate
isotopologues presented in a stacked plot (n=5). (d) Relative changes in different
succinate isotopologue levels (n=5). Data is presented as mean + SEM. P-values
were calculated using unpaired t-test. *P <0.05, **P <0.01, *P <0.001, ****P
<0.0001.
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4.2.2 - IRG1 and itaconate regulate succinate accumulation via

competitive inhibition of SDH

As IRG1 is a mitochondrial enzyme that synthesises itaconate from the Krebs
cycle intermediate cis-aconitate (100), an untargeted metabolomics screen
utilising LC-MS was performed in Irgl +/+ and Irgl -/- BMDMs to determine
whether loss of this enzyme and itaconate production affected the

reprogramming of metabolism induced by LPS (Fig. 4.8a).

Stimulation of Irgl +/+ BMDMs with LPS induced the expected changes
in many Krebs cycle metabolites, namely a significant increase succinate (Fig.
4.8a; Fig. 4.9b), fumarate (Fig. 4.8a; Fig. 4.10a), malate (Fig. 4.8a; Fig. 4.10Db)
and itaconate (Fig. 4.8a; Fig. 4.9a). As expected, itaconate production was
completely lost in Irgl -/- BMDMs (Fig. 4.9a). Strikingly, the ability of LPS to
induce succinate accumulation was also completely abolished in Irgl -/- BMDMs
(Fig. 4.9b), whilst the metabolites fumarate (Fig. 4.10a), malate (Fig. 4.10b) and
aspartate (Fig. 4.8a) downstream of succinate oxidation by SDH were further
increased in LPS-activated Irgl -/- BMDMs. In addition to the observed changes
in these important mitochondrial metabolites, there was also a significant
increase in several fatty acids, such as palmitate, stearate, oleate and
sphingosine and a significant decrease in some carnitine species, such as
myristoylcarnitine (Fig. 4.8a) suggesting the loss of IRG1 and itaconate

production has an impact on lipid metabolism.

To assess whether this reprogramming of metabolism was due to a direct
consequence of signalling downstream of itaconate production, resting

macrophages were pre-treated with itaconic acid (ITA) for 24 h and a semi-
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targeted metabolomics screen was performed (Fig. 4.11a). A full list of the
significantly upregulated (red) or downregulated (blue) metabolites in ITA-treated
BMDMs (Fig. 4.11a) can be found in Table 4.2. Pre-treatment of BMDMs with
itaconate resulted in a significant increase in the levels of both itaconate (Fig.
4.11b) and succinate (Fig. 4.11c) and a significant decrease in aspartate (Table
4.2). Pre-treatment of LPS-activated macrophages with an itaconic acid
derivative 4-octyl itaconate (Ol or 4-Ol) also resulted in a significant increase in
itaconate (Fig. 4.12a) and succinate (Fig. 4.12b), which suggests succinate

accumulation occurs downstream of itaconate.

As metabolites downstream of succinate oxidation by SDH were increased
in Irgl -/- BMDMs and the accumulation of succinate appeared to be a direct
consequence of signalling downstream of itaconate, this suggested that this
metabomodulatory effect was occurring at the level of SDH inhibition. In
agreement with this, itaconic acid was found to be a competitive inhibitor of SDH
(Fig. 4.3a), as assessed by a complex Il + 11l activity assay carried out in isolated
bovine mitochondrial membranes, albeit less potent than the prototypical SDH
inhibitor malonate (Fig. 4.3a). These findings suggest that competitive inhibition
of SDH by itaconate, coupled to enhanced flux through succinate-producing
pathways, such as glutaminolysis, contribute to succinate accumulation
observed in response to LPS. These findings also support previous reports
linking itaconate-mediated SDH inhibition to metabolic remodelling and succinate

accumulation in macrophages (48, 49).
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Figure 4.8 — LPS induction of IRG1 expression modulates metabolic
remodelling
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class

Relative metabolites levels were determined by LC-MS in control or LPS-
activated (100 ng/mL, 24 h) Irgl +/+ and Irgl -/- BMDMs (n=3). (a) Heatmap of
significantly upregulated (red) and downregulated (blue) metabolites generated
using the Ward clustering algorithm in MetaboAnalyst 4.0. P-values were
calculated using one-way ANOVA. *P <0.05, *P <0.01, **P <0.001, ****P

<0.0001.
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Figure 4.9 — LPS induction of itaconate and succinate is Irgl-dependent

Relative levels of (a) itaconate and (b) succinate were determined by LC-MS in
control or LPS-activated (100 ng/mL, 24 h) Irgl +/+ and Irgl -/- BMDMs (n=3). P-
values were calculated using one-way ANOVA. *P <0.05, **P <0.01, **P <0.001,
****P <0.0001.
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Figure 4.10 — LPS induction of fumarate and malate is increased in Irg1l -/
BMDMs

Relative levels of (a) fumarate and (b) malate were determined by LC-MS in
control or LPS-activated (100 ng/mL, 24 h) Irgl +/+ and Irgl -/- BMDMs (n=3). P-
values were calculated using one-way ANOVA. *P <0.05, **P <0.01, **P <0.001,
*xpP <0.0001.
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Figure 4.11 — Itaconate uptake in macrophages induces succinate
accumulation

Relative metabolite levels were determined by LC-MS in control or itaconate-
treated (pH 7.4, 5 mM, 24 h) BMDMs. (a) Volcano plot indicating metabolites
significantly up-regulated (red) or down-regulated (blue) upon treatment with
itaconate (n=3 biological replicates performed in technical duplicate). Succinate
and itaconate (green) are highlighted. FDR = false discovery rate. Relative (b)
itaconate and (c) succinate levels are shown (n=3). Data is presented as mean
+ SEM. P-values were calculated using an unpaired t-test. *P <0.05, **P <0.01,
***P <0.001, ***P <0.0001.

Page | 181



Table 4.2 — Detailed data table of ITA vs control volcano plot significant

hits

Metabolite FC log2(FC) p.ajusted -log10(p)
Stearoyl

Carnitine 0.021332 -5.5508 0.022375 1.6502
itaconate 52.073 5.7025 0.032115 1.4932
succinate 3.1249 1.6484 0.032119 1.4932
GSH 3.1543 1.6573 0.070797 1.15
aspartate 0.29543 -1.7591 0.078979 1.1136
ornithine 5.276 2.3994 0.076985 1.1136
Oleylcarnitine 0.38288 -1.3851 0.076985 1.1136
Propionylcami

tine 0.33997 -1.5565 0.080243 1.0951
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Figure 4.12 — 4-Ol induces succinate accumulation in LPS-activated
macrophages

Relative metabolite levels were determined by LC-MS in control or LPS-activated
(100 ng/mL, 6 h) BMDMs = 3 h 4-Ol pre-treatment (250 uM). (a) Relative
itaconate and succinate levels are shown (n=5 biological replicates performed in
technical duplicate). Data is presented as mean + SEM. P-values were calculated
using an unpaired t-test. *P <0.05, **P <0.01, **P <0.001, ***P <0.0001.
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Figure 4.13 — Itaconate competitively inhibits SDH

(a) Complex Il and Il activity in bovine heart mitochondrial membranes incubated
with succinate plus malonate (black) or itaconate (grey) at indicated
concentrations for 10 min at 30°C. Data is presented as % inhibition of control +
SEM. (n=3).
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4.2.3 — DMI induces Nrf2 and inhibits LPS-induced IL-1B

To determine the consequences of elevated itaconate levels on the inflammatory
response in macrophages, a cell-permeable itaconate analogue, DMI (49), was
employed initially as an experimental tool (Fig. 4.14a). Whilst previous reports
suggested SDH inhibition was the mechanism by which itaconate exerted its anti-
inflammatory effects, an RNA-seq screen in BMDMs treated with DMI revealed a
distinct enrichment in genes known to be regulated by Nrf2 (49). As such, the

potential link between itaconate and Nrf2 induction was investigated.

Pre-treatment of BMDMs with DMI resulted in potent inhibition of LPS-
induced pro-IL1p levels at both an early (Fig. 4.14b; compare lane 3 to lane 4)
and late (Fig. 4.14b; compare lane 5 to lane 6) LPS timepoint. Furthermore, pre-
treatment of BMDMSs with DMI augmented LPS-induced Nrf2 protein expression
(Fig. 4.14b; compare lanes 3 & 5 to lanes 4 & 6). DMI treatment on its own in
unstimulated conditions (no LPS) also promoted Nrf2 stabilisation post 25 h

treatment (Fig. 4.14b; compare lane 1 to lane 2).
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Figure 4.14 — DMI induces Nrf2 and inhibits LPS-induced IL-18

(&) Chemical structure of cell-permeable itaconate analogue DMI. (b) Protein
expression of Nrf2, pro-IL-13 and the loading control B-actin in response to LPS
treatment (100 ng/mL) + 1 h DMI pre-treatment (125 uM) for indicated timepoints,
as assessed by western blot. The result shown is representative of three

independent experiments.
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4.2.4 — LPS-induces the formation of itaconate-cysteine adducts

Itaconate, like fumarate, is an a, B-unsaturated carbonyl compound. As DMI had
the ability to induce Nrf2, it was hypothesised that the electrophilic alkene moiety
of itaconate could undergo nucleophilic attack from cysteine thiolate ions. This
would subsequently result in an irreversible covalent modification, more broadly
termed an alkylation reaction, comparable to fumarate-mediated protein
succination (Fig. 4.15a). As previously mentioned, the final breakdown product
and established biomarker of protein succination is the metabolite 2SC (Fig.
4.16a). As such, it was speculated that if itaconate could modify the thiol group
of cysteine residues it would also result in the formation of an itaconate-cysteine

adduct akin to 2SC, chemically termed 2,3-dicarboxypropyl cysteine (Fig. 4.16b).

To investigate this, data generated from the U-'3C-glucose and U-3C-
glutamine isotopic tracing experiments was utilised. Like itaconate, a significant
increase in 2,3-dicarboxypropyl cysteine was observed in LPS-activated BMDMs
(Fig. 4.16c, d). Around 40% of the total pool of 2,3-dicarboxypropyl cysteine
contained glucose-derived carbon (Fig. 4.16c). Of note, was a significant
increase the m+1 isotopologue of 2,3-dicarboxypropyl cysteine upon LPS
stimulation, reflecting isotopic labelling of itaconate (Fig. 4.4d). Similarly, ~ 25%
of the total pool of itaconate contained glutamine-derived carbon (Fig. 4.16d). A
significant increase in the m+4 isotopologue of itaconate upon LPS stimulation
was also observed, again reflecting the discerned isotopologue distribution of
itaconate (Fig. 4.5d). As such, LPS induced the formation of an itaconate-
cysteine adduct, 2,3-dicarboxypropyl cysteine, akin to 2SC, which was in part

derived from glucose and glutamine.
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Figure 4.15 — Potential itaconate alkylation reaction

(a) Schematic of fumarate-mediated protein succination and potential cysteine
modification mediated by itaconate to form a 2,3-dicarboxypropyl adduct.
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Figure 4.16 — LPS induces the formation of 2,3-dicarboxypropyl cysteine

Chemical structure of the fumarate-cysteine metabolite (a) 2SC and (b) potential
itaconate-cysteine adduct 2,3-dicarboxypropyl cysteine. Relative contribution of
U-13C-glucose (c) and U-*3C-glutamine (d) to 2,3-dicarboxypropyl cysteine was
determined by LC-MS in control or LPS-activated (100 ng/mL, 24 h) BMDMs (n=5
biological replicates in technical duplicate). Data is presented as % of total pool
and mean = SEM.
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4.2.5-4-0Ol is amore suitable cell-permeable itaconate surrogate than

DMI

Recently it was reported that DMI is not metabolised to itaconate intracellularly,
whilst the uptake of itaconic acid into macrophages has also been called into
guestion (210). This presented a potential problem regarding the use of DMI as
a cell-permeable itaconate analogue due to the newly uncovered electrophilic
nature of itaconate and indeed the use of exogenous itaconic acid to probe its
intracellular function. Esterification of itaconate would hypothetically render
itaconate an activated Michael acceptor, as observed with DMF, thus increasing
its thiol reactivity. Unlike fumarate, the reactive alkene moiety of itaconate is only
conjugated to one carboxyl group. To this end, selective esterification of the
carboxyl group distal to the alkene would enable itaconate to cross the plasma

membrane (PM) without altering its electrophilicity.

DMF rapidly depletes intracellular GSH levels resulting in acute and
superfluous Nrf2 activation due to its enhanced thiol reactivity (162). As such, two
novel itaconic acid esters were synthesised, 4-octyl itaconate (Ol or 4-Ol) and 4-
methyl itaconate (Ml or 4-Ml), and their ability to deplete GSH, through alkylation
of its cysteine thiol group, was compared with that of itaconate and DMI (Fig.
4.17a). Incubation of GSH with DMI resulted in its rapid depletion at pH 7.2, but
neither itaconate, 4-Ml nor 4-Ol had any significant effect (Fig. 3.22b).
Furthermore, DMI induced a larger decrease in GSH levels when incubated at
pH 8, which is closer to the pKa of glutathione’s thiol group and is more likely to
be found in its reactive thiolate form, but again no significant effect was observed
when GSH was incubated with itaconate, 4-Ml or 4-Ol after 2 hours of incubation

(Fig. 4.17c).
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Figure 4.17 — 4-Ol is a suitable cell-permeable itaconate surrogate

(a) Chemical structure of Itaconate, DMI and 4-Ol. GSH (1 or 5 mM) was
incubated with Itaconate, Ml, 4-Ol and DMI (5 mM) for 2 h at pH (b) 7.2 or (c) 8
prior to assessing GSH levels (n=3). Data is presented as mean + SEM. P-values
were calculated using one-way ANOVA. *P <0.05, **P <0.01, ***P <0.001, ****P
<0.0001.
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4.2.6 —IRG1, itaconate and 4-Ol induce Nrf2 stabilisation

To ascertain the function of increased itaconate levels in macrophages, the new
cell-permeable itaconate surrogate, 4-Ol, was employed as an experimental tool.
To this end, an unbiased quantitative proteomic screen, which used isobaric
tandem mass tags (TMTs) coupled to LC-MS, was carried out in control and 4-

Ol-treated macrophages (Fig. 4.18a).

The most significant hit from the screen was an increase in Nrf2 (also
known as Nfe2l2) protein levels (4.6 fold), whilst the downstream target proteins
Hmox1 (2.5 fold) and Sqgstm1 (2.3 fold) were also significantly increased (Fig.
4.18a, b). To validate these findings, Nrf2 and Hmox1 protein expression (Fig.
4.19a; compare lane 1 to lanes 2-5) was found to be dose-dependently increased
in response to 4-Ol both at 9 h (Fig. 4.19a; compare lane 1 to lanes 2-5) and 27
h (Fig. 4.20a; compare lane 1 to lanes 2-3) post treatment. Pre-treatment of
BMDMs with 4-Ol also augmented LPS-induced Nrf2 and Hmox1 protein levels
after both 6 h (Fig. 4.19a; compare lane 6 to lanes 7-10) and 24 h (Fig. 4.20a;
compare lane 4 to lanes 5-6). Furthermore, a significant increase in the Nrf2
target genes Hmox1, Gsr, Nqol, Gclm, Pdg and Taldol mRNA expression was
observed in 4-Ol-treated resting macrophages and further enhanced in LPS-

stimulated macrophages (Fig. 4.19b).

Following this, the ability of 4-Ol to induce Nrf2 stabilisation in vivo was
also examined. Peritoneal exudate cells (PECs), which are largely composed of
peritoneal resident macrophages, were derived from 4-Ol-treated mice and
exhibited a significant increase in Nrf2 protein stabilisation (~4.4 fold) when

compared to control (Fig. 4.21a; compare lanes 1-3 to lanes 4-6; b), whilst Hmox1
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protein expression (~2 fold) was also increased in response to 4-Ol (Fig. 4.21a;

compare lanes 1-3 to lanes 4-6; b).

Nrf2 is a key regulator of the GSH biosynthetic pathway (137) (Fig. 4.22a).
As such, a targeted metabolomics screen was next used to assess changes in
metabolite levels in BMDMs treated with 4-Ol and LPS. Pre-treatment of BMDMs
with 4-Ol resulted in a significant increase in LPS-induced itaconate levels (Fig.
4.22b). Furthermore, analysis of this metabolic dataset demonstrated significant
alterations in several metabolites linked to this pathway in LPS-activated BMDMs
pre-treated with 4-Ol (Fig. 4.22c). Of note, was a significant increase in serine
and GSH levels, whilst a significant decrease in S-adenosyl methionine (SAM)

was also observed (Fig. 4.22c).

To determine whether the itaconate moiety of 4-Ol was responsible for the
induction of Nrf2, two control octyl esters were synthesised, 4-octyl succinate
(OS or 4-0S) and 4-octyl-2-methylsuccinate (OMS or 4-OMS), which contained
the octyl group to enable cell permeability but lacked the electrophilic alkene
functional group (Fig. 4.23a). Pre-treatment with 4-Ol, but not 4-OS or 4-OMS,
potentiated LPS-induced Nrf2 stabilisation and Hmox1 induction (Fig. 4.23b;
compare lane 5 to lanes 6-8). Similarly, only 4-Ol could induce Nrf2 and Hmox1
protein levels 9 h post treatment (Fig. 4.23b; compare lane 1 to lanes 2-4) and

independent of LPS stimulation.

Although the cell permeability of itaconic acid has been called into
question [63], an increase in intracellular itaconate was observed in ITA-treated
macrophages (Fig. 4.11a, b), as previously mentioned. Treatment of resting

macrophages with itaconate resulted in Nrf2 stabilisation and induction of Hmox1
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(Fig. 4.24a), whilst GSH levels were also significantly increased in ITA-treated
macrophages (Fig. 4.24b), likely via itaconate-mediated Nrf2 stabilisation.
Furthermore, LPS-induced Nrf2 stabilisation was largely abrogated in Irgl -/-
BMDMs (Fig. 4.25a; compare lanes 7-9 to lanes 10-12), whereas a significant
increase in oxidised glutathione (GSSG) levels (Fig. 4.25b) were also observed
in LPS-activated Irgl -/- BMDMs, suggesting an impairment of Nrf2-regulated

glutathione metabolism.
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Figure 4.18 — 4-Ol induces Nrf2 and Nrf2 target protein levels

Relative changes in protein levels were quantified using tandem mass tag (TMT)
LC-MS in control and 4-Ol-treated (250 uM, 6 h) BMDMs. (a) Volcano plot
indicating metabolites significantly up-regulated (red) or down-regulated (blue)
upon treatment with 4-Ol (n=4 biological replicates). FDR = false discovery rate.
(b) Relative changes in Nrf2, Hmox1 and Sgstml are shown (n=4). Data is
presented as mean + SEM. P-values were calculated using an unpaired t-test.
*P <0.05, **P <0.01, **P <0.001, ****P <0.0001.
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Figure 4.19 — 4-Ol induces Nrf2 and Nrf2 target gene expression

(a) Protein expression of Nrf2, Hmox1 and the loading control B-actin in response
to LPS treatment (100 ng/mL, 6 h) + 3 h 4-OlI pre-treatment (31.125, 62.5, 125
and 250 uM), as assessed by western blot. The result shown is representative of
three independent experiments. (b) Relative fold change in mRNA levels of
Hmox1, Gsr, Ngol, Gclm, Pdg and Taldol in response to LPS treatment (100
ng/mL, 6 h) £ 3 h 4-Ol pre-treatment (125 uM), as assessed by qPCR (n=4
biological replicates performed in technical duplicate). Data is presented as mean
+ SEM.
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Figure 4.20 — 4-Ol induces Nrf2 stabilisation and Hmox1 protein levels

(a) Protein expression of Nrf2, Hmox1 and the loading control 3-actin in response
to LPS treatment (100 ng/mL, 24 h) £ 3 h 4-OlI pre-treatment (125 and 250 uM),
as assessed by western blot. The result shown is representative of three

independent experiments.
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Figure 4.21 — 4-Ol activates Nrf2 and Hmox1 in peritoneal macrophages in

Vivo

Protein expression (a) and densitometry analysis (b) of Nrf2, Hmox1 and the
loading control B-actin in response to 4-Ol treatment (50 mg/kg, 6 h) in PECs, as
assessed by western blot (n=3 biological replicates). Data is presented as mean
+ SEM. P-values were calculated using an unpaired t-test. *P <0.05, **P <0.01,

***P <0.001, ****P <0.0001.
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Figure 4.22 — 4-Ol induces a Nrf2 metabolic signature in activated
macrophages

Relative and absolute metabolite levels were determined by LC-MS in control or
LPS-activated (100 ng/mL, 6 h) BMDMs + 3 h 4-Ol pre-treatment (250 uM). (a)
Schematic of GSH synthesis pathway. (b) Absolute quantification of Itaconate
(n=5). (c) Heatmap of upregulated (red) and downregulated (green) metabolites
involved in GSH synthesis generated using the Ward clustering algorithm and
MetaboAnalyst 4.0. Relative changes in SAM, serine and GSH are also shown
(n=5 biological replicates performed in technical duplicate). Data is presented as
mean + SEM. P-values were calculated using unpaired t-test. *P <0.05, **P
<0.01, ***P <0.001, ***P <0.0001.
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Figure 4.23 — 4-0l, but not 4-OS or 4-OMS, can induce Nrf2 and Hmox1

(a) Chemical structure of 4-octyl itaconate (Ol), 4-octyl succinate (OS or 4-OS)
and 4-octyl-2-methylsuccinate (OMS or 4-OMS). (b) Protein expression of Nrf2,
Hmox1 and the loading control B-actin in control or LPS-activated BMDMs (100
ng/mL, 6 h) + 3 h pre-treatment with 4-Ol, 4-OS or 4-OMS (125 uM), as assessed
by western blot. The result shown is representative of three independent

experiments.
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Figure 4.24 — ltaconic acid induces Nrf2 stabilisation and GSH synthesis

(a) Protein expression of Nrf2, Hmox1 and the loading control 3-actin in response
to Itaconate treatment (pH 7.4, 5 mM, 24 h), as assessed by western blot. The
result shown is representative of two independent experiments. (b) Relative
metabolite levels were determined by LC-MS in control or itaconate-treated (5
mM, 24 h) BMDMs. Relative GSH levels are shown (n=3 biological replicates
performed in technical duplicate). Data is presented as mean + SEM. P-values
were calculated using an unpaired t-test. *P <0.05, **P <0.01, ***P <0.001, ****pP
<0.0001.
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Figure 4.25 — LPS-induced Nrf2 stabilisation is lost in Irgl -/-
macrophages

(a) Protein expression of Nrf2, Irgl and the loading control B-actin in response to
LPS treatment (100 ng/mL, 24 h), as assessed by western blot (n=3) (b) Relative
metabolite levels were determined by LC-MS in control or LPS-treated (100
ng/mL, 24 h) Irgl +/+ and Irgl -/- BMDMs. Relative GSSG levels are shown (n=3
biological replicates performed in technical duplicate). Data is presented as mean
+ SEM. P-values were calculated using an unpaired t-test. *P <0.05, **P <0.01,
***P <0.001, ****P <0.0001.
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4.2.7 — 4-Ol can alkylate cytosolic KEAP1 on key redox sensing cysteines

As itaconate had been found to competitively inhibit SDH and induce succinate
accumulation, it was next examined whether inhibition of SDH with the cell
permeable competitive inhibitor dimethyl malonate (DMM) could induce Nrf2.
Pre-treatment of BMDMs with DMM resulted in a significant decrease in LPS-
induced pro-IL1B (Fig. 4.26a; compare lanes 3, 7 & 11 to lanes 4, 8 & 12) and
IL1B mRNA (Fig. 4.26b) levels but a significant increase in IL-10 secretion (Fig.
4.26c¢), as previously reported [68]. DMM had no effect on pro-IL1j levels (Fig.
4.26a; compare lanes 1, 5 & 9 to lanes 2, 6 & 10), IL1B mRNA (Fig. 4.26b) or IL-
10 secretion (Fig. 4.26c¢) independent of LPS stimulation. DMM pre-treatment
had no effect on LPS-induced Nrf2 stabilisation (Fig. 4.26a; compare lanes 3, 7
& 11tolanes 4, 8 & 12). Equivalently, no induction of Nrf2 was observed in DMM-
treated unstimulated BMDMs (Fig. 4.26a; compare lanes 1, 5 & 9 to lanes 2, 6 &
10) suggesting that inhibition of SDH does not play a role in Nrf2 stabilisation in

this context.

As induction of Nrf2 by itaconate and 4-Ol appeared to occur
independently of SDH inhibition, it was hypothesised that covalent modification
of key redox sensing cysteines on KEAP1, which is localised to the cytosol, may
mediate this effect. Itaconate is generated by Irgl in the mitochondrial matrix
suggesting it must possess the potential to cross the inner mitochondrial
membrane (IMM) to act on KEAP1 in the cytosol (141). Itaconate compares
structurally to malate, which is transported across the IMM by the dicarboxylate
(DIC), citrate (CTP) and oxoglutarate (OGC) carriers (170). As such, the ability
of these transporters to traffic itaconate across the IMM was investigated. All
three carriers could successfully transport itaconate, whereas the other tested
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carriers, 2-oxodicarboxylate carrier (ODC), ADP/ATP carrier 1 (AAC1) and
AAC2, could not (Fig. 4.27a, b). Of note, was the OGC carrier, which exhibited a
marked ability to transport itaconate in comparison to the DIC and CTP

transporters (Fig. 4.27a, b).

As KEAPL1 is degraded by autophagy once modified (156) and due to its
low copy number in the cell is extremely difficult to immunoprecipitate
endogenously (185), direct alkylation of KEAP1 was assessed by overexpressing
MYC-DDK-tagged KEAP1 in HEK293T cells and treating with 4-Ol. Tandem
mass spectrometry (MS) of immunoprecipitated KEAP1 (Fig. 4.28a) revealed that
for the Cys 151-containing Keapl peptide (144-152), generated by digesting
KEAP1 with elastase, 4-Ol treatment increased its mass by 242.15 Da,
consistent with alkylation by 4-Ol (Fig. 4.28b). To validate Cys 151 as a target of
4-0l, V5-Nrf2 was co-expressed with either wild-type or a C151S mutant KEAP1
in COS1 cells (Fig. 4.29a; compare lane 1 to lanes 2-3). 4-Ol stabilised V5-Nrf2
in COS1 cells expressing wild-type KEAP1, but not the Cys151S mutant (Fig.
4.29a; 4-0Ol compare lanes 16-17 to lanes 18-19), comparably to known Nrf2
activator sulforaphane (SFN) (Fig. 4.29a; 4-OIl compare lanes 8-9 to lanes 10-
11). 4-Ol also modified other known Keapl regulatory cysteine residues (Cys 23,
Cys 257, Cys 273, Cys 288 and Cys 297) (Fig. 4.30a; Table 4.3) all identified
from digestion of KEAP1 with either trypsin (in gel and in solution digestion) or

elastase (in gel digestion).

To further explore itaconate-mediated cysteine modification, the data
generated from the untargeted quantitative proteomic screen was exploited. To
this end, several additional targets were found in LPS-activated (Fig. 4.31a, Fig.
4.32a & Table 4.4) and 4-Ol-treated (Fig. 4.33a, Fig. 4.34a & Table 4.5) BMDMs.
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Notably, a significant increase in itaconate-mediated alkylation of Cys 84 in
LDHA, following treatment with 4-Ol itself (Fig. 4.33a) and in LPS-treated
macrophages (Fig. 4.31a), was observed. This finding represents the
identification of a wholly novel post-translational modification, hereafter defined
as 2,3-dicarboxypropylation. Furthermore, these results coupled to the
identification of the itaconate-cysteine adducts from LPS-activated macrophages
(Fig. 4.16¢c, d) suggest that itaconate stabilises Nrf2 via alkylation of its key

negative regulator KEAP1.
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Figure 4.26 — DMM inhibits IL-1p and boosts IL-10, but has no effect on
Nrf2

(a) Protein expression of Nrf2, Hmox1 and the loading control B-actin in control
or LPS-activated BMDMs (100 ng/mL, 24 h) + 3 h pre-treatment with DMM (10
mM), as assessed by western blot (n=3). (b) Relative fold change in IL1B mRNA
levels in response to LPS treatment (100 ng/mL, 24 h) + 3 h DMM pre-treatment
(10 mM), as assessed by qPCR (n=3 biological replicates performed in technical
duplicate). (c) IL-10 protein levels secreted into the CCM in response to LPS
treatment (100 ng/mL, 24 h) + 3 h DMM pre-treatment (10 mM), as assessed by
ELISA (n=3 biological replicates performed in technical duplicate). Data is
presented as mean + SEM. P-values were calculated using an unpaired t-test.
*P <0.05, **P <0.01, **P <0.001, ****P <0.0001.
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Figure 4.27 — Itaconate can be transported across the IMM

Liposomal-Lactococcus lactis membrane fusions expressing the indicated IMM
transporters were loaded with itaconate (1 mM) and transport was initiated by the
addition of [*H]-itaconate (1 uM). (a) Data shows [3H]-itaconate uptake (pmoles
mg* protein) over indicated timecourse (n=4). (b) Initial transport rates (pmoles
mg? protein mint) of each carrier for itaconate homoexchange (n=4). Empty
vector control [®H]-itaconate uptake and transport rates are also shown. Data is
presented as mean * SD. P-values were calculated using unpaired t-test. *P
<0.05, *P <0.01, ***P <0.001, ****P <0.0001.
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Figure 4.28 — 4-Ol alkylates KEAP1 on key redox sensing cysteine C151

(a) MYC-DDK-tagged KEAP1 or empty vector control plasmids (10 ug) were
transfected into HEK293Ts prior to treatment with Ol (500 uM, 4 h). MYC-DDK-
tagged KEAP1 was then immunoprecipitated using an anti-FLAG antibody (5
ug/mL), eluted with a FLAG peptide and ran on a 10% SDS-PAGE gel prior to
Coomassie blue staining. Lanes are indicated as follows: FLAG — eluted KEAP1,
A/G — protein A/G beads after FLAG elution, W1 — wash 1 and WCL — whole cell
lysate. (b) MS/MS spectrum of Keapl Cys151 peptide indicating alkylation with
Ol, as denoted by a mass shift of +242.15 Da. Detected N- and C-terminal
fragments ions of the peptide are assigned in the spectrum and depicted as
follows: b: N-terminal fragment ion; y: C-terminal fragment ion; *: fragment ion
minus NHs; % fragment ion minus H20; and ?*: doubly charged fragment ion.
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Figure 4.29 — Validation of C151 as a target of 4-Ol

(a) Protein expression of Nrf2, KEAP1 and the loading control B-actin in COS1
cells co-transfected with V5-Nrf2 + wild-type or C151S mutant KEAP1 plasmids
and treated as indicated. For the right panel, two independent transfections for

each condition is shown. The result is representative of three independent
experiments, as assessed by western blot.
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Figure 4.30 — 4-Ol alkylates KEAP1 on other key cysteine residues

(a) MS/MS spectrum of KEAP1 Cys257, Cys273, Cys288 and Cys23 peptides
indicating alkylation with 4-Ol, as denoted by a mass shift of +242.15 Da.
Detected N- and C-terminal fragments ions of the peptide are assigned in the
spectrum and depicted as follows: b: N-terminal fragment ion; y: C-terminal
fragment ion; *: fragment ion minus NHs; °: fragment ion minus H20; and 2*:

doubly charged fragment ion.

Page | 210



Table 4.3 — Cys residues in KEAP1 modified by Ol as determined by
tandem mass spectrometry

4-0l Peptide Peptide Sequence -10logP Enzyme Digest
Residue  Amino Acid Type
Position

Cys151 144-152 A.SISVGEKC(+242.15)V.L 4411 Elastase In Gel
146-152 I.SVGEKC(+242.15)V.L 30.95
144-153 A.SISVGEKC(+242.15)VL.H 30.25
145-152 S.ISVGEKC(+242.15)V.L 29.32

Cys273 273-279 R.C(+242.15)HALTPR.F 35.93  Trypsin  In Gel
273-279 R.C(+242.15)HALTPR.F 38.65 Trypsin In Solution

Cys297 294-304 A.DARC(+242.15)KDYLVQI.F 37.15 Elastase In Gel
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Figure 4.31 — LPS induces dicarboxypropylation of Lcpl, Aco2, LdhA and

Axal

(a) Relative changes in dicarboxypropyl cysteine peptides (right-hand side) were
guantified using tandem mass tag (TMT) LC-MS in control and LPS-activated
(200 ng/mL, 24 h) BMDMs (n=4 biological replicates). Data is presented as mean
+ SEM. MS/MS spectrum of Lcpl Cys111, Aco2 Cys385, LdhA Cys84 and Axal
Cys189 peptides (left-hand side) indicating alkylation with itaconate.
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Figure 4.32 — LPS induces dicarboxypropylation of Ifi205b, Ipyr2, Eef2 and
Trx

(a) Relative changes in dicarboxypropyl cysteine peptides (right-hand side) were
quantified using TMT LC-MS in control and LPS-activated (100 ng/mL, 24 h)
BMDMs (n=4 biological replicates). Data is presented as mean + SEM. MS/MS
spectrum of Ifi205b Cys317, Ipyr2 Cys157, Eef2 Cys41l and Trx Cys73 peptides
(left-hand side) indicating alkylation with itaconate.
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Table 4.4 — 2,3-dicarxypropyl cysteine residues identified using tandem

mass spectrometry

Protein

Aco2

Anxa1

lpyr2

Thio

Alkylated
residue

Cys385

Cys189

Cys156, 157

Cys73

Peptide amino
acid position

378-395

186-204

153-171

73-81

Peptide sequence

VGLIGSC(+4.98)TNSSYEDMGR

GDRC(4.98)QDLSVNQDLADTDAR

STDC(4.98)C(+4.98)GDNDPIDVCEIGSK

C(+4.98)MPTFQFYK

X score

4.212

3.514

4.664

2.422

Ppm

4.17

-0.48

22.60

-2.22

Page | 214




Gamma-interferon-inducible thiol reductase - Cys69

Predicted Fragmentation Pattern v
— GILT

2,505 329

yaEmar 1 =2

Fold change

o0 & y
v 17 9.239 = - . !
S 274878 416271 1619.671 600.4T1 12 3 » i
L 3 -60.610 529.355 1532.640 1.469 11 T
¥ 4 43830 692418 1419.556 672271 10 i
Vv 5 7575 gssas: 1156491 776210 s : 15
E 5 9o 4524 1033429 o0s :
s 7 88 1556 564.386
L sz 3464 191 6 1
8 - 17.67 26 5 Q. 10
G 10 G462 74,95 " 749 o 8 a g 2 © :
A 11622585 1545734 474713 196,543 o f L 2 e
€12 525344 1773791 403.176 2235.116 . R i i i =
R13 e ity = 2 . ! i o 3 o 25
T B i T =l o
o 114 .L w“ihw v 0.0
500 00 500 600 70O 800S00 1000 LL00 3200 1300 1100 1500 160D 17 o0 el ol

Fgdé

15
o
1.0
y B 05
P e
WL i.‘ 1 - . : - 00 5 7

Predicted Fragmentation Pattern e n Olfr644

W
2
i T
1
3 2 [X
00 00 5 0( 0 ctl al

LdhA

Predicted Fragmentation Pattern 100

#
Seq ¢ bAEmr b ¥ Ll
N 1-260195 344213 - -1
V 21252118 443.282 1377.713 -
A 3 -138.269 514.319 1273.645
L 4 98088 627403 LOEE -
L 5 -110841 740487 1094526 -11401
D § 78628 BS54 98440 -6.103
E 7 68746 984556 866413 -85.508
Q === 1112615 737.370 -63.314
[+ - 1345651 609.312 -380405
K 1 - 176.276 8975

emusna N
Fold change

Olfactory receptor 644 - Cys306

Seq # b A Erros wd

Seq # biAEvor b y LA
F 1-2573.896 377.239 - - 9
€0 2-1627.654 610274 1476886 — B
K3 -34217 967532 1243850 — 7
I4 -48.616 1080.616 886592 -83.827 6
L 5 -80.998 1193700 773508 -73.725 5
L 6 12830 1306785 660424 -86.784 4
67 — 1361806 547.340 -69.884 3
N8 — 477849 490319 27883 2
K9 ~ — 376276 -14.863 1

Fold change

Lactate dehydrogenase A - Cys84

Predicted Fragmentation Pattern

25
Seq ¥ b: & Eror % i !
B e O £o .
b1 -s0062 345187 = 20 -I—
Y 21027662 508260 1244603 738073
o 3 i0cican 701296 1081560 saners
v 41132008 sao3es mssos 7.2se 15
Y5 Gaxngs oatdiz 748438 -172.084 :
A6 o7anse 1012443 sdades -a2074
N 7 Gsased 1izeava 57731 286765 "
S 4 7esiia 1dissas Aesdos  e07s8 . !
i = - 375276 -140.275 g P
- 1’ el T *€ ! i @™ C.
i LEL = Wi Ql
T |e 00
f ,+J_[,;LJ.'H ~L.T1L..JL o | . & o
) 00 860 990 1000 1100 1200 2300 1 00

TIYIEL L

Fold change

Figure 4.33 — 4-Ol alkylates Gilt, Fgd6, Olfr644 and LdhA

(a) Relative changes in Ol modified cysteine peptides (right-hand side) were
quantified using TMT LC-MS in control and Ol-treated (250 uM, 6 h) BMDMs
(n=4 biological replicates). Data is presented as mean + SEM. MS/MS spectrum
of Gilt Cys69, Fgd6 Cys1004, OIfr644 Cys306 and LdhA Cys84 peptides (left-
hand side) indicating alkylation with OI.
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Figure 4.34 — 4-Ol alkylates Padi6, Ubr4, Hmox2 and Lhpp

(a) Relative changes in Ol modified cysteine peptides (right-hand side) were
guantified using TMT LC-MS in control and Ol-treated (250 uM, 6 h) BMDMs
(n=4 biological replicates). Data is presented as mean £ SEM. MS/MS spectrum
of Padi6 Cys553, Ubr4 Cys4241, Hmox2 Cys314 and Lhpp Cys113 peptides
(left-hand side) indicating alkylation with OI.
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Table 4.5 — 4-Ol modified cysteine residues identified using tandem mass

Spectrometry
. Alkylated [Peptide amino | Peptide sequence =
Protein e acid posttion X score pm

Fgd6 Cys1004

Ldha Cys84

Ubr4 Cys4241

Lhpp Cys113

9996-1005

82-90

4237-4244

112-118

NVALLDEQC(+4.98)K

DYC(+4.98)VTANSK

LIASC(+4.98)HWK

FC(+4.98)TNESQK

3.759

2.832

2.421

2.169

-7.98

3.88

-7.45

-11.64
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4.2.8 — Itaconate and 4-Ol are anti-inflammatory metabolites that regulate

IL1B

To determine the consequences of elevated itaconate levels on the inflammatory
response in macrophages, 4-Ol was again employed as an experimental tool.
Pre-treatment of BMDMs with 4-Ol dose-dependently inhibited LPS-induced pro-
IL1B (Fig. 4.35a; compare lane 7 to lanes 8-12) and IL1B mRNA (Fig. 4.35b)
levels but had no significant effect on TNF mRNA expression (Fig. 4.35c) after 6
h of LPS stimulation. In addition, 4-Ol dose-dependently inhibited LPS-induced
HIF1a stabilisation and pro-IL1p levels (Fig. 4.36a; compare lane 4 to lanes 5-6)
after 24 h of LPS stimulation. 4-Ol had no effect on pro-IL1j expression (6 h -
Fig. 4.35a; compare lane 1 to lanes 2-5; 24 h - Fig. 4.36a; compare lane 1 to
lanes 2-3) HIF1a stabilisation (Fig. 4.36a; compare lane 1 to lanes 2-3), IL1B
(Fig. 4.35b) or TNF (Fig. 4.35c) mRNA levels independent of LPS stimulation.
Furthermore, LPS-induced pro-IL1j levels were markedly elevated after both 6 h
(Fig. 4.37a; compare lane 2 to lane 5) and 24 h (Fig. 4.37a; compare lane 3 to
lane 6) LPS stimulation, whilst a significant increase in IL1B mRNA expression
at both timepoints was also observed (Fig 4.37b). LPS-induced PHD3 mRNA
expression (Fig. 4.38a), pyruvate (Fig. 4.38b) and lactate (Fig. 4.38c)
accumulation was also significantly higher in LPS-activated Irgl -/- BMDMs after
24 h indicating elevated HIFlo activation. These data supported previously
published reports [43] and indicated that itaconate and its derivatives were anti-
inflammatory metabolites that acted to temper pro-inflammatory cytokine

production.
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Whilst induction of Nrf2 by itaconate and its derivatives had now been well-
established, it was unknown whether this was an important mechanism by which
it mediated its anti-inflammatory effect. To this end, the ability of 4-Ol to modulate
IL-1B production in LPS-activated Nrf2 -/- deficient BMDMs was investigated.
Confirmation that these BMDMs lacked Nrf2 was first assessed via western blot
in control and LPS-activated BMDMs (Fig. 4.39a, b; compare lanes 1-6 to lanes
7-12). Pre-treatment with 4-Ol resulted in a dose-dependent inhibition of LPS-
induced pro-IL1B protein levels in Nrf2 +/+ BMDMs but not in Nrf2 -/- BMDMs
(Fig. 4.39a; compare lane 5-6 to lanes 11-12) after 6 h of LPS stimulation. LPS-
induced pro-IL1B expression was increased in Nrf2 -/- BMDMs after 24 h of LPS
stimulation (Fig. 4.39b; compare lane 4 to lane 10), whilst 4-Ol inhibition of pro-
IL1pB levels was in part abrogated in LPS-activated Nrf2 -/- BMDMs (Fig. 4.39b;
compare lane 5-6 to lanes 11-12). This is likely due to other mechanisms also
coming into play, such as SDH inhibition. Furthermore, 4-OI could no longer
stabilise Hmox1 in unstimulated (Fig. 4.39a, b; compare lanes 2-3 to lanes 8-9)
or LPS-stimulated (Fig. 4.39a, b; compare lanes 5-6 to lanes 11-12) Nrf2 -/-
BMDMs. However, the ability of LPS to induce Hmox1 was not completely lost in
Nrf2 -/- BMDMs (Fig. 4.39b; compare lane 4 to lane 10) suggesting other
mechanisms can regulate its expression. All together this data indicates that
itaconate and its derivatives are anti-inflammatory metabolites that temper the

immune response through inhibition of SDH and stabilisation of Nrf2.
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Figure 4.35 — 4-Ol dose-dependently inhibits LPS-induced IL-18
production

(a) Protein expression of pro-IL-1p and the loading control B-actin in control or
LPS-activated BMDMs (100 ng/mL, 6 h) + 3 h pre-treatment with Ol (31.25, 62.5,
125 and 250 uM), as assessed by western blot. The result shown is
representative of three independent experiments. Relative fold change in mRNA
levels of IL1B (b) and TNF (c) in response to LPS treatment (100 ng/mL, 6 h)
3 h Ol pre-treatment (31.25, 62.5, 125 and 250 uM), as assessed by qPCR (n=4
biological replicates performed in technical duplicate). Data is presented as mean
+ SEM. P-values were calculated using one-way ANOVA. *P <0.05, *P <0.01,
***P <0.001, ****P <0.0001.
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Figure 4.36 — 4-Ol dose-dependently inhibits LPS-induced HIF & IL-1

levels

(a) Protein expression of HIFla, pro-IL-1p and the loading control B-actin in
control or LPS-activated BMDMs (100 ng/mL, 24 h) £ 3 h pre-treatment with Ol
(125 and 250 uM), as assessed by western blot. The result shown is

representative of three independent experiments.
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Figure 4.37 — LPS-induced IL-1B is elevated in Irgl -/- macrophages

(a) Protein expression of pro-IL-1p and the loading control B-actin in control or
LPS-activated Irgl +/+ and Irgl -/- BMDMs (100 ng/mL, 6 & 24 h), as assessed
by western blot. The result shown is representative of three independent
experiments. (b) Relative fold change in mRNA levels of IL1B in response to LPS
treatment actin in control or LPS-activated Irgl +/+ and Irgl -/- BMDMs (100
ng/mL, 6 & 24 h), as assessed by gPCR (n=3 biological replicates performed in
technical duplicate). Data is presented as mean + SEM. P-values were calculated
using one-way ANOVA. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.
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Figure 4.38 — HIF1a activity markers are increased in Irgl -/- macrophages

(a) Relative fold change in mRNA levels of PHD3 in response to LPS treatment
in control or LPS-activated Irgl +/+ and Irgl -/- BMDMs (100 ng/mL, 24 h), as
assessed by gPCR (n=3). (b) Relative metabolite levels were determined by LC-
MS in control or LPS-treated (100 ng/mL, 24 h) Irgl +/+ and Irgl -/- BMDMs.
Relative pyruvate and lactate levels are shown (n=3 biological replicates
performed in technical duplicate). Data is presented as mean + SEM. P-values
were calculated using one-way ANOVA. *P <0.05, **P <0.01, **P <0.001, ****P

<0.0001.
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Figure 4.39 — 4-Ol inhibition of IL-1f8 is blunted in Nrf2 -/- BMDMs

Protein expression of Nrf2, pro-IL-13, Hmox1 and the loading control B-actin in
Nrf2 +/+ and Nrf2 -/- BMDMs in response to (a) LPS treatment (100 ng/mL, 6 h)
or (b) LPS treatment (100 ng/mL, 24 h) £ 3 h pre-treatment with 4-Ol (125 and

250 uM), as assessed by western blot (wildtype n=2 biological replicates,
knockout n=4 biological replicates). The results shown are representative of four

independent experiments.
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4.3 - Discussion

As one of the most recent and thought-provoking examples of an
immunomodulatory metabolite that results from Krebs cycle rewiring is itaconate
(49). As such, the second aim of this project was to investigate the inflammatory
outcome of elevated itaconate on macrophage function. Evidence of increased
IRG1 and itaconate levels in response to LPS was successfully confirmed, as
previously reported (45, 49, 100). Itaconate was also found to reach
concentrations ranging from 3.5 to 5 mM in LPS-activated macrophages, while
succinate was also shown to accumulate to just under 3 mM, again consistent

with published observations (49).

In response to LPS, macrophages undergo profound metabolic
remodelling, characterised by increased glucose uptake, glycolysis and
glutaminolysis (20, 45). As such, the relative contribution of glucose and
glutamine-derived carbon towards itaconate and succinate production was
determined. Of note, was a significant increase in the m+1 isotopologue of
itaconate derived from U-13C-glucose in response to LPS. This shows that newly
synthesised pyruvate enters the Krebs cycle to form m+2 labelled citrate, which
is subsequently converted to m+2 labelled cis-aconitate. As IRG1 catalyses the
decarboxylation of cis-aconitate, this results in the formation of m+1 labelled
itaconate (101). As such, this result provides further evidence for the existence
of a breakpoint at IDH in the Krebs cycle of LPS-activated macrophages (20, 45)
and suggests that TLR4-induced glucose uptake, aerobic glycolysis and Krebs
cycle rewiring occurs, at least in part, to support itaconate synthesis. This finding
is also consistent with a study conducted by Meiser et al (2015), whereby the

authors demonstrated the importance of pyruvate oxidation in supporting
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itaconate synthesis in the macrophage-like RAW?264.7 cell line (101). Unlike
itaconate, where ~ 60 % of the total pool contained glucose-derived carbon,
succinate had no glucose-derived carbon under resting conditions with this rising
to ~ 20 % of the total pool upon LPS stimulation. This would suggest that other
fuels primarily feed the Krebs cycle to facilitate succinate accumulation, although

glucose does play a minor role.

Alternatively, when a U-3C-glutamine tracer was used, a significant
increase in the m+4 isotopologue of itaconate was found upon LPS stimulation,
which suggests TLR4 activation also promotes the flux of glutamine into the
Krebs cycle to support itaconate synthesis. Interestingly, glutamine anaplerosis
and subsequent metabolism by either the oxidative arm or reductive arm
(reversal through IDH) of the Krebs cycle can result in the generation of the m+4
itaconate isotopologue (48, 101). Using CoMBI-T, Jha et al (2015) failed to
detect a reversal in the directionality of IDH, a strong indication that the reductive
arm of the Krebs cycle was inactive in primary murine macrophages stimulated
with LPS and IFN-y (45). Data from this study also supports this finding as the
presence of the m+4 isotopologue in succinate, malate, citrate and cis-aconitate
(data not shown) implicates oxidative glutamine metabolism as the primary
pathway feeding itaconate. Likewise, no m+5 labelling could be detected in the
citrate pool. In contrast to this, Cordes et al (2016) demonstrated the importance
of both the oxidative and reductive arm in generating glutamine-derived itaconate
(48). This was accomplished by utilising a [1-13C] glutamine tracer that can only
label itaconate generated via reductive carboxylation (48). However, it is
important to note that this study was performed in the RAW264.7, an

immortalised cell line, known to demonstrate an appreciably different metabolic
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profile upon LPS stimulation (135). Furthermore, the engagement of reductive
glutamine metabolism (reductive carboxylation) is a hallmark of rapidly growing
malignant cells with defective mitochondrial function, similar to that observed in
an LPS-activated macrophage, suggesting the transformed nature of this
macrophage-like cell line may not adequately mirror events in primary
macrophages (211). As such, future tracing experiments in primary macrophages
should utilise [1-13C] glutamine to definitively determine the relative contribution
of oxidative and reductive glutamine metabolism to itaconate synthesis.
Consistent with previous reports (20), LPS-induced glutamine anaplerosis was

shown to be a major pathway driving succinate accumulation.

During this project, two independent studies uncovered a novel role for
itaconate as an important immunomodulator, whereby it acts as an endogenous
inhibitor of SDH in LPS-activated macrophages (48, 49). Furthermore, the
authors were able to demonstrate the importance of itaconate in dictating TLR4-
induced metabolic rewiring, namely the suppression of OXPHOS and the
accumulation of succinate (48, 49). Intriguingly, OCR levels significantly
increased in Irgl -/- BMDMs stimulated with LPS (49). This increase is likely due
to increased fuelling of the Krebs cycle by glutamine in the absence of SDH
inhibition. Using the cell permeable itaconate derivative DMI and Irgl-deficient
BMDMs, Lampropoulou et al (2016) went on to suggest that inhibition of SDH by
itaconate acted as a negative regulator of several pro-inflammatory cytokines,
such as IL-6 and IL-1B (49). That same year, Mills and Kelly et al (2016)
convincingly demonstrated the importance of SDH and succinate oxidation in the

regulation of pro-inflammatory cytokine production (62).
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Outside of these studies, relatively little was known about the role of
itaconate in metabolic reprogramming and cytokine production in macrophages.
To elucidate this, three pharmacological agents and one genetic approach were
employed as experimental models to either lower or elevate intracellular
itaconate levels. As IRGL1 is a mitochondrial enzyme that synthesises itaconate
from the Krebs cycle intermediate cis-aconitate, an untargeted metabolomics
screen utilising LC-MS was performed in Irgl +/+ and Irgl -/- BMDMs to
determine whether loss of this enzyme and itaconate production affected the
reprogramming of metabolism induced by LPS, as previously mentioned.
Importantly, this screen again confirmed the requirement of IRG1/CAD for
itaconate production in macrophages and that these were indeed Irg1l/Acodl -/-
mice. One of the most striking results from this metabolic screen was the
complete loss of succinate accumulation in LPS-activated Irgl -/- BMDMSs, which
directly implicated itaconate in succinate accumulation. Furthermore, treatment
of macrophages with either itaconic acid or the itaconate derivative, 4-Ol, was
sufficient to increase itaconate levels and induce succinate accumulation.
Increased levels of fumarate, malate and aspartate, metabolites downstream of
succinate oxidation and SDH, in Irgl -/- BMDMs and decreased aspartate levels
in ITA-treated macrophages implied that itaconate modulated succinate levels

via targeting of SDH, as previously reported (48, 49).

This result with itaconic acid also suggests that it can indeed cross the
plasma membrane, as previously reported (48), and in agreement with a more
recently published study that demonstrated uptake of itaconic acid into resting
and IL-4 activated macrophages (212). However, it is important to note

ElAzzouny et al (2017) also demonstrated appreciable adsorption of itaconic acid
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to the plasma membrane surface. As such, the kinetics of itaconate uptake into
macrophages needs to be further explored to determine how efficient this uptake
is and how it occurs mechanistically. Current data indicates that uptake occurs
down a concentration gradient as LPS-activated macrophages were less able to
take up extracellular itaconate (212). As such, its use in exploring the function of
activated macrophages may be limited where intracellular concentrations are

high.

Interestingly, itaconic acid is secreted by LPS-activated macrophages (49,
117). It would be tempting to speculate that released itaconate may have
paracrine or autocrine effects on local macrophage populations or indeed other
inflammatory cell types, such as epithelial cells or T cells. Furthermore, there is
also a possibility that some unknown dicarboxylate transporter exists on the
plasma membrane mediating its uptake. However, published findings suggest
that itaconate is not actively secreted from the cell but leaks out due to passive
diffusion down its concentration gradient (213). The authors also failed to detect
in urine or plasma from patients with sepsis or in bronchiolar lavage fluid (BALF)
from patients with pulmonary inflammation (213). As such, it appears itaconate
is a poor biomarker of systemic inflammation, and unlike lactate, is not actively
secreted into major bodily fluids (213). It is important to note however, that these
findings don’t rule out the possibility of released itaconate acting more locally in
certain tissues, such as in an arthritic joint, where it has been identified as an
important biomarker (214) but does suggest that itaconate primarily acts in a cell
intrinsic manner to modulate metabolism, inflammation and act as an anti-
bacterial agent. These important questions and possibilities should be

investigated in future studies.
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More recently, itaconate, through its ability to inhibit SDH, has been found
to be an important regulatory node linking innate immune tolerance and trained
immunity (215). Specifically, Dominguez-Andrés et al (2019) demonstrated that
itaconate production mediated tolerance in LPS activated human monocytes,
whereas B-glucan induced trained immunity overcame this by inhibiting IRG1 and
increasing SDH expression to maintain the integrity of the Krebs cycle (215). To
further support the IRG1-itaconate-SDH axis in myeloid cells, the authors were
able to identify polymorphisms in both IRG1 and SDH that modulate tolerance
and innate immune training (215). In addition, a murine model of Zika virus (ZIKV)
infection was recently used to identify a novel innate immune pathway in neurons
(136). Intriguingly, ZIKV-infected neurons activated key components of the virus-
induced necroptotic pathway (namely the nucleotide sensor ZBP1 and the kinase
RIPK3), which induced IRG1 expression and itaconate synthesis, as opposed to
cell death (136). Furthermore, itaconate was shown to inhibit SDH in neurons to
suppress viral replication. As such, the findings from this project, along with
published results, fully support the idea of itaconate as an endogenously
produced SDH inhibitor that dictates rewiring of the Krebs cycle in macrophages,

but now also extends this to neurons.

Itaconate is only regarded as a weak inhibitor of SDH (135) and is far less
potent than the competitive inhibitor malonate, previously used as an
experimental tool to assess the importance of SDH in regulating macrophage
function (62). As such, it was hypothesised that itaconate may also mediate its
anti-inflammatory effects via an additional yet unidentified mechanism.
Interestingly, an RNA-seq screen conducted in DMI-treated BMDMs revealed a

distinct enrichment in genes known to be regulated by Nrf2, notably those
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involved in phase Il detoxification and glutathione conjugation (49). This led to
the hypothesis that itaconate may act as an endogenous activator of Nrf2, a
critical anti-inflammatory and anti-oxidant transcription factor that regulates
cytokine production in macrophages, as previously discussed (159). Indeed, the
ability of DMI to induce Nrf2, augment LPS-induced Nrf2 and inhibit LPS-induced
pro-IL-1B expression in macrophages was successfully confirmed. Furthermore,
Itaconate, like fumarate, is an o, f-unsaturated carbonyl compound. As DMI had
the ability to induce Nrf2, it was hypothesised that the electrophilic alkene moiety
of itaconate could undergo nucleophilic attack from cysteine thiolate ions. This
would subsequently result in an irreversible covalent modification comparable to
the fumarate-mediated PTM succination, whilst it would also result in the
formation of an itaconate-cysteine adduct, chemically termed 2,3-
dicarboxypropyl cysteine, akin to 2SC (176). Interestingly, LPS was found to
significantly induce formation of this novel metabolite, which like itaconate, was
derived in part from glucose and glutamine. This provided strong evidence that
endogenously produced itaconate is cysteine reactive and can modify protein
thiol residues in LPS-activated macrophages, however, these itaconate-cysteine
adducts could also represent breakdown products of Itaconate-GSH adducts,
such as those observed by Bambouskova et al (2018) (127). As such this study
along with Bambouskova et al (2018) provided the first evidence of itaconate as

a thiol reactive metabolite.

During this study however, EIAzzouny et al (2017) convincingly found that
DMI was not metabolised to itaconate intracellularly (210). This posed a problem
as dimethyl esterification of itaconate would hypothetically render itaconate an

activated Michael acceptor, as observed with DMF (162). Like DMF, DMI was
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shown to rapidly deplete GSH levels, which suggested that DMI may also result
in acute Nrf2 activation and electrophilic stress. Indeed, Bambouskova et al
(2018) identified a novel ATF3-Ikbl inflammatory axis activated by DMI in
macrophages that regulated secondary transcriptional responses (127). This was
based on its ability to deplete intracellular GSH by forming DMI-GSH adducts
thus inducing an electrophilic stress response (127). Furthermore, stabilisation
of Nrf2 was also confirmed in DMI-treated BMDMs, supporting the findings in this

study.

Unlike fumarate, the reactive alkene moiety of itaconate is only
conjugated to one carboxyl group. Under physiological conditions (pH 7.4)
itaconate is preferentially found in its dicarboxylate form at a ratio of 90:1 (both
carboxylic acid groups are deprotonated and negatively charged). As such,
thiolate addition, which is the rate-determining step of the reaction, would result
in the formation of a carboxylate dianion (high energy intermediate), but this only
occurs at the carboxylate proximal to the electrophilic alkene (1 position) in
itaconate. The formation of a carboxylate dianion is highly disfavoured due to
electrostatic repulsion and so this reaction proceeds very slowly. Esterification of
DMI at the 1 position lowers the energetic barrier (LUMO) required for the
reaction to proceed. From this, itaconic acid is predicted to be 3600 times less
reactive than DMI. It also predicts that the acidic pH increases the electrophilic
properties of itaconate, such as that observed for fumarate (198). The chemical
environment of the thiol group may also be important for 2,3-dicarboxypropylation
as positively charged amino acids, such as arginine or lysine, could hypothetically
donate a proton to the carboxyl group of itaconate proximal to the alkene thus

stabilising the reaction. To counteract the increased thiol reactivity of DMI,
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selective esterification of the carboxyl group distal to the alkene (4 position) was
used to generate 4-Ol. This selective esterification of the 4 position is important
as it does not prevent the formation of the dianion at the 1 position after thiolate
addition under physiological conditions (see Fig. 4.40 (216)). As such, 4-Ol and
itaconic acid should retain similar chemical reactivity, whilst the hydrophobic octyl
group would enable 4-Ol to cross the membrane. In contrast to DMI, 4-Ol could
not deplete GSH levels after 2 h indicating that 4-Ol represented an appropriate

cell-permeable itaconate surrogate.

Treatment of LPS-activated BMDMs with 4-Ol also resulted in a significant
increase in intracellular itaconate levels, however, no increase in intracellular
itaconate was observed in control macrophages after 6 h. This was rather
puzzling and so it was speculated that LPS could perhaps induce a carboxylic
acid esterase that would be required for efficient hydrolysis of 4-Ol. Interestingly,
carboxylic acid esterase (CES1a) was found to be one of the most up-regulated
proteins in LPS-activated macrophages in the proteomic screen, with very low
expression in resting macrophages (data not shown). As such, LPS induction of
CES1la provides a plausible explanation for this observation. Furthermore, a
more comprehensive investigation into 4-OI hydrolysis in macrophages across a

timecourse and using a U-*3C-4-Ol tracer may be beneficial in future studies.

Using an unbiased quantitative proteomic screen, 4-Ol was shown to
significantly boost Nrf2, Hmox1 and SQSTM1 supporting a role for itaconate as
an activator of Nrf2. SQSTM1 (also known as p62) is an autophagy cargo
receptor known to interact and inhibit KEAP1 (155). 4-Ol induction of Nrf2 and
HMOX1 was further validated by western blot, an effect also observed in PECs
derived from mice injected peritoneally with 4-Ol. 4-Ol also induced several Nrf2
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target genes, including Hmox1, as well as increasing GSH and serine levels. Pre-
treatment of BMDMs with itaconic acid also stabilised Nrf2, induced Hmox1 and
increased intracellular GSH levels. Importantly, Nrf2 is a key regulator of serine
and GSH biosynthesis (137, 217). Furthermore, LPS-induced Nrf2 stabilisation
was lost in Irgl -/- macrophages, consistent with findings from Bambouskova et
al (2018) (127). Whilst a significant increase in GSSG was observed in LPS-
activated Irgl -/- macrophages, which can often occur under conditions where
Nrf2 activation is defective (218). As such, this data provided strong evidence

that itaconate is a key regulator of Nrf2 in macrophages.
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Figure 4.40 — Reaction mechanism of itaconate.

Overview of itaconate ionisation states at different pH and its reaction with
thiolate ions of protein cysteine residues (216).
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Nrf2 induction of p62 likely represents a means of eliminating thiol-
modified and inactive KEAP1 from the cell (137), which coupled to the
identification of 2,3-dicarboxypropyl cysteine and the necessity of the itaconate
moiety of 4-Ol to induce Nrf2 in an SDH-independent manner, suggested that
itaconate may directly modify KEAP1. As KEAPL1 is localised to the cytosol (141),
itaconate would have to be exported from the mitochondrial matrix where it's
produced by IRG1. Itaconate compares structurally to malate, which is
transported across the IMM by the DIC, CTP and OGC catrriers (170). Indeed, all
three carriers were found to transport itaconate providing a means for itaconate
to leave mitochondria and act on KEAPL1 in the cytosol. As KEAPL1 is degraded
by autophagy once modified (156), direct alkylation of KEAP1 was assessed by
overexpressing MYC-DDK-tagged Keapl in HEK293T cells and treating with 4-
Ol. Using tandem mass spectrometry, 4-Ol was found to modify several key
redox sensing KEAP1 regulatory cysteine residues, including Cys151, Cys273
and Cys288. KEAP1 modifiers can be subdivided into four categories depending
on the cysteine residues modified (154). Therefore, 4-OIl can now be defined as
a class Il inducer as it was found to modify this key cysteine triad. This profile is
also like that previously observed for fumarate and fumaric acid esters (162). One
caveat of this approach is that itaconate-modified Keapl itself was not detected,
however, the totality of the evidence does strongly implicate this as the
mechanism of Nrf2 activation. Bambouskova et al (2018) suggest Nrf2 activation
by itaconate resulted from the depletion of intracellular GSH, and while this may
contribute, it is far less likely as itaconate is not very reactive with GSH even at
pH 8 (127). ltaconate would be predicted to react more readily with Cys151 of

KEAPL, just like 4-Ol, based on their shared reactivity profile. C151 is also a
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more likely target because it exists entirely in its reactive thiolate form at
physiological pH, as positively charged amino acid residues (H129, K131, R135,
K150 and H154) in the surrounding environment act in concert to lower its pKa
(219). Cys151 is also the most frequently modified residue by Nrf2 activating

agents.

Following this, pre-treatment of BMDMs with 4-Ol was shown to potently
inhibit LPS-induced IL1B mRNA, pro-IL-13 and HIFla protein expression,
however, no significant effect was observed on TNF mRNA levels. While LPS-
induced IL1B mRNA, pro-IL-1p levels were also significantly elevated in Irgl -/-
BMDMs. Increased PHD3 mRNA expression and increases in the abundance of
pyruvate and lactate (markers of aerobic glycolysis) suggested increased HIF1a
activity in these cells, as previously reported (49). Although induction of Nrf2 by
4-Ol had now been well-established, it was unknown whether this was an
important mechanism by which it mediated its anti-inflammatory effects. Indeed,
the ability of 4-Ol to inhibit pro-IL13 expression in Nrf2-deficient macrophages
was markedly impaired, confirming a role for itaconate-mediated Nrf2
stabilisation in the negative regulation of IL-1f3. The ability of Nrf2 to regulate IL-
1B in this context is likely two-fold. Firstly, by directly binding regulatory regions
in the IL1B promoter thus interfering with the recruitment of RNA pol IlI, as
previously shown (159). Secondly, Nrf2 activation is essential for ROS
detoxification, whereas ROS are a key driver of HIF1la stabilisation and IL1B
MRNA expression in LPS-activated macrophages (62). 4-Ol was observed to
potently lower ROS levels (data not shown) in addition to dose-dependently

inhibiting LPS-induced HIF1a protein levels, strongly supporting this hypothesis.
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Interestingly, Nrf2 has previously been shown to regulate type | interferons
through the induction of autophagy, a process known to regulate IL-1B in
macrophages (220, 221). It would be tempting to speculate that mechanistically
an itaconate-Nrf2 axis may also drive this process in LPS-activated
macrophages. It is also important to note that 4-Ol still retained some capacity to
inhibit pro-IL1p3 levels in Nrf2-deficient BMDMs post 24 h LPS stimulation,
although this was evidently blunted. The decrease observed in this instance is

likely owed (at least in part) to competitive inhibition of SDH by itaconate.

Since these findings have been published (116), several papers have
demonstrated that 4-Ol can induce Nrf2 stabilisation in variety of contexts to
modulate immunity or act in a cytoprotective manner. 4-Ol inhibits pro-
inflammatory cytokine production in PBMCs derived from patients with systemic
lupus erythematosus (SLE), in a Nrf2-depedent manner (222). Engagement of
the Nrf2 pathway by 4-OIl has also been demonstrated to suppress STING
expression and type | IFN production in PBMCs derived from patients with
STING-dependent interferonopathies (SAVI) (223), confirming a role for 4-Ol in
the regulation of IFNB. Outside of immunity, 4-Ol activation of KEAP1-Nrf2
signalling and the anti-oxidant response protects human umbilical vein
endothelial cells from oxidative injury induced by high glucose (224). The authors
also confirmed a key role for Cys151 in KEAPL1 in the detection of 4-Ol. Finally,
4-0l was found to be cytoprotective in hydrogen peroxide-treated SH-SY5Y cells
and epigenetically de-repressed primary neurons, in a manner dependent on
Cys151 in KEAP1 and Nrf2 stabilisation (225). As such, these results confirm the
importance of KEAP1 alkylation and Nrf2 activation in governing the

immunomodulatory and cytoprotective properties of 4-Ol.

Page | 238



Since its discovery, the repertoire of succination targets has continued to
grow (176). As such, it was speculated that targets of itaconate-mediated
alkylation, other than KEAP1, may also exist. Using an unbiased proteomic
screen, several additional targets were found in both LPS-activated and 4-Ol-
treated BMDMSs. Excitingly, this represents the first identification of this novel
PTM, herein defined as 2,3-dicarboxypropylation. Of note, was a significant
increase in 2,3-dicarboxypropylation of Cys84 in LDHA and Cys385 in ACO2,
key regulators of glycolysis and the TCA cycle, respectively. LDHA is an essential
mediator of Warburg metabolism as it catalyses the regeneration of NAD*
necessary to sustain flux through glycolysis (226). As there are no known
enzymes or mechanisms to cleave the thioether bond of this modification the
result is likely inhibitory, such as with succination. From this, it could be presumed
that itaconate may also act as a negative regulator of aerobic glycolysis, a
pathway known to be vitally important for the induction of IL-1f, as previously
mentoned (20). Indeed, 4-Ol has also been demonstrated to inhibit LPS-induced
extracellular acidification rates (ECAR) (data not shown) indicating this may be
the case. Whilst pyruvate and lactate levels were elevated in LPS-activated Irgl
-/- BMDMs. Itaconate has previously been shown to inhibit glycolysis in the liver
of mice (227). The authors suggest this stems from the ability of itaconate to
inhibit fructose-6-phosphate 2-kinase (F6P2Kinase), an enzyme that synthesizes
fructose 2,6-bisphosphate (F26BP), despite itaconate only weakly inhibiting
F6P2Kinase in vitro. From this, it would be tempting to speculate that itaconate
may regulate glycolysis at multiple levels, either through the regulation of HIF1a
or by directly targeting glycolytic enzymes, such as demonstrated for fumarate

and GAPDH.
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Very recently, Qin et al (2019) have published a paper where they
developed a specifc-thiol reactive probe, 1-OH-Az, for quantitative proteomic
profiling of cysteine modifications by itaconate in macrophages (228). Using this
technique, they generated a chemoproteomic portrait of itaconate-sensitive
cystine residues and confirmed the modification of LDHA by itaconate, which
inhibits it's enzymatic activity. Furthermore, the authors showed that itaconate
alkylated several glycolytic enzymes, notably aldolase A (ALDOA) and GAPDH,
resulting in an inhibition of glycolysis, mainly by targeting ALDOA. Inhibition of
ALDOA and glycolysis by itaconate also contributes to the inhibition of LPS-
induced IL-1B. As such, this study has confirmed that itaconate can alkylate
protein cysteine residues and unearthed a novel anti-inflammatory feedback

mechanism targeting glycolysis.

Interestingly, modification of Cys385 in ACO2 by superoxide is also known
to inactivate this enzyme (229). As such, it would be tempting to speculate that a
negative feedback loop exists between itaconate and ACO2, whereby itaconate
dicarboxypropylates ACO2 to limit the synthesis of cis-aconitate, the substrate of
IRG1, and thus its own synthesis. Furthermore, this would also explain the
breakpoint observed in LPS-activated macrophages as no significant changes in
the levels of IDH (data not shown) were observed in the proteomic screen, as
previously suggested. As mentioned, the metabolic analyses of Irgl -/- BMDMs
also showed significantly elevated fatty acid levels, and indeed fatty acid
synthesis is important for the function of pro-inflammatory macrophages (105).
This likely reflects the diversion of citrate away from fatty acid synthesis towards

itaconate production. If true, this would put IRG1 and itaconate at the forefront of
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TLR4-mediated metabolic remodelling and as a master regulator of Krebs cycle

rewiring.
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Figure 4.41 — Proposed model of Itaconate’s anti-inflammatory mechanism
of action

Ligation of TLR4 by LPS results in the transcriptional upregulation of Irgl and
synthesis of itaconate from cis-aconitate. Accumulation of itaconate in the
mitochondrial matrix competitively inhibits SDH and oxidative phosphorylation
(OXPHOS). Itaconate is also exported from the mitochondria, primarily by the
oxoglutarate carrier (OGC). In the cytosol, itaconate can alkylate key redox
sensing cysteines on KEAPL1 to activate Nrf2, which acts to negatively regulate
IL-1B. As such, itaconate acts to temper the immune response and so itaconate
derivatives, such as 4-octyl itaconate, are a new class of anti-inflammatory
agents.
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Chapter 5:

General Discussion
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5.1 — Overview and summary of key findings

A striking change has been happening in the field of immunology whereby
metabolic processes are now being considered as important a determinant of
immune cell function as the activation of immune cells by cytokines and PRRs.
This growing field of immunometabolism has benefitted greatly from
technological advancements and improvements in instrumentation over the last
10 years, such as the use of mass spectrometric techniques and computational
analysis (99, 100). In fact, this study has only been enabled through the use of
these technologies and in doing so has identified additional signalling roles for
the Krebs cycle in macrophages that would have not been possible otherwise. It
is a testament to scientific progress that we can now dissect the fundamental
guestions of biology like never before using these newly available tools. Most
importantly, this study also supports the evolving stance that mitochondria, the
Krebs cycle and the ETC can no longer be viewed solely as a bioenergetic
system whose purpose is to generate ATP, but is a central metabolic hub that
can undergo dynamic remodelling in response to environmental cues. This
dynamic remodelling generates signals that can participate in ‘non-metabolic
functions’ and can act on a plethora of substrates and cellular signalling pathways

to ultimately regulate nuclear gene expression programmes.

Here, we investigated the role of the Krebs cycle metabolite fumarate and
the Krebs cycle-derived metabolite itaconate as regulators of cytokine production
in LPS-activated macrophages. The data provides evidence for a role of an
inflammatory argininosuccinate shunt, a metabolic pathway bridging the Krebs
cycle and the urea cycle (Krebs bicycle), in generating fumarate in macrophages

that can then act as a signal to increase pro-inflammatory cytokine production.
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Furthermore, fumarate-mediated protein succination and the accumulation of
(S)-2-succinocysteine (2SC) were identified for the first time in LPS-activated
macrophages. This study has also confirmed a recently identified anti-
inflammatory IRG1-itaconate-SDH signalling axis that occurs in macrophages, in
addition to identifying a novel signalling pathway whereby itaconate is exported
from mitochondria to activate the anti-oxidant and anti-inflammatory transcription
factor Nrf2. Furthermore, a novel post-translational modification (PTM) termed
2,3-dicarboxypropylation and metabolite, 2-3-dicarboxypropyl cysteine, were

identified akin to fumarate-mediated succination and 2SC.

5.2 — Evolutionary perspective on immunometabolism

The emergence of the field of immunometabolism and this newly identified role
for mitochondria and Krebs cycle remodelling in macrophages, which repurposes
Krebs cycle metabolites and the ETC for ‘non-metabolic’ signalling functions,

raises many interesting evolutionary questions.

1) The first set of questions that come to mind are why and how have
mitochondria been co-opted in evolutionary history to function as signalling
organelles in eukaryotic organisms? More specifically, why has the Krebs
cycle and its derivatives been repurposed for ‘non-metabolic’ signalling
roles?

2) Secondly, from an evolutionary perspective, why does metabolism have
such a profound influence on macrophage function in general and what are

the governing principles?
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5.2.1 — Mitochondria as signalling organelles

There is a growing list of evidence that now shows that mitochondria
communicate with the cytosol to initiate key biological events, promote
homeostasis and counteract stress conditions (230). Mitochondria are known to
perform two major roles within the eukaryotic cell, the production of ATP via
OXPHOS and the support of biosynthetic pathways. As such, mitochondria are
essential for several biological processes in eukaryotic organisms, namely
cellular proliferation, differentiation and stress adaptation. While classically it is
thought that the nucleus is responsible for dictating and regulating mitochondrial
function, rarely was it thought that mitochondria can in turn generate signals that
influence nuclear function (230). However, as functioning mitochondria are
required for such important cellular processes, feedback systems must exist to
prevent a metabolic crisis and cell death. The existence of signalling mechanisms
between mitochondria and the nucleus raises many important fundamental
guestions and suggests a third major role of the mitochondria is to operate as

signalling organelles (230). Important fundamental questions include:

1) What are the primary mechanisms of communication?

2) How does this relate to the evolution of the eukaryotes?

3) How do the signals modulate cellular function?

In order to understand the role of mitochondria in regulating cellular function it is
important to understand their origin and role in eukaryotic development. There
are many competing views about the origin of eukaryotes and indeed the relative
contribution of mitochondria to eukaryogenesis is weighted differently. There are

two major theories on eukaryotic evolution, the gradualist theory and the
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symbiogenic theory (231, 232). The gradualists’ theory depict the origin of
eukaryotic cell complexity and the origin of mitochondria as independent-
unrelated processes that occurred in series. However, the symbiogenic theory
depicts the origin of the eukaryotic cell complexity as emerging from the
symbiosis that gave rise to mitochondria. The theory of symbiogenesis
(endosymbiont theory) is considered the prevailing theory of eukaryotic origin.
Specifically, a prokaryotic host (an archaeon) developed an endosymbiotic
relationship with a facultative anaerobic a-proteobacteria (mitochondrion
precursor) and that eukaryotic traits arose as a consequence of that symbiosis
(231, 232). The benefit of this symbiotic relationship is a hotly debated topic but
it's unlikely that ATP production itself was the benefit, at least initially. One
speculative hypothesis is that this first endosymbiont relationship arose as the a-
proteobacteria provided metabolites, namely hydrogen (Hz2), CO2 and acetate,
which the archaeon could utilise to conduct methanogenesis (233). As these can
be limiting, there was a strong selective pressure for the localization of the
archaea and a-proteobacteria near each other that ultimately led to their fusion
and dependence on each other. These then needed to develop mechanisms to
communicate to each other giving rise to a eukaryotic cell and eukaryotic cellular

processes.

In evolutionary history, mitochondria are thought to have contributed to the
origin of eukaryotes by altering the bioenergetic configuration of the cell thus
providing more energy, providing genes, as eukaryotes are genetic chimeras with
more bacterial genes than archaeal genes, and finally as the origin of the
eukaryotic endomembrane system (234). Intriguingly, the archaeal host is

proposed to have brought preformed complexity to the eukaryotic lineage, such
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as the ability to phagocytose and a primitive cytoskeleton (234). However, the
largest known contribution of the archaeal host is informational genes and in
informational processing, such as the RNA polymerase, the ribosome and
aminoacyl tRNA synthetases (234). However, information processing does not
set eukaryotes and prokaryotes apart, it is the amount of information they

maintain, process and inherit that does.

There is far greater DNA content in eukaryotic cells than their prokaryotic
progenitors, the majority of which is mobile DNA or ‘selfish’ DNA (234, 235). As
such, the constraints that govern DNA content in prokaryotes is different to that
in eukaryotes (236). It appears that the reason eukaryotes are better equipped
to manipulate large levels of DNA is due to the organisation of DNA into
nucleosomes. All organisms have proteins bound to their DNA, including archaea
that have DNA-binding proteins with the histone-fold (Archaeal histones) (234,
237). Archaeal histones and DNA is more filamentous in nature than eukaryotic
histones, which consist of slightly less than 150 bases of DNA wrapped around
an octamer histone core made from two H2A/H2B dimers and a H3/H4 tetramer
(238). As such, eukaryotic DNA and histone organisation resemble beads on a
string. Histones contain about 55 % of the mass of nucleosomes, which are
connected by short linker DNA segments, and comprise the primary structure of
chromatin that leads to compaction of DNA up to 40-fold (234). In addition to
compaction, nucleosomes permit a high degree of flexibility removing the
constraint of DNA content and permitting complex manipulation and control of
gene expression. Specifically, histone modifications on the N and C terminal
‘tails’ provides a powerful element for the control of gene expression (234). An

example of Histone modifications that control gene expression is that of

Page | 248



acetylation and HATSs, importantly, in eukaryotes acetylation is derived from the
Krebs cycle intermediate citrate and ACL, both of which influence histone
acetylation and gene expression (104, 239). In fact, the role of covalent
modification of histones, termed the ‘histone barcode’, has become a central
tenet of eukaryotic gene regulation and can affect distinct downstream cellular
events by altering the structure of chromatin and/or through the recruitment of
effector proteins (240). Acetylation of lysine residues located on N or C terminal
histone tails by HATs, as well as other PTMs, such as phosphorylation and
methylation, afford elaborate gene expression patterns in eukaryotes required by
the increase in DNA content (234). Furthermore, this epigenetic regulation can
persist over many cell generations, allowing the differentiation of stable gene
expression patterns in various cell types, an essential process in complex
multicellular organisms with different tissue types. As such, the bioenergetic
configuration bestowed on eukaryotes by the mitochondrion enabled eukaryotes
to take the first step towards true complexity via histone-dependent organisation
of DNA into chromatin (234). Therefore the archaeal partner provided histones
that would later evolve into eukaryotic histones and nucleosomes enabling

epigenetic control of gene expression.

There are also very important connections between the energetic
status of eukaryotic cells and histone modifications (234). As mentioned,
acetylation covalently modifies histone lysine residues that neutralises their
positive charge thereby decreasing their affinity for the negatively charged DNA
backbone. This results in the opening up of chromatin for transcription.
Mitochondrial proteins also tend to undergo spontaneous lysine acetylation and

indeed one potential early messenger of a-proteobacteria is acetate, which can
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be converted into acetyl-CoA in the cytosol and can control diverse cellular
functions, such as metabolism and the cell cycle, through histone acetylation
(241). As such, early in evolution, functioning mitochondria would make a lot of
acetate, and thus acetyl-CoA, which could in turn promote open DNA, however,
during an energy crisis acetate levels would lower leading to condensed
transcriptionally inactive chromosomes (234, 242). As such, it's speculated that
this simple reaction could have seeded eukaryotic gene regulation through
histone regulation, which suggests that mitochondrial signalling was a key
contributing event during eukaryogenesis (234). Indeed, histone modifications
today are intricately linked to energy status, chromatin condensation and cell
cycle decisions. The three main nutrient sensors of eukaryotes are AMPK, mTOR
and GCN2 and these are conserved across eukaryotic groups and transmit
signals to chromatin via histone modifications (234, 243). Furthermore, the
CCAAT-box, which is found in 30% of eukaryotic promoters, can be traced back
to archaeal histones (234). Specifically, the CCAAT-box binding protein (CBC),
which promotes RNA pol Il recruitment, is derived from archaeal histones, can
be modified in the same manner as histones are, can bend DNA, and specifically
regulates the cell cycle and helps to activate about 30% of eukaryotic genes.
Through modifications, histones provide a simple mechanism of information
transfer integrating the nutrient and energetic state of the cell into condensation
of chromatin and the regulation of gene expression. In summary, archaea contain
archaeal histones that pack DNA and so as a host during symbiosis provided an
opportunity for complex eukaryotic nuclear structures to develop. However, no

known archaea contain the complex nuclear structures of eukaryotes today.
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Importantly, this could indicate that mitochondrial metabolite signalling was

essential for the development of eukaryotic genome complexity.

5.2.2 — Coupling Krebs cycle remodelling to metabolite signalling

The Krebs cycle is perhaps the central biochemical pathway operating in
eukaryotic cells and is responsible for the co-ordination of bioenergetic and
biosynthetic processes. In fact, life builds its molecules form CO2 and catabolises
them through the intermediacy of just 5 universal metabolites, acetate, pyruvate,
oxaloacetate, succinate and o-ketoglutarate, 3 of which are Krebs cycle
intermediates (244). Intriguingly, a non-biological framework has now been
proposed that could shed light on how core metabolism evolved and uses the
pathways and intermediates that it does. Muchowska et al (2019) were able to
demonstrate experimentally that a complex reaction network can develop from
pyruvate and glyoxylate, two simple organic acids, in the presence of Fe?* (245).
Strikingly, this abiotic network produces 9 of the 11 Krebs cycle intermediates
and the authors propose that this could have been an early route by which CO:
dioxide was fixed into organic molecules. Furthermore, addition of hydroxylamine
and metallic iron, which could have been available on early earth, extended this
abiotic chemical network to produce 4 amino acids, namely glycine, alanine,
glutamate and aspartate (245). Whilst it will never been known for sure it seems
a realistic postulation that when life emerged on the planet it harnessed a pre-
existing abiotic metabolic network before it developed genetically encoded

catalysts, such as enzymes, to produce a more efficient system.

Therefore, it is not surprising that the Krebs cycle and its intermediates,

within the context that a key contribution of mitochondria to eukaryotic evolution
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was to facilitate complex DNA regulation, would be repurposed as signals to
control gene expression. During evolutionary history, a metabolic crisis in
mitochondrial precursors would have altered Krebs cycle metabolite abundance
lending them the opportunity to act as an important feedback mechanism
indicating impaired mitochondrial functioning (230). In fact, 5 Krebs cycle
intermediates now have essential roles in modelling the epigenome to regulate
gene expression. As mentioned, citrate-derived acetyl-CoA is essential for
histone acetylation and gene expression. However, succinate, succinyl-CoA, a-
ketoglutarate and fumarate are also immensely important regulators of covalent

histone and DNA modifications (246, 247).

Importantly, the influence of these metabolites on dictating macrophage
phenotype is now emerging. As previously discussed, a-ketoglutarate is an
important cofactor for the o-KGDDs family of JMJDs, involved in histone
demethylation, and TET family of 5mC hydroxylases, which play a role in DNA
demethylation (85). These enzymes can undergo competitive inhibition by
succinate and fumarate, and so the ratio of a-ketoglutarate to succinate or
fumarate can often be a key determinant of their enzymatic activity (60, 85).
Methylation marks on histones can positively or negatively influence gene
expression, while DNA methylation is typically associated with open chromatin
and active transcription. In this way, succinate, a-ketoglutarate and fumarate can
remodel the epigenome. With this in mind, Liu et al (2017) uncovered an
important signalling role for glutamine-derived a-ketoglutarate, which facilitates
an IL-4-induced gene expression programme via JMJD3-driven epigenetic
changes (60). The authors found that o-ketoglutarate suppresses the classical

activation of macrophages (as a low a-ketoglutarate/succinate ratio strengthens
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the pro-inflammatory phenotype) and supports endotoxin tolerance after classical
activation (60). Likewise, fumarate can regulate pro-inflammatory cytokine
production during trained immunity by inhibiting the KDM family of histone
demethylases. Recently, melatonin was also shown to alleviate inflammation
associated with obesity in part by increasing the ratio of anti- to pro-inflammatory
adipose tissue macrophages (ATMs) (86). Mechanistically, this was achieved by
the targeting of ATMs with adipocyte-derived exosomal a-ketoglutarate and TET-

mediated DNA demethylation (86).

Given the importance of the IRG1-itaconate-SDH axis in regulating
succinate accumulation in LPS-activated macrophages, a functional
consequence of this axis could be to regulate the methylation status of histones
and DNA. Likewise, genetic deletion of Irgl of macrophages resulted in an
increase in lipids, such as palmitate and oleate, in response to LPS. It is therefore
possible that loss of itaconate synthesis increases mitochondrial citrate export.
In line with this finding, a recent study has found that iron depletion in human
macrophages, which inhibits aconitase activity, limits itaconate synthesis and
increases citrate levels, resulted in increased lipogenesis and the formation of
lipid droplets. Hypothetically speaking, decreased itaconate synthesis and
increased citrate export could elevate cytosolic acetyl-CoA levels, histone
acetylation and thus regulate inflammatory gene expression. As such, a
comprehensive investigation into the epigenetic landscape of Irgl -/-
macrophages should performed to determine the role itaconate in governing

these processes.

While a role for fumarate in regulating trained immunity has emerged,
nothing is known about the role of the aspartate-argininosuccinate shunt and
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fumarate in regulating the epigenome of classically-activated macrophages.
Furthermore, Fh and fumarate are also implicated in the regulation of DNA
damage repair (248, 249). Specifically, upon exposure to ionizing radiation DNA-
PK phosphorylates nuclear Fh, which generates fumarate locally to inhibit the
KDM2B enhance demethylation lysine 36 on histone H3. Enhanced
dimethylation facilitates the recruitment of DNA-PK to double-stranded breaks
(DSBs) and the initiation of non-homologous end-joining (NHEJ) DNA repair
(248). Intriguingly, inflammatory macrophage activation induces complex IlI-
mediated ROS production and DNA damage (81). It has also been reported that
pro-NHEJ factors are more readily recruited to sites of damage in FH-deficient
cells, when fumarate levels are high (249). It would be tempting to speculate, that
induction of the inflammatory aspartate-argininosuccinate shunt and fumarate
production acts as a mechanism to counter DNA damage induced by
inflammatory stimuli. This process also demonstrates the importance of
mitochondria and the Krebs cycle in evolutionary history as it provides a means
to ensure DNA integrity in the face of damage and prevent genomic instability, in
addition to the regulation of gene expression. As such, a comprehensive
investigation into the role of Fh and fumarate in regulating the epigenetic
landscape and DNA damage in LPS-activated macrophages could be an

interesting area to explore.

In addition, Krebs cycle remodelling and the repurposing of Krebs cycle
enzymes and their metabolites appears to be a common evolutionary strategy
invoked by eukaryotes to adapt to a plethora of varying stress conditions and in
regulating crucial biological processes. Phylogenetic analyses suggest that prior

to symbiogenesis, the Krebs cycle seemed to operate as isolated steps in both
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the archaeal host and the mitochondrial precursor (a-proteobacteria) (250). They
seemed to be interconnected to other pathways during evolution, which may
explain in part, the diversity of function of isoforms of Krebs cycle enzymes that
can be found localised to different cellular compartments. In fact, a recent study
has shown that Krebs cycle enzymes transiently localise to the nucleus during
zygotic genome activation (ZGA) and regulate the epigenome (251). Impairment
of Krebs cycle enzyme trafficking correlate with a loss of specific histone
modifications and blocks ZGA. As such, the Krebs cycle and Krebs cycle
metabolites are a crucial and conserved metabolic control mechanism underlying

early pre-implantation development in mammals.

Krebs cycle metabolites act as key signals for the metabolic status of
eukaryotic microorganisms, such as certain fungal species, but also prokaryotic
microorganisms. An example of this is observed in the fungal species Torula
corallina that produce high levels of fumarate from glucose and CO:2 (252).
Elevated levels of fumarate then acts to inhibit erythrose reductase and erythritol
synthesis. Likewise, metabolites of the glyoxylate shunt, such as succinate, are
proposed to acts as ‘nanosensors’ to determine fumarate hydratase subcellular
localisation in yeast (253). Even more intriguing is the signalling role Krebs cycle
enzymes and metabolites play in prokaryotic organisms, which again makes a
strong case for why Krebs cycle metabolites and mitochondria would have been
co-opted as signals during eukaryotic development. For example, intracellular
fumarate is a known regulator of alginate production in Pseudomonas aeruginosa
and phosphorylation-independent flagellar motor switching in Escherichia coli
(254). Likewise, fumarate and malate are modifiers of ruminal fermentation in

Selenomonas ruminantium by increasing lactate uptake and the succinate-
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propionate metabolic pathway (254). Perhaps the most striking example of this
phenomenon is the discovery that fumarate hydratase in Bacillus subitilis is
induced upon DNA damage, co-localized with bacterial DNA and is required for
the DNA damage response (255). Specifically, fumarate hydratase produces L-
malate, which promotes the translation of the DNA damage protein RecN. As
such, Krebs cycle metabolites and enzymes likely adopted the role of ‘non-

metabolic’ signals early in the evolution of prokaryotic life.

Plants also demonstrate clear molecular plasticity in the regulation of
Krebs cycle enzymes, which in particular are dramatically altered in shoots in
response to a range of stresses, such as osmotic, genotoxic, salt, heat, drought
and oxidative stresses (250). For example, Fumarate hydratase is highly
upregulated in response to drought and salt stresses in tomato plants, as it is an
important regulator of stomatal function and photosynthesis (254). During salt
stress, fumarate hydratase is also strongly co-expressed with malate
dehydrogenase. Anti-sense inhibition of SDH in tomato plants also resulted in
higher rates of photosynthesis. As such, modulation of the Krebs cycle acts to
regulate photosynthesis and stomatal functioning (254). Furthermore, fumarate
and malate are also used as pH regulators during nitrate assimilation in
Arabidopsis thaliana (254). In contrast, UV-B radiation stress suppresses
enzymes in the second half of the Krebs cycle, including fumarate hydratase and
malate dehydrogenase, which enables intermediates to be siphoned off for the
synthesis of phenylpropanoids (256). These results supports the idea that
modulation of specific Krebs cycle enzymes and Krebs cycle metabolites is an
evolutionary conserved phenomenon to adapt to various stress conditions.

Intriguingly, the phenylpropanoid pathway is also essential for plant defence
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against microbes (257). This suggests that the modular regulation of the Krebs
cycle to generate Krebs-cycle-derived metabolites is important in the immune
response and is conserved across diverse eukaryotic species. It is also very
reminiscent of Krebs cycle-remodelling observed in macrophages, which
suppresses IDH to facilitate the diversion of cis-aconitate away from the Krebs
cycle to support the synthesis of the anti-bacterial and anti-inflammatory

metabolite itaconate.

Interestingly, marine bivalves, such as the pacific oyster and molluscs,
have recently been reported to synthesise itaconate during pathogen challenge
(258). Itaconic acid was also shown to inhibit the growth of the Vibrio genus of
gram-negative pathogenic bacteria (258). This suggests that remodelling of the
Krebs cycle to generate itaconate is also an evolutionary conserved anti-
microbial mechanism. Likewise, itaconic acid is produced in large quantities by
the fungus, Aspergillus terreus while Aspergillus sp. are well known to produce a
large range of anti-bacterial metabolites (259, 260). Furthermore, a range of
pathogens, such as Yersinia pestis and Pseudomonas aeruginosa, express a
distinct pathogenicity island that encodes three enzymes that facilitate itaconate
degradation and thus enables virulence and survival in macrophages (121). This
pathway ultimately converts itaconate into pyruvate and acetyl-CoA, which can
then be used as an alternative fuel source for the Krebs cycle while at the same
disarming itaconate’s anti-bacterial properties. More recently, an itaconate
resistance mechanism has been reported in M. tuberculosis with dissimilation
mediated by a bifunctional enzyme, Rv2498c, which also participates in Leucine
catabolism (261). Genetic deletion of Rv2498c resulted in the attenuation of Mtb-

infection in a mouse model, suggesting the importance of this pathway in
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promoting survival of M. tuberculosis in macrophages. Likewise, Salmonella have
also acquired a genetic operon encoding itaconate degrading proteins, which is
regulated by a neighbouring gene ItaR responsible for detecting itaconate
produced by macrophages (262). Intriguingly, the existence of this pathway may
explain why such high concentrations of itaconate are required to inhibit the
growth of M. tuberculosis, Salmonella and other pathogens in vitro and suggests
that over the course of evolutionary history mammalian pathogens have

managed to circumvent this anti-microbial mechanism.

This then begs the question as to what point in evolutionary history did
itaconate get co-opted to regulate the function of complex I, the Krebs cycle and
other metabolic pathways? One speculation that could be made is that the
emergence of itaconate-resistant bacteria led to exacerbated immune responses
detrimental to the host. As such, itaconate may have acquired anti-inflammatory
properties to curtail excessive inflammation induced by itaconate-resistant
pathogens. Indeed, itaconate now has an important role in host survival by
inhibiting neutrophil infiltration into the lung upon infection with M. tuberculosis.
However, it’s also possible that these two separate functions of itaconate evolved
independent of one another. In neurons, Zika virus induces the necroptotic
pathway to induce itaconate synthesis (136). This then inhibits complex Il and
neuronal respiration to restrict viral replication. Therefore, itaconate’s
metabomodulatory effects may have evolved as an anti-viral mechanism.
Alternatively, itaconate-mediated metabolic regulation may have arisen due to
the evolutionary and ecological theories of life history in tandem with its anti-

microbial/anti-viral activity, which will be discussed below.
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5.2.3 — Macrophage metabolism from a life history perspective

At the heart of macrophage metabolism is the regulated allocation of metabolic
resources and metabolite signalling to support host defence and survival.
Organisms use different strategies, referred to as ‘life history traits’, to optimise
their reproductive success and survival in the face of environmental constraints
(263, 264). Life history traits generally include lifespan, age and size at
reproductive maturity, fertility, size at birth and temporal pattern of growth.
Specifically, life history theory is an analytical framework that was formulated in
the 1950s and aims to explain the diversity of lifestyles among different biological
species given the diverse environmental constraints those species encounter
(263). The three fundamental biological programs that organisms engage
(according to life history theory) are growth, reproduction, and environment-
specific survival strategies (maintenance programmes) and so they must
effectively optimise the distribution of finite resources to these programmes (263).
As such, restrictive unfavourable environments result in the reallocation of
resources towards maintenance programmes, however, favourable conditions

promote growth and reproduction.

There are two types of maintenance programmes identified, which include
defence, initiated by the presence of factors that negatively impact fitness, such
as pathogens, and dormancy, initiated by the absence of sufficient resources,
such as limited nutrient availability (263). Both defence and dormancy occur at
the expense of growth and reproduction but initiate different metabolic programs.
Dormancy promotes energy conservation, engages catabolic metabolic
programmes and are associated with high resistance to environmental stresses

(263). Defence on the other hand promotes energy consumption and engages
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anabolic metabolism to fuel protective responses against pathogens. A clear
example of this is the use of glucose and glutamine by inflammatory
macrophages to synthesise molecules associated with host defence (20, 116).
Life history theory was originally developed as an organising framework for
evolutionary ecology, however, it has been noted that the principles of life history

theory can also be applied at the level of organisms and cells.

At the cellular level, life history programmes are reflected in the
organization of cellular signalling pathways, which are dictated by the global state
of the organism and by the sensing of the local microenvironment (263).
Organismal signalling to cellular components is generally achieved by a multitude
of endocrine signals, which in turn relay the environmental state in which the
organism finds itself. For example, endocrine signals for ‘growth’ include growth
factors, such as IGF-1, for ‘reproduction’ include oestrogens and androgens and
for ‘maintenance’ include glucocorticoids and inflammatory cytokines. The local
cellular environment is sensed by numerous nutrient sensors, such as the three
key nutrient sensors of eukaryotes, AMPK, mTOR and GCN2, which are
conserved across eukaryotic groups and transmit signals to chromatin via histone
modifications, as previously discussed (243). Furthermore, numerous signalling
pathways also exist in cells to sense oxygen levels (HIF pathway) and various
negative microenvironmental factors, such as TLRs to detect pathogens, Nrf2 to
detect oxidative stress and p53 to detect DNA damage (to name a few) and are
generally termed cellular stress response pathways. As such, cells engage in
their own version of life history programs in reaction to both the state of the whole

organism and their local environment.
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A fundamental aspect of a cell’s life history programme choice is between
quiescence and proliferation and differentiation. Quiescence (dormancy)
generally relies on catabolic metabolism, such as an intact Krebs cycle and
OXPHOS, whereas cell activation, proliferation and differentiation often require
anabolic processes and depends on aerobic glycolysis and increased glucose
and glutamine uptake. It is clear that metabolic reprogramming when viewed from
a life history perspective engages specific metabolic pathways to support specific
cellular functions. Both growth and reproduction use anabolic processes,
whereas maintenance programmes use either catabolic processes (dormancy)

or anabolic processes (defence).

It is also clear that macrophages engage specific metabolic pathways to
execute their function in accordance with the principles of life history theory. As
such they provide a great example of how the different life history programs have
specific metabolic features governing them to effectively control the allocation of
resources. Specifically, under normal homeostatic conditions macrophages
proliferate using a c-Myc-controlled anabolic transcriptional program (growth)
(265). However, in response to LPS, macrophages engage aerobic glycolysis
through the induction of mMTOR and HIFla and the suppression of c-Myc
(defence) (265). Macrophages also enhance de novo lipogenesis to support their
effector functions and cytokine production (105). As such, alternative anabolic

programs are engaged to support the different life history programmes.

Macrophages also suppress catabolic processes upon countering
pathogens and PAMPSs. In fact, the suppression of catabolic processes requires
induction of the aspartate-argininosuccinate shunt, which supports NO synthesis
from INOS and nitrosylation of key components of the ETC, and the synthesis of
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itaconate, which competitively inhibits complex Il of the ETC (45, 49). Intriguingly,
both NO and itaconate are also anti-microbial agents that help to combat
infection, in addition to metabolic modulators that impair respiration and activate
cellular stress response pathways, such as Nrf2. It is therefore possible that
during evolutionary history these particular metabolic intermediates were
preferentially selected for because they provided an effective means to perform
two essential functions (anti-bacterial/anti-viral defence and suppression of
catabolic pathways) when the defence programme is invoked and thus represent
a highly effective way to optimise the use of finite resources. The application of
a life-history theory derived framework to metabolic reprogramming in
macrophages provides a clear explanation on why metabolism is such a critical
determinant of macrophage (and other immune cell type) function and as such

might explain why specific metabolic adaptations have emerged during evolution.

5.3 — Therapeutic and diagnostic opportunities

An exciting development that has emerged from the field of immunometabolism
is that the identification of key metabolic events that govern immune cell function
are also presenting new therapeutic opportunities for the treatment of
autoimmune and inflammatory diseases. In particular, the emerging role of the
Krebs cycle and Krebs cycle intermediates in inflammatory macrophages raises
the possibility of a new class of anti-inflammatory therapies based on Krebs cycle
metabolites themselves (and their derivatives) or focused on the targeting of
Krebs cycle enzymes. This concept has already warranted investigation (78) in
other pathophysiological contexts and indeed in relapsing remitting MS and

psoriasis, which are both autoimmune disorders.
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Specifically, the cell permeable fumarate derivative DMF is a key
component of the anti-inflammatory drugs Fumaderm® and Tecfidera® used to
treat psoriasis and relapse remitting MS, respectively (161, 180). Currently, a
multiplicity of mechanisms have been suggested to mediate its anti-inflammatory
effects and these include activation of the Nrf2 pathway and the HCAZ2 receptor,
and inhibition of GAPDH and aerobic glycolysis (179). It appears that favoured
mechanism currently stands as GAPDH and aerobic glycolysis. As such, the use
of a modified version of this Krebs cycle intermediate revealed a metabolic
module with clinical tractability. As shown in this study and others, the generation
of itaconate from the Krebs cycle intermediate cis-aconitate contrasts with other
metabolite signals emanating from the mitochondria in that it primarily acts a
protective anti-inflammatory agent. This unique property of itaconate has created
an interest in generating itaconate derivatives that can deliver it to the intracellular
compartment of cells and enhance its anti-inflammatory capacity. The use of the
cell permeable itaconate derivatives, 4-Ol and DMI, were also shown to be
protective in vivo in pre-clinical murine models of sepsis by decreasing pro-
inflammatory cytokine production and increasing survival (116), and in psoriasis,
which resulted in the amelioration of skin pathology (127), respectively. As
Fumaderm® is already an FDA approved drug for the treatment of psoriasis, the
development of small molecule drugs based on Krebs cycle intermediates and
their derivatives, such as itaconate, may (and indeed do) represent promising
therapeutics themselves. Furthermore, enhancing the electrophilicity of itaconate
and fumarate through chemical modification, and the fine-tuning of cell delivery,
represents an opportunity to develop novel and effective anti-inflammatory

agents.
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As well as acting within the cell, Krebs cycle metabolites can also be
released into the circulation through poorly defined mechanisms and their exact
roles in regulating biological processes in this situation is currently unknown. For
example, a portion of the succinate that accumulates during ischaemia and
inflammation is released from the cell into the extracellular environment. This
phenomenon occurs in a variety of physiological contexts, such as IR injury,
inflammation or cold exposure (67, 78, 266). The diverse consequences of
succinate released into the circulatory system remain to be explored, but one
likely role is as a pro-inflammatory and chemotactic signal, via ligation of
SUCNRL. There is considerable interest in developing drugs that can counteract
the effects of succinate on this receptor (267). Although SUCNRL1 receptor
inhibitors, such as compound ‘5g’, are in their infancy, they may provide further
understanding as to the signalling role of succinate and a method of blunting a
cascade response during inflammation. The regulation of circulating Krebs cycle
intermediates could represent a particularly interesting and underexplored
therapeutic modality. As mentioned however, an unexpected role for succinate
and the SUCNRL1 in limiting inflammation during obesity was recently identified
suggesting that extracellular succinate can be anti-inflammatory (63). It would be
tempting to speculate that inhibition of complex Il by itaconate is anti-
inflammatory in certain contexts in part by promoting succinate accumulation and
release into the extracellular milieu to activate SUCNR1. The role of itaconate in
adipose tissue inflammation and obesity is therefore an interesting avenue of
investigation. In addition, the use of potent synthetic SUCNR1 agonists, such as
cis-epoxysuccinic acid and cis-1,2-cyclopropanedicarboxylic acid, may have

utility as anti-inflammatory agents in certain contexts (268). The ability of
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succinate SUCNRL1 to initiate both pro-inflammatory and anti-inflammatory
transcriptional programmes suggest great care must be taken when targeting this

receptor in the clinic.

The specific targeting of Krebs cycle enzymes to treat pathophysiological
processes with biomedical importance has also begun to emerge. This concept
was first illustrated following the discovery that succinate accumulates during
ischaemia and is then oxidised upon reperfusion (78). Oxidation of succinate by
the Krebs cycle enzyme complex Il drives mitochondrial superoxide formation,
which contributes to ischaemia-reperfusion (IR) injury that can occur during
myocardial infarction. Inhibiting complex Il with DMM or malonate (and DMI)
prevented succinate accumulation during ischaemia and protected against tissue
damage upon reperfusion. This work indicates that simple inhibitors of Krebs
cycle enzymes could be used to prevent pathological damage. The oxidation of
succinate also generates mitochondrial ROS as a further pro-inflammatory redox
signal during inflammatory macrophage activation (62). As the mechanism of
mitochondrial superoxide generation by succinate oxidation during inflammation
seems to be the same as that during IR injury (RET), it is perhaps unsurprising
that DMM (in addition to itaconate derivatives) could also decrease inflammation
in a mouse model of sepsis. Hence, simple molecules designed to inhibit complex

Il are emerging a novel class of anti-inflammatory and anti—IR injury compounds.

Finally, the use of Krebs cycle metabolites as diagnostic biomarkers of
immune-related disease progression or status may also become integral in a
clinical setting, with abnormal levels often observed in diseased tissue such as
increased succinate and itaconate in the rheumatoid joint (66, 269). Interestingly,
a significant decrease in 5 Krebs cycle metabolites, citrate, fumarate, isocitrate,
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malate and succinate, has been observed in colonic biopsy samples from
patients with ulcerative colitis, while fumarate, succinate and malate were
significantly increased in the sera of patients with Crohn’s disease (270). It is
therefore inevitable that future therapeutic and diagnostic approaches based on

Krebs cycle metabolites are likely to emerge.

5.4 — Improving the study of macrophage immunometabolism

Two areas that require improvement to better understand the immunomodulatory
properties of the Krebs cycle and metabolic reprogramming in immune cells are
organelle-specific metabolite analysis in vitro and metabolite profiling in vivo.
Importantly, steps have been made in both directions. Although outside of an
immune context these studies may have utility in the study of

immunometabolism.

Firstly, Chen et al (2016) recently described a method for the rapid and
specific isolation of mitochondria and its use in tandem with a database of
predicted mitochondrial metabolites (MITObolome) (271). Intriguingly, they were
able to utilise this method and compare it to the whole-cell metabolome across
various states of respiratory chain function revealing extensive
compartmentalization of mitochondrial metabolism and signatures unique to the

inhibition of each RC complex (271).

Secondly, it is known that mammalian organs exchange metabolites via
the circulation but a comprehensive investigation into this has only recently been
carried. Jang et al (2019) compared metabolite concentrations in arterial blood
versus draining venous blood from 11 organs in the pig, thus providing a

guantitative atlas of inter-organ metabolite exchange that could prove fruitful in
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understanding how organ-specific metabolism interacts with the immune system

(272).

Thirdly, the use of stable-isotope tracing in humans has also been used to
great effect in assessing metabolic heterogeneity and Krebs cycle functionality
within tumours (273) and perhaps could be adapted for use in inflammatory
diseases, whereby diseased tissue can be surgically excised. As such, these
strategies may be adopted to encompass other tissue and cell types, cellular
organelles and compartments in future studies. Specifically, these strategies may
help us better understand the mechanics of Krebs cycle remodelling in
macrophages and how this interacts with and influences cellular architecture and
signalling, as well as revealing how this process unfolds in tissue-resident

macrophage populations in vivo during inflammatory diseases.

5.5 — Final conclusion

It is now clear that the Krebs cycle and its intermediates go beyond their role in
bioenergetics to influence cellular signalling and may serve as the ultimate
determinant of macrophage function. The Krebs cycle has therefore been reborn
in the macrophage as an immunometabolic signalling hub, the continuing study
of which has great potential to deepen our understanding of the role of the
macrophage in health and disease. Importantly, this thesis has made a major
contribution to this emerging concept by identifying novel signalling pathways

engaged by macrophages to direct inflammatory cytokine production.
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7.1 — Conference abstracts

European Congress of Immunology (ECI), Amsterdam, NLD. September
2018

Invited talk

Title: Iltaconate is an anti-inflammatory metabolite that activates Nrf2 via
alkylation of KEAP1

Abstract:

The endogenous metabolite itaconate has recently emerged as a regulator of
macrophage function, but its precise mechanism of action remains poorly
understood. Here we show that itaconate is required for the activation of the anti-
inflammatory transcription factor Nrf2 (also known as NFE2L2) by
lipopolysaccharide in macrophages. We find that itaconate directly modifies
proteins via alkylation of cysteine residues, a novel post-translational
modification we've termed 2,3-dicarboxypropylation. We describe the use of a
new cell-permeable itaconate derivative, 4-octyl itaconate (4-Ol), which alkylates
the key redox-sensing cysteine residues 151, 257, 288, 273 and 297 on the
protein KEAP1, enabling Nrf2 to increase the expression of downstream genes
with anti-oxidant and anti-inflammatory capacities. The activation of Nrf2 is
required for the anti-inflammatory action of 4-Ol, while there is a loss of Nrf2-
stabilisation and enhanced cytokine production in Irgl-/- macrophages, which
can no longer produce itaconate. Furthermore, 4-Ol is protective against
lipopolysaccharide-induced lethality in vivo and decreases inflammatory cytokine
production. Our findings demonstrate that itaconate is a crucial anti-inflammatory
metabolite that acts via Nrf2 to limit inflammation.
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Cell Symposia — Metabolites as signalling molecules, Seattle, US.
December 2018

Poster presentation

Title: Itaconate is an anti-inflammatory metabolite that activates Nrf2 via
alkylation of KEAP1

Abstract:

The endogenous metabolite itaconate has recently emerged as a regulator of
macrophage function, but its precise mechanism of action remains poorly
understood. Here we show that itaconate is required for the activation of the anti-
inflammatory transcription factor Nrf2 (also known as NFE2L2) by
lipopolysaccharide in macrophages. We find that itaconate directly modifies
proteins via alkylation of cysteine residues, a novel post-translational
modification we’ve termed 2,3-dicarboxypropylation. We describe the use of a
new cell-permeable itaconate derivative, 4-octyl itaconate (4-Ol), which alkylates
the key redox-sensing cysteine residues 151, 257, 288, 273 and 297 on the
protein KEAP1, enabling Nrf2 to increase the expression of downstream genes
with anti-oxidant and anti-inflammatory capacities. The activation of Nrf2 is
required for the anti-inflammatory action of 4-Ol, while there is a loss of Nrf2-
stabilisation and enhanced cytokine production in Irgl-/- macrophages, which
can no longer produce itaconate. Furthermore, 4-Ol is protective against
lipopolysaccharide-induced lethality in vivo and decreases inflammatory cytokine
production. Our findings demonstrate that itaconate is a crucial anti-inflammatory
metabolite that acts via Nrf2 to limit inflammation.
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[taconate is an anti-inflammatory metabolite that
activates Nrf2 via alkylation of KEAP1
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Albena T. Dinkova-Kostova®!>, Richard C. Hartley'*, Michael P. Murphy®§ & Luke A. O’Neill-*§

The endogenous metabolite itaconate has recently emerged as a
regulator of macrophage function, but its precise mechanism of
action remains poorly understood! . Here we show that itaconate
is required for the activation of the anti-inflammatory transcription
factor Nrf2 (also known as NFE2L2) by lipopolysaccharide in mouse
and human macrophages. We find that itaconate directly modifies
proteins via alkylation of cysteine residues. Itaconate alkylates
cysteine residues 151, 257, 288, 273 and 297 on the protein KEAP1,
enabling Nrf2 to increase the expression of downstream genes with
anti-oxidant and anti-inflammatory capacities. The activation of
Nrf2 is required for the anti-inflammatory action of itaconate. We
describe the use of a new cell-permeable itaconate derivative, 4-octyl
itaconate, which is protective against lipopolysaccharide-induced
lethality in vivo and decreases cytokine production. We show that
type I interferons boost the expression of IrgI (also known as Acod1)
and itaconate production. Furthermore, we find that itaconate
production limits the type I interferon response, indicating a
negative feedback loop that involves interferons and itaconate. Our
findings demonstrate that itaconate is a crucial anti-inflammatory
metabolite that acts via Nrf2 to limit inflammation and modulate
type I interferons.

Macrophages have a key role in innate immunity. They respond
rapidly to pathogens and subsequently promote an anti-inflammatory
phenotype to limit damage and promote tissue repair. The factors driving
these changes are incompletely understood. Itaconate, a metabolite
synthesized by the enzyme encoded by Irgl1!, is increased in lipopoly-
saccharide (LPS)-activated macrophages? and has been suggested to
limit inflammation by inhibiting succinate dehydrogenase (SDH),
a crucial pro-inflammatory regulator®; however, the details remain
unclear.

Itaconate was the most abundant metabolite in LPS-treated human
macrophages (Fig. 1a) and reached 5mM in mouse bone marrow-
derived macrophages (BMDMs) after LPS stimulation (Fig. 1b, ¢).
Itaconate can disrupt SDH activity, but is less potent than the classic
SDH inhibitor malonate (Extended Data Fig. 1), suggesting that it may
exert its anti-inflammatory effects via additional mechanisms.

Itaconate contains an electrophilic o,3-unsaturated carboxylic acid
that could potentially alkylate protein cysteine residues by a Michael
addition to form a 2,3-dicarboxypropyl adduct. An attractive candidate

protein that undergoes cysteine alkylation is KEAPI, a central player in
the anti-oxidant response (Fig. 1d). KEAP1 normally associates with
and promotes the degradation of Nrf2, but alkylation of crucial KEAP1
cysteine residues allows newly synthesized Nrf2 to accumulate, migrate
to the nucleus and activate a transcriptional anti-oxidant and anti-
inflammatory program®. We therefore examined KEAP1 and Nrf2 as
targets of itaconate.

The cell-permeable itaconate derivative dimethyl itaconate (DMI)*
boosted levels of Nrf2 protein, expression of downstream target genes,
including Hmox1, and glutathione (GSH) (Extended Data Fig. 2a-d).
However, the lack of a negative charge on the conjugated ester group
in DMI increases its reactivity towards Michael addition, making it a
far superior Nrf2 activator than itaconate akin to the potent Nrf2 acti-
vator dimethylfumarate (DMF)®. DMI is rapidly degraded within cells
without releasing itaconate’, hence is unlikely to mimic endogenous
itaconate. Even so, these data indicate that Nrf2 activation is anti-
inflammatory® (Extended Data Fig. 2e, f).

To overcome the limitations of DMI, we synthesized 4-octyl itac-
onate (OI), a cell-permeable itaconate derivative (Extended Data
Fig. 3a). Itaconate and OI had similar thiol reactivity that was far lower
than that of DMI (Extended Data Fig. 3b, ¢, f), making it a suitable
cell-permeable itaconate surrogate. Furthermore, OI was hydrolysed
to itaconate by esterases in mouse myoblast C2C12 cells (Extended
Data Fig. 3d) and LPS-activated mouse macrophages (Extended Data
Fig. 3e). OI boosted Nrf2 levels (Fig. le, compare lane 5 to lane 1)
and enhanced LPS-induced Nrf2 stabilization (Fig. le, compare lane 6
to lane 2), and increased the expression of downstream target genes’,
including the anti-inflammatory protein HMOX1'? (Fig. 1f, g). We used
a quantitative NAD(P)H:quinone oxidoreductase-1 (NQO1) inducer
bioassay!2, to assess the potency of Nrf2 activation by the CD value
(concentration required to double the specific enzyme activity) for
NQOJI, the prototypical Nrf2 target gene. OI (CD value of 2 M), was
more potent than the clinically used Nrf2 activator DMF (CD value
of 6.5uM) (Fig. 1h, Extended Data Fig. 3f). OI stimulated synthesis of
the key anti-oxidant GSH (Extended Data Fig. 3g-i). OI also boosted
canonical activation of Nrf2 by the pro-oxidant hydrogen peroxide
(H,0,) (Extended Data Fig. 3j, k). Importantly, the related octyl esters
4-octyl 2-methylsuccinate and octyl succinate, which are not Michael
acceptors, had no effect on Nrf2 activity, confirming the requirement
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Itaconate is structurally similar to malate, which is transported across
the mitochondrial inner membrane by the dicarboxylate, citrate and
oxoglutarate carriers. All three carriers transported itaconate, whereas
other tested carriers could not (Fig. 2a and Extended Data Fig. 4), sug-
gesting that LPS-induced itaconate is generated in the mitochondrial
matrix and is then exported to the cytosol to activate Nrf2.

for the itaconate moiety (Extended Data Fig. 31). Dimethyl malonate,
a potent SDH inhibitor?, did not activate Nrf2 (Extended Data
Fig. 3m), confirming that Nrf2 activation by Ol is independent of SDH
inhibition.

Itaconate is generated by IRG1 in the mitochondrial matrix and must
cross the mitochondrial inner membrane to act on Nrf2 in the cytosol.
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Figure 3 | OI limits IL-103 in an Nrf2-dependent manner and protects
against LPS lethality. a-d, LPS (24 h) induced Il1b mRNA (a, n=3),
IL-18 and HIF-1a protein (b), ROS production (¢, n = 3; measured as

the percentage change in mean fluorescent intensity (MFI) relative to
untreated control) and nitrite production (d, n=3) £ Ol e, ILIB mRNA
in human PBMCs treated as in a-d (n = 3). f, Survival (left), clinical score
(middle) and body temperature (right) measurements in mice (7 = 10)
injected intraperitoneally with OI (50 mg kg™, 2h) and LPS (15mgkg™1).

Our hypothesis is that itaconate activates Nrf2 by alkylation of
KEAP1 cysteine residue(s)!*'%, similar to the modification of cysteines
by fumarate (Extended Data Fig. 5a). Cysteine 151 (Cys151) is a prin-
cipal sensor on KEAP1 for sulforaphane'® and DMF!. OI stabilized
V5-tagged Nrf2 (Nrf2-V5) in COS1 cells co-expressing wild-type
KEAPI but not a Cys151Ser mutant, similarly to sulforaphane (Fig. 2b,
compare lanes 16 and 17 to lanes 18 and 19). To analyse KEAP1 alky-
lation directly, we overexpressed Myc-DDK-tagged KEAP1 in human
HEK293T cells and treated the cells with OI. Tandem mass spectro-
metry of immunoprecipitated KEAP1 revealed that for the KEAP1 pep-
tide (144-152), which contains Cys 151, OI treatment increased its mass
by 242.15 Da, consistent with alkylation by OI (Fig. 2c). OI also modi-
fied other known KEAP1 regulatory cysteine residues (Cys257, Cys288
and Cys273) (Extended Data Fig. 5b-d, Extended Data Table 1a).
Furthermore, itaconate-cysteine adducts, derived in part from glucose
and glutamine (Fig. 2d and Extended Data Fig. 6), were detected in
LPS-treated macrophages. These data suggest that itaconate activates
Nrf2 by alkylating KEAPI cysteine residues. We further explored
cysteine alkylation induced by itaconate using an untargeted mass
spectrometry approach in macrophages treated with OI, or with LPS,
which increases itaconate levels. We identified several proteins that
contain alkylated cysteine residues (Extended Data Table 1b, c). Notably
LDHA, which has a crucial role in the regulation of glycolysis, was alky-
lated in OI- and LPS-treated macrophages (Fig. 2e and Extended Data
Fig. 5e, f). This modification, here defined as 2,3-dicarboxypropylation,
generates a stable thioether. As there are no known pathways for the
removal of such post-translational modifications, modified proteins
are probably degraded, suggesting that this modification will have pro-
found effects on macrophage function.

We next assessed whether itaconate activation of Nrf2 could be
anti-inflammatory. OI, used at concentrations that did not affect

g, Serum IL-1(3 and TNF levels from mice injected intraperitoneally

with OI (50 mg kg™, 2h) and/or LPS (2.5mg kg !, 2h, n =3 vehicle, O
n=15LPS, OI plus LPS). h, Nrf2, HMOXI1 and IL-13 protein in wild-type
and Nrf2 knockout (KO) mouse BMDMs treated with LPS (6 h) and OI

as indicated. Data are mean =+ s.e.m. P values calculated using one-way
ANOVA. Blots are representative of three independent experiments. For
gel source data, see Supplementary Fig. 1.

cellular viability, decreased LPS-induced I11b mRNA, pro-IL-103,
HIF-1avand IL-10 protein levels, and decreased the extracellular acidi-
fication rate, yet had no effect on NF-kB activity or TNF (also known
as TNFa) levels (Fig. 3a, b and Extended Data Fig. 7a-f). OI also
decreased 111b mRNA in BMDMs treated with the TLR2 and TLR3
ligands, Pam3CSK and polyinosinic:polycytidylic acid (poly(I:C)),
respectively (Extended Data Fig. 7g). Levels of LPS-induced reac-
tive oxygen species (ROS), nitrite and inducible nitric oxide syn-
thase (iNOS) were limited by OI (Fig. 3¢, d and Extended Data Fig.
7h, i). These effects are likely to be a consequence of ROS detoxi-
fication after Nrf2 induction by OI. IL-183 and TNF were decreased
by OIin human peripheral blood mononuclear cell (PBMCs) (Fig. 3e,
Extended Data Fig. 7j). Ol also counteracted the pro-inflammatory
response to LPS in vivo. OI, which activated Nrf2 (Extended Data
Fig. 7k), prolonged survival, decreased clinical score and improved
body temperature regulation, and decreased IL-173 and TNF levels
but not IL-10 in an LPS model of sepsis (Fig. 3f, g and Extended Data
Fig. 71).

Ol induction of HMOX1 was blocked in Nrf2-deficient macrophages
(Fig. 3h (compare lanes 2 and 3 to lanes 8 and 9) and Extended Data
Fig. 8a, d) or when Nrf2 was silenced (Extended Data Fig. 8a, d (com-
pare lanes 7 and 8 to lanes 11 and 12)). Without Nrf2, the decrease in
LPS-induced IL-18 with OI was significantly impaired (Fig. 3h (com-
pare lane 6 to lane 12), Extended Data Fig. 8b—f (compare lanes 6 and 8
to 10and 12 in ¢, d)). Furthermore, two Nrf2 activators, diethyl maleate
and 15-deoxy-A12,14-prostaglandin J2 decreased LPS-induced IL-13,
IL-10, nitric oxide synthase (NOS2) and nitrite (Extended Data
Fig. 8g-k). Thus, itaconate activates an anti-inflammatory program
through Nrf2.

We next investigated how switching from a pro- to an anti-inflammatory
state might affect itaconate production from aconitate by IRG1.

5 APRIL 2018 | VOL 556 | NATURE | 115

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

a b ¢ 150 |3 WT
o § 25,000 P =.°;°1.' % s B fnart- P <0.0001
7 2 —
. 8 15,000 1] P =0.0004 2
s g 100 —
€6 % 5,000 = 3 -
B3 ® 8 E”
c? 4 o o 50
2 5 2 4 =
T © o %
Q
0 i< N <
SR P P 0-Lesas
4 2 0 2 4 o % e SHEN & \*ﬁo
log,(fold change) & <Q°
N
d e f P < 0.0001
5 P <0.0001 o8 28 150 Human
22 —— o8& o g & umol Y P =0.0002
2 ’ l_‘ - - — + + + T
g 1 - o [ISG15 E'ﬁ
o &
= 1 e e | KK - ’;—
L, [
e B-actin
5 o
2 0&@ & 0@@ @ Mol SRLPE © S Py uMOl
T1PS + poly(l:C)
Time after LPS stimulation
g

P =0.0212
[ —

Itaconate’?’lFNs Anti-inflammatory

inflammatory high itaconate

KEAP1

+
Nrf2 activation

IL-1B

Figure 4 | A feedback loop exists between itaconate and IFN-3.

a, Metabolite levels in control versus IFN-3-treated (1,000 U ml~%; 27 h;
n=>5) mouse macrophages. b, LPS-induced (24 h) Irgl expression & IFN-3
(1,000 U ml~Y; n=3). ¢, Irgl expression in wild-type and TFN receptor-
deficient (Ifnarl ') BMDMs plus LPS or poly(I:C) (40 ug ml~?) for 24h
(n=3).d, IFN-{ (n=3) expression plus LPS (24 h) and OI as indicated.

e, ISG15 and IKK-¢ expression after treatment with LPS (24 h) and OL.

f, IFN-B protein expression in PBMCs treated with poly(I:C) (20 pg ml™;
24h) and OI (n=3) as indicated. g, Serum IFN-{3 levels from mice
injected intraperitoneally with OI (50 mg kg~!, 2h) with or without LPS
(2.5mg kg% 2h) (n=3 vehicle, OT; n= 15 LPS, OI and LPS). h, The anti-
inflammatory role of itaconate. Data are mean =+ s.e.m. P values calculated
using one-way ANOVA. Blots are representative of three independent
experiments. Data in f are representative from one of two human donors.
For gel source data, see Supplementary Fig. 1.

By modelling gene networks that control Irgl expression, the IFN
response factor IRF1 was identified as a regulator'8. We show here
that itaconate levels are increased after IFN-3 treatment (Fig. 4a), in
agreement with others'®. Levels of citrate and aconitate, the substrate
for Irgl, were reduced by IFN-{3 as was the downstream metabolite
a-ketoglutarate (Extended Data Fig. 9a). These data are consistent
with an increase in aconitate conversion to itaconate rather than
o-ketoglutarate. IFN-{ enhanced basal and LPS-induced IrgI expres-
sion (Fig. 4b). LPS- and poly(I:C)-induced IrgI expression in BMDMs
lacking type I IFN receptor was decreased (Fig. 4c), indicating that
autocrine IFN facilitates IRG1 induction. OI limited the IFN response,
decreasing the expression of IFN-3, IKK-¢, ISG20 and ISG15 protein,
IFN-B production in poly(I:C)-treated PBMCs and LPS-induced IFN-(3
production in vivo (Fig. 4d-g and Extended Data Fig. 9b, c). IFN-3
enhanced both the mRNA and protein expression of IL-10, with or
without the addition LPS (Extended Data Fig. 9d), suggesting that the
decrease in IL-10 after OI treatment is due to reduced type I IFN pro-
duction®. Nrf2 knockout or knockdown attenuated the reduction of
ISG20 expression by OI, whereas the Nrf2 activators diethyl maleate
and 15-deoxy-A12,14-prostaglandin J2 reduced ISG20 expression
(Extended Data Fig. 9e-g). This agrees with increased expression of
IRF3-regulated genes in LPS-treated Nrf2-deficient mice?!.

These data suggest the operation of a negative-feedback loop: itaco-
nate is generated in response to LPS, in part through type I IFNs,
and promotes an anti-inflammatory program by Nrf2 activation
(Fig. 4h), as well as SDH inhibition®*2. This limits further inflammatory
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gene expression and its own production by downregulating the IFN
response. This helps to explain why Nrf2-deficient mice are more sen-
sitive to septic shock?!, even though under certain circumstances these
mice are protected from inflammation?. Our identification of itaconate
as an inflammatory regulator, that directly modifies proteins through
a newly identified post-translational modification, unveils therapeutic
opportunities to use itaconate or OI to treat inflammatory diseases®*.
Furthermore, an intriguing link was recently made® from itaconate to
vitamin By, and this warrants further investigation in the context of
inflammation and immunity. Further understanding the role of itaco-
nate as an anti-inflammatory metabolite and regulator of type I IFNs
is likely to yield new insights into the pathogenesis of inflammatory
diseases.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Isolation of human PBMCs. Human PBMCs were isolated from human blood
using Lymphoprep (Axis-Shield). Whole blood (30 ml) was layered on 20 ml
lymphoprep and spun for 20 min at 2,000 r.p.m. with no brake on. The PBMCs
were isolated from the middle layer. PBMCs were maintained in RPMI supple-
mented with 10% (v/v) FCS, 2mM L-glutamine, and 1% penicillin/streptomycin
solution.

Generation of human macrophages. Blood was layered on Histopaque and
centrifuged at 800g for 20 min, acceleration 9, and deceleration at 4. The PBMC
layer was isolated and the macrophages were sorted using magnetic-activated cell
sorting (MACS) CD14 beads. Cells were plated at 0.5 x 10° cells ml™! in media
containing M-CSF (100 ng ml™!) and maintained at 37°C, 5% CO, for 5 days, to
allow differentiation into macrophages. For further details, see Supplementary
Methods.

Generation and treatment of BMDMs. Mice were euthanized in a CO; cham-
ber and death was confirmed by cervical dislocation. Bone marrow cells were
extracted from the leg bones and differentiated in DMEM (containing 10% fetal
calf serum, 1% penicillin/streptomycin and 20% L929 supernatant) for 6 days, at
which time they were counted and replated for experiments. Unless stated, 5 x 10°
BMDMs per millilitre were used in in vitro experiments. Unless stated, the LPS
concentration used was 100 ng ml~!, the DMI and OI concentration was 125 M,
and in experiments where pre-treatments occurred before LPS stimulation this
was for 3h.

Synthesis of itaconate compounds. For details on synthesis and characterization
of chemical compounds, see Supplementary Methods.

Metabolomic analysis with Metabolon. Macrophages were plated at 2 x 10°
per well in 6-well plates and treated as required. BMDMs n = 5, human mac-
rophages n = 12. Analysis was performed by Metabolon. For further details,
see Supplementary Methods.

Metabolite measurements for absolute succinate and itaconate quantifica-
tion and metabolite tracing. Cells were treated as desired. For tracing studies,
immediately before LPS stimulation, the media was removed and replaced with
DMEM media (1 ml) containing U-'*C-glucose (4.5g17!) or U-*C-glutamine
(584mg ml ") deplete of 2C- glucose or 2’C-glutamine. Samples were extracted in
methanol/acetonitrile/water, 50:30:20 (v/v/v) (1 ml per 1 x 10° cells) and agitated
for 15min at 4°C in a Thermomixer and then incubated at —20°C for 1 h. Samples
were centrifuged at maximum speed for 10 min at 4 °C. The supernatant was trans-
ferred into a new tube and centrifuged again at maximum speed for 10 min at 4°C.
The supernatant was transferred autosampler vials. Liquid chromatograph-mass
spectrometry (LC-MS) analysis was performed using a Q Exactive mass spectrom-
eter coupled to a Dionex U3000 UHPLC system (Thermo). For further details, see
Supplementary Methods.

Western blotting. Protein samples from cultured cells were prepared by direct lysis
of cells in 5x Laemmli sample buffer, followed by heating at 95°C for 5min. For
spleen samples, 30 mg of spleen was homogenized in RIPA buffer using the Qiagen
TissueLyserlI system. The resulting homogenate was centrifuged at 14,000 r.p.m.
for 10 min at 4°C, and supernatants were used for SDS-PAGE. Protein samples
were resolved on 8% or 12% SDS-PAGE gels and were then transferred onto
polyvinylidene difluoride (PVDF) membrane using either a wet or semi-dry transfer
system. Membranes were blocked in 5% (w/v) dried milk in TBS-Tween (TBST)
for at least 1 h at room temperature. Membranes were incubated with primary
antibody, followed by the appropriate horseradish peroxidase-conjugated second-
ary antibody. They were developed using LumiGLO enhanced chemiluminescent
(ECL) substrate (Cell Signalling). Bands were visualized using the GelDoc system
(Biorad).

Quantitative PCR. Total RNA was isolated using the RNeasy Plus Mini kit
(Qiagen) and quantified using a Nanodrop 2000 UV-visible spectrophotometer.
cDNA was prepared using 20-100ngl ! total RNA by a reverse transcription
PCR (RT-PCR) using a high capacity cDNA reverse transcription kit (Applied
Biosystems), according to the manufacturer’s instructions. Quantitative PCR
(qPCR) was performed on cDNA using SYBR Green probes. gPCR was performed
on a 7900 HT Fast Real-Time PCR System (Applied Biosystems) using Kapa fast
master mix high ROX (Kapa Biosystems, for SYBR probes) or 2 x PCR fast master
mix (Applied Biosystems, for Tagman probes). For SYBR primer pair sequences,
see Supplementary Methods. Fold changes in expression were calculated by the
AAC; method using mouse Rps18 as an endogenous control for mRNA expression.
All fold changes are expressed normalized to the untreated control.

NQO1 bioassay. Inducer potency was quantified by use of the NQO1 bioassay in
Hepalclc7 mouse hepatoma cells''2. Cells (10* per well of a 96-well plate) were
grown for 24h and exposed (1= 8) to serial dilutions of compounds for 48 h before
lysis. NQOL1 enzyme activity was quantified in cell lysates using menadione as a
substrate. Protein concentrations were determined in aliquots from the same cell

lysates by the bicinchoninic acid (BCA) assay (Thermo Scientific). The CD value
was used as a measure of inducer potency. For assays examining the effect of GSH
on inducer potency, 50 uM of each compound was incubated with 1 mM GSH in
the cell culture medium at 37 °C for 30 min before treatment.
Preparation of rat liver mitochondria. Female Wistar rats aged between 10 and
12 weeks (Charles River) were culled by stunning and cervical dislocation before
the liver being excised and stored in ice-cold buffer (STE buffer; 250 mM sucrose,
5mM Tris-Cl, 1 mM EGTA (pH 7.4 at 4°C)). Rat liver mitochondria were iso-
lated by homogenization and differential centrifugation at 4°C in STE buffer?. In
brief, minced tissue was homogenized in STE buffer before centrifugation (1,000g,
3min, 4°C) and centrifuging the resulting supernatant (10,000g, 10 min, 4°C). The
mitochondrial pellet was resuspended in fresh STE before centrifuging (10,000g,
10min, 4°C). The resulting pellet was resuspended in STE and assayed for protein
concentration via BCA assay (Thermo Scientific) against a BSA standard curve.
Preparation of bovine heart mitochondrial membranes. Bovine heart mitochon-
dria were isolated by differential centrifugation in 250 mM sucrose, 10 mM Tris-Cl,
0.2mM EDTA (pH 7.8 at 4°C). To prepare membranes, bovine heart mitochondria
were blended with MilliQ water at 4 °C before adding KCl to a final concentra-
tion of 150 mM and blending until homogenous. The suspension was centrifuged
(13,500¢, 40 min, 4°C) and the pellet was resuspended in re-suspension buffer
(20 mM Tris-Cl, 1 mM EDTA, 10% glycerol, pH 7.55 at 4 °C) before homogeniza-
tion and assaying for protein by BCA assay (Thermo Scientific)?’.
Measuring complex IT and III activity. Bovine heart mitochondrial membranes
(80 pg protein per ml) were incubated in 50 mM potassium phosphate buffer
(50 mM potassium phosphate, 1 mM EDTA, pH 7.4, 4°C) supplemented with
3mM KCN, 4 M rotenone and succinate. In a 96-well microplate, inhibitor or
vehicle control and membrane incubation were plated and incubated for 10 min
at 30 °C. Alternatively, where indicated, itaconate was incubated with membranes
and removed by twice centrifuging membranes and resuspending in non-itaconate
containing buffer, before plating with 1 mM succinate. Oxidized cytochrome-c was
added before measuring the respiratory chain activity by assessing the reduction
of cytochrome-c spectrophotometrically at 550 nm at 20 s intervals for 5min at
30°C. Final concentrations were 10 ug protein per well bovine heart membranes
and 30 pM ferricytochrome c.
Measuring rat liver mitochondrial respiration. Respiration of rat liver mitochon-
dria was assessed with an Oxygraph-2K (OROBOROS instruments high resolution
respirometry). Rat liver mitochondria (0.5 mg mitochondrial protein per ml) were
added to KCl buffer (pH 7.2, 37 °C) and respiration assessed in the presence of
4pg ml~! rotenone, | mM succinate, 1 1M FCCP and inhibitors or buffer control.
Assessing itaconate ester reactivity with glutathione. GSH (1 or 5mM) and
5mM itaconate esters or vehicle control were incubated in KCI buffer (pH 7.2
or 8) at 37°C for 2 h, where indicated, 10 ug recombinant GST was added to the
incubation. The reaction was stopped by acidification with 5% sulfosalicylic acid
before assessing glutathione content by the GSH recycling assay as described
previously®®.
Itaconate transport assays. Itaconate transport by mitochondrial carriers was
assessed as described previously®. For further details see Supplementary Methods.
Cell uptake of itaconate. C2C12 mouse myoblasts were plated at 300,000 cells
per well in a 6-well plate in complete growth medium and adhered overnight in a
humidified 5% CO,, 37 °C incubator. The following day, media was replaced with
serum-free DMEM containing itaconate esters and cells were treated for 30 min
at 37°C. Cells were extracted as described above (method for succinate quantifi-
cation), with MS internal standard (100 pmol) added and stored at —80 °C before
LC-MS/MS analysis. For further details, see Supplementary Methods.
LC-MS/MS analysis was performed using an LCMS-8060 mass spectrometer
(Shimadzu) with a Nexera X2 UHPLC system (Shimadzu). For further details, see
Supplementary Methods.
KEAPI cysteine target validation. COS1 cells (2.5 x 10° per well) in 6-well plates
were co-transfected (Lipofectamine 2000) with 0.8 pg of Nrf2-V5 and 1.6 pg of
wild-type or Cys151S mutant KEAP1', or 1.6 j1g of pcDNA. Cells were grown for
21h then treated with 20 or 100 uM OI, 5uM sulforaphane or 0.1% acetonitrile
(vehicle) for 3h. Cell were washed in PBS and lysed in 200 pl of SDS-lysis buffer
(50mM Tris-HCI, pH 6.8, 2% (w/v) sodium dodecyl sulfate (SDS) and 10% (v/v)
glycerol). Lysates were sonicated (20 at 30% amplitude using Vibra-Cell ultrasonic
processor, Sonic) and boiled (3 min), and dithiothreitol (DTT) and Bromophenol
blue were added up to 0.1 M and 0.02% (w/v) final concentrations, respectively.
Proteins (10 1g) were resolved on a gradient (4-12%) NuPAGE SDS gel, transferred
onto nitrocellulose membranes, and immunoblotted with anti-KEAP1 (rat mono-
clonal, Merk Millipore, clone 144), anti-Nrf2 (rabbit monoclonal, CST), and anti-
(3-actin (mouse monoclonal, Sigma) antibodies. Horseradish peroxidase (HRP)- or
IRDye-labelled secondary antibodies were used interchangeably, followed by either
ECL detection or scanning using Odyssey imager (Li-COR).
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ELISA. Cytokine concentrations in cell supernatants were measured using ELISA
Duoset kits for mouse IL-10 and TNF and human IFN-{3 and IL-13, according to
the manufacturer’s instructions. Cytokine concentrations in serum samples iso-
lated from whole blood were measured using Quantikine ELISA kits for mouse or
human IL-13, IFN-(, IL-10 and TNE Duoset and Quantikine kits were from R&D
Systems. Optical density values were measured at a wavelength of 450 nm, using a
FLUOstar Optima plate reader (BMG Labtech). Concentrations were calculated
using a four-parameter fit curve.

FACS analysis of ROS. BMDMs were seeded at 0.5 x 10° cells per ml and treated
as normal. Then 2 h before staining, 100% ethanol was added to the dead cell con-
trol well. Thirty minutes before the end of the stimulation, CellROX (5uM) was
added directly into the cell culture medium. Supernatants of cells that were to be
stained with Aqua Live/Dead were removed, and an Aqua Live/Dead dilution (1 ml;
1:1,000 in PBS) was added to each well. Cells were incubated in tinfoil at 37°C
for 30 min. Cells were washed with PSB, scraped in PBS (0.5ml), and transferred
to polypropylene FACS tubes. Samples were analysed using a DAKO CyAn flow
cytometer, and data was analysed using FlowJo software. MFI was quantified as a
measure of cellular ROS production.

Nitric oxide assay. Nitric oxide concentrations in cell supernatants were measured
using Greiss reagent assay kit from Thermo Fischer Scientific according to the
manufacturer’s instructions. Optical density values were measured at a wavelength
of 548 nm, using a SoftMax Pro plate reader. Concentrations were calculated using
alinear standard curve.

GSH/GSSG measurements. BMDMs were plated at 0.1 x 10° cells per ml in
opaque 96-well plates. Cells were pre-treated with OI (125uM) for 2h and then
stimulated with hydrogen peroxide (100 .M) for 24 h. After 24 h, cell media was
removed and the reduced glutathione to oxidized glutathione (GSH/GSSG) ratio
was quantified using MyBio GSH/GSSG-Glo Assay (V6611) as per manufacturer’s
instructions. Luminescence was quantified using a FLUOstar Optima plate reader.
LDH assay. Cells were plated at 0.5 x 10° cells per ml in white 24-well plates (500 pl
per well) and treated as required. Cytotoxicity, as determined by LDH release,
was assayed using CytoTox96 Non-radioactive Cytotoxicity Assay kit (Promega)
according to the manufacturer’s instructions.

Seahorse analysis of lactate production. Cells were plated at 0.2 x 10° cells per
well of a 24-well Seahorse plate. Cells were treated and stimulated as normal.
A utility plate containing calibrant solution (1 ml per well) was placed in a CO,-
free incubator at 37 °C overnight. The next day, media was removed from cells
and replaced with glucose-supplemented XF assay buffer (500 ul per well) was
placed in a CO,-free incubator for at least 0.5h. Compounds (glucose, oligomycin
and 2-deoxy-p-glucose (2DG); 70 ul) were added to the appropriate port of the
injector plate. This plate together with the utility plate was run on the Seahorse
for calibration. Once complete, the utility plate was replaced with the cell culture
plate and run on the Seahorse XF-24.

Endotoxin-induced model of sepsis. For cytokine measurements, mice were
treated intraperitoneally with OI (50 mg kg™!) in 40% cyclodextrin in PBS or
vehicle control for 2h before stimulation with LPS (Sigma; 2.5mg kg ') intra-
peritoneally for 2h. Mice were euthanized in a CO, chamber, blood samples were
collected and serum was isolated. Cytokines were measured using R&D ELISA kits
according to manufacturer’s protocol. For temperature recording, mice (n= 10 per
group) were treated intraperitoneally with OI (50 mg kg™") in 40% cyclodextrin
in PBS or vehicle control for 2 h before stimulation with LPS (5mg kg~!) and
monitored for temperature at 1, 2, 3, 4, 6, 12, 18 and 24 h after LPS treatment.
Temperature was monitored using subcutaneously implanted temperature tran-
sponder chips (Bio Medic Data Systems; IPTT 300) which were injected between
the shoulder blades 48 h before experiment. At defined times, body temperature
was measured by scanning the transponder with a corresponding BMDS Smart
Probe. Animals were additionally monitored for clinical signs of endotoxic shock,
based on temperature change, body condition, physical condition and unprovoked
behaviour, with a combined score of 9 indicating the humane end point for the
experiment.

siRNA transfection of BMDMs. Cells were plated at 1 x 10° cells per ml in
12-well plates overnight. On the day of transfection, the media was replaced with
500l DMEM without penicillin/streptomycin or FBS. For each target gene, two
Eppendorfs were prepared. Optimem (250 pl per well) was added to each tube.
RNAimax (add 5pl per well) was added to one set of tubes and short interfering
siRNA (siRNA; 50nM per well) was added to the second set of tubes. The tube con-
taining the siRNA was added to the tube with RNAimax, mixed well by pipetting
and incubated for 15 min. The mix (500 pl) was added to each well. Twenty-four
hours after transfection, cells were treated as required.

Analysis of KEAP1 modification by OI. Human embryonic kidney cells
(HEK293T cells) were transfected with a pCMV6-KEAP1 vector (Myc-DDK-
tagged mouse KEAP1) (OriGene). C2C12, Hepalclc7 cells and COS1 cells
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were from American Type Culture Collection (ATCC). The L929 cells are from
Sigma (85011425). HEK293T cells were obtained from the Centre for Applied
Microbiology and Research. Cell lines have not been tested for mycoplasma
contamination. Twenty-four hours after transfection, cells were treated with OI
(5001M) or vehicle control (PBS) for 4h. Tagged KEAP1 was immunoprecipitated
using an anti-Flag antibody (Sigma) and protein A/G beads (Santa Cruz). After
immunoprecipitation, bound KEAP1 was eluted off the beads using Flag pep-
tide (500 pl; 200 pg ml 1) (Sigma) diluted in 1x TBS pH 7.4. The samples were
then concentrated and the Flag peptide was removed using 10K centrifugation
filter columns (Merck). The concentrated samples were then divided in half for
downstream processing. One-half of each sample was diluted 1:2 with 5x SDS
sample buffer and separated using SDS-PAGE (Bio-Rad). Overexpressed KEAP1
was detected using Coomassie blue staining and the corresponding bands were
excised from the gel and subjected to in-gel digest as described. In brief, the gel
slices were cut into smaller pieces (1-2 mm?) before reduction with DTT (10 mM)
and alkylation with iodoacetamide (50 mM). Half of the gel slices from each sample
were then subjected to a trypsin (2 ug) digest, the other half were digested with
elastase (1pg) overnight at 37 °C. Similarly, the remaining sample concentrates
(in solution) were reduced with DTT and alkylated with iodoacetamide, before
precipitation of the protein via the methanol-chloroform extraction method. The
protein pellet was re-suspended in urea (6 M), which was then diluted to <1 M urea
with ultrapure H,O. The samples were then digested with trypsin (2 .g) overnight
at 37°C. Digested protein samples were analysed in an Orbitrap Fusion Lumos
coupled to a UPLC ultimate 3000 RSLCnano System (both Thermo Fisher). For
further details, see Supplementary Methods.

Assessment of cysteine alkylation by itaconate using Iodo-TMT. After treatment,
cells were lysed in HEPES pH 7.5, EDTA, glycerol and NP40. 2mM TCEP and
50 mM NEM were added in a buffer containing 50 mM HEPES, 2% SDS, 125 mM
NaCl, pH 7.2, and samples were incubated for 60 min at 37 °C in the dark to reduce
and alkylate all unmodified protein cysteine residues. 20% (v/v) TCA was added
to stabilize thiols and incubated overnight at 4°C and then pelleted for 10 min at
4,000g at 4°C. The pellet was washed three times with cold methanol (2ml) and
then resuspended in 2 ml 8 M urea containing 50 mM HEPES, pH 8.5. Protein
concentrations were measured by BCA assay (Thermo Scientific) before protease
digestion. Protein lysates were diluted to 4 M urea and digested with LysC (Wako)
in a 1:100 enzyme:protein ratio and trypsin (Promega) at a final 1:200 enzyme:pro-
tein ratio for 4h at 37 °C. Protein extracts were diluted further to a 2.0 M urea
and LysC (Wako) at 1:100 enzyme:protein ratio and trypsin (Promega) at a final
1:200 enzyme:protein ratio were added again and incubated overnight at 37°C.
Protein extracts were diluted further to a 1.0 M urea concentration, and trypsin
(Promega) was added to a final 1:200 enzyme:protein ratio for 6 h at 37°C. Digests
were acidified with 250 pl of 25% acetic acid to a pH value of ~2, and subjected to
C18 solid-phase extraction (50 mg Sep-Pak, Waters). Excess TMT label (6-7 M)
was added to each digest for 30 min at room temperature (repeated twice). The
reaction was quenched using 4 pil 5% hydroxylamine. Samples were subjected to an
additional C18 solid-phase extraction (50 mg Sep-Pak). For LC-MS/MS param-
eters, data processing and MS2 spectra assignment, TMT reporter ion intensities
and quantitative data analysis, see Supplementary Methods.

Reagents. For a complete list of reagents, see Supplementary Methods.

Mouse strains. Wild-type C57BL/6 mice were from Harlan UK and Harlan
Netherlands. Animals were maintained under specific pathogen-free conditions
in line with Irish and European Union regulations. Experiments were approved
by local ethical review and were carried out under the authority of Ireland’s pro-
ject license. All animal studies performed in GSK were ethically reviewed and
carried out in accordance with Animals (Scientific Procedures) Act 1986 and the
GSK Policy on the Care, Welfare and Treatment of Animals. Nrf2-deficient mice
and their wild-type counterparts, both on the C57BL/6 genetic background (used
for isolation of BMDM cells), were bred and maintained in the Medical School
Resource Unit of the University of Dundee.

Statistical analysis. Data were expressed as mean & s.e.m. and P values were
calculated using two-tailed Student’s t-test for pairwise comparison of variables,
one-way ANOVA for multiple comparison of variables, and two-way ANOVA
involving two independent variables. A Sidak’s multiple comparisons test was used.
A confidence interval of 95% was used for all statistical tests. Sample sizes were
determined on the basis of previous experiments using similar methodologies. For
all experiments, all stated replicates are biological replicates. For in vivo studies,
mice were randomly assigned to treatment groups. For mass spectrometry analy-
ses, samples were processed in random order and experimenters were blinded to
experimental conditions.

Data availability. Full scans for all western blots are provided in Supplementary
Fig 1. Source Data for all mouse experiments have been provided. All other data
are available from the corresponding author on reasonable request.
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Extended Data Figure 1 | The effect of itaconate on complex II ¢, d, Complex IT and III activity in bovine heart mitochondrial membranes
activity. a, Complex II and III activity in bovine heart mitochondrial incubated with itaconate (IA; 1 mM unless indicated), with subsequent
membranes incubated with succinate plus malonate or itaconate (n =3 removal and addition of succinate (1 mM; n =3 independent experiments)
independent experiments). b, Effect of malonate or itaconate on the (see Methods for further details). Data are mean 4-s.e.m. P values
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of succinate (1 mM) and FCCP (1 uM; n =3 independent experiments).
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and oxidized glutathione (GSSG) levels after treatment with LPS and DMI
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Extended Data Figure 3 | Ol is the best tool to assess itaconate-
dependent Nrf2 activity. a, Reactivity of DMI, itaconate and OI

with thiols. b, ¢, Itaconate ester reactivity with GSH and glutathione-
S-transferase (GST) as detailed in the Methods (n = 3). d, Itaconate levels
in mouse C2C12 cells plus itaconate esters (n = 3). MI, 4-methyl itaconate.
e, i, Itaconate (e) or GSH (i) levels plus LPS (6 h) and OI as indicated
(n=5). £, NQOL activity in mouse Hepalclc7 cells treated with DMI or
OI (48h) and GSH (n=38). g, h, Metabolic intermediates in GSH synthesis
(h, average of five biological replicates). i, GSH levels after treatment

with LPS (6 h) and/or OI (n=5). j, GSH/GSSG ratio after treatment

with OI (2h) and H,O, (100 pM, 24 h; n = 3) as indicated. k, HMOX1
protein levels after treatment with OI and/or H,O, (24 h). I, Nrf2,
HMOXI1 and IL-18 protein levels in BMDMs pre-treated with OI, 4-octyl
2-methylsuccinate (OMS) or octyl succinate (OS), all 125 uM for 3 h with
or without LPS (6h). m, LPS-induced Nrf2 (24h) and HMOX1 (6 h)
protein expression with or without dimethyl malonate (DMM). Data are
mean &£ s.e.m. P values calculated using one- or two-way ANOVA. Blots
are representative of three independent experiments. For gel source data,
see Supplementary Fig. 1.
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Extended Data Figure 5 | KEAP1 is alkylated by OI on major redox
sensing cysteine residues. a, Modification of cysteine by fumarate or
itaconate. Tandem mass spectrometry spectrum of KEAP1 Cys257
(b), Cys257 (c) and Cys288 (d) peptides, indicating alkylation of
these sites after OI treatment (left) but not in the corresponding
carbamidomethylated (CAM) peptides (right). e, f, LDHA Cys84
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alkylation after treatment with LPS (e, 24h) or OI (f, 250 uM, 4h) (n =4).
Detected N- and C-terminal fragment ions of both peptides are assigned
in the spectrum and depicted as follows: b: N-terminal fragment ion;

y: C-terminal fragment ion; asterisk: fragment ion minus NH3; 0 or
asterisk: fragment ion minus H,O; and 2+: doubly charged fragment ion.
Representative of one independent experiment.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

a Lgs b citrate aconitate itaconate
1201 1 1
IC,-glucose .:jg -81 001 3 1 1
0000006 O & 80 & 80 é 80 ||
] =l
£ 601 Be T 60
H H 2401 = 40 < 40
20 20 = 20
04 0 d=ly + LB
H, Ctl  LPS Ci  LPS ¢l LPS
i i itaconate
H ::;onate-cystmne adduct SR 000
2 g, QOO0 +1 ¢, 0000D+1 100) s 20 <Q.001 Egs
°C, 00000 +2 “C,00000+2 - z
¢, 00000 +3 "C,00000+3 +cysteine o 804 91.5x10°
554 *C, 00000 +4 T’f’c.oulw 3 gol g
C, 00000 +5 C, 00000+5 [ 0} 3 1x10*
itaconate cysteine- itaconate-cysteine S S 10"
protein adduct 204 &
0
GRS L
SEELEEL
d e
acetyl-CoA, glutamate a-ketoglutarate
H i 12 1
3 - 10 o
G, 0000 +4 C, 000000+ 4 T é é 80.
malate citrate H ‘:—!; E = 60
2 g ]
co, b = =
H o # & 40
. 20
°c,0000+4 "G c, 00000+ 4 "C, 00000 +4 + cysteine o B
s;‘cii'a“’ acontate 19! taconate itaconate-cysteine Cct LPS Ctl  LPS
cysteine- adduct
y protein
co 4L 00000
o i aKG P . . itaconate-cysteine adduct
succinate malate citrate aconitate 120 itaconate 120-
120 12 1 1 =
C,-glutamate §100 §1° E 1 il E‘:: E 5
00000 +5 80 80 80 é 80 —
k| S0 g 3 Seo Zeo
? 5 60 2 g & 5 60 e ]
o“C = 40 = 40 = 40 L 40 =40 =40
"C.glutamine Q':C x 20 20 & 20 20
00000 +5 20 20 ) =
0 0
R T ci LPs Gt s " & s Cu LPs Cu LPs
LPS
p£<0.0001 Itaconate
6x10° Ocu
. LPS
p<Q.001

p=0.0137

p=00151 l

Peak Area (AU)

T A L R )
¢ & & & &8

Extended Data Figure 6 | Identification of an itaconate-cysteine adduct.
a-e, 13CG-glucose (a—c) or 13C5—glutamine (d, e) labelling experiment
tracking itaconate-cysteine adduct formation in BMDMs treated with

LPS (n=5;24h). Data in b and e are expressed as the percentage

isotopologue of the total pool. Data in ¢ and f represent changes in the
total pool after LPS treatment. Data are mean + s.e.m., for five replicates.

P values calculated using two-way ANOVA.
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Extended Data Figure 7 | OI decreases LPS-induced cytokine
production, extracellular acidification rate, ROS and nitric oxide.

a, Percentage cytotoxicity (LDH release) in BMDMs after treatment

with LPS and OI as indicated (n = 3). b, LPS-induced extracellular
acidification rate (ECAR) after treatment with OI and/or LPS as indicated,
analysed on the Seahorse XF-24 in BMDMs (trace representative of three
independent experiments). ¢, d, LPS-induced Il10 mRNA (¢, 4h) and
protein (d, 24h) and TNF protein (f; n=7) after OI treatment as indicated
(n=3). e, Phosphorylated p65 (pp65) protein levels (a measure of NF-xB
activity) after treatment with LPS and OI as indicated. h, Representative
gating strategy for FACS analysis of ROS production in cells as treated

in d (image representative of three independent experiments). i, LPS-
induced NOS2 expression (n=6), with or without OI treatment. j, LPS-
induced TNF (n=4) and IL-1§3 (n = 3) protein levels after OI treatment
in PBMCs. k, Nrf2 and HMOX]1 protein levels or Nrf2-dependent gene
expression (n=>5) in peritoneal macrophages from mice (m) injected
intraperitoneally with OI (50 mg kg~!, 6h) or vehicle control. 1, Serum
IL-10 from mice injected intraperitoneally with vehicle control or OI
(50mg kg~!, 2h) and LPS (2.5mg kg !, 2h, n =3 vehicle, OI; n =15 LPS,
OI plus LPS). Data are mean =+ s.e.m. P values calculated using one-way
ANOVA. Blots are representative of three independent experiments. For
gel source data, see Supplementary Fig. 1.
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Extended Data Figure 8 | The effects of OI on cytokine production are g-k, Il1b (g) and Nos2 (j) mRNA, and IL-13 (h), IL-10 (i), TNF and
Nrf2-dependent. a-e, Nrf2, HMOXI1 and IL-18 protein levels (a, ¢, d) nitrite (k) production with or without LPS (24 h), diethyl maleate (DEM;
and I11b mRNA expression (b, e) in mouse BMDMs transfected with two 100 pM) or 15-deoxy-A12,14-prostaglandin J2 (J2; 5 M) pre-treatment
different Nrf2 siRNAs (50 nM) compared with a non-silencing scrambled for 3h (n=3). Data are mean =+ s.e.m. P values calculated using one-way
control siRNA plus LPS (6 h; a-c, ¢; 24 h; d) and/or OI (n=6). NT, non- ANOVA. Blots are representative of three independent experiments. For
transfected. f, II1b mRNA expression in wild-type and Nrf2-knockout gel source data, see Supplementary Fig. 1.

BMDMs treated with LPS (24 h; WT n =2, Nrf2 KO n=4) and/or OL.
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Extended Data Figure 9 | An Nrf2-dependent feedback loop exists transfected with two different Nrf2 siRNAs (50 nM) compared with
between itaconate and IFN-3. a, Metabolite levels after treatment non-silencing control plus LPS (6 h) and/or OI (n=6). £, Isg20
with IFN-B (1,000U ml~% 27h; n=5). b, ¢, Isg20 and Irf5 mRNA mRNA expression in wild-type (n = 2) and Nrf2-knockout (n =4)
expression in BMDMs treated with LPS (b) or poly(I:C) (c, 40 pg ml™}; BMDMs plus LPS (6 h) and/or OI. g, Isg20 mRNA expression after pre-
24h) and/or OI (n=6).d, II10 mRNA (n=3) and IL-10 protein (n=15) treatment with LPS (24 h) and/or diethyl maleate (100 uM) or 15-deoxy-
expression after treatment with LPS for 4h (left) or 24 h (right) and/or A12,14-prostaglandin J2 (5pM) for 3h (n = 3). Data are mean =+ s.e.m.
IFN-3 treatment (1,000 U ml ") for 3 h. e, Isg20 expression in BMDMs P values calculated using one-way ANOVA.
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Extended Data Table 1 | Mass spectrometry analysis of itaconate-induced cysteine alkylation

a
4-0l Peptide Peptide Sequence -10logP| Enzyme | Digest
Residue | Amino Acid Type

Position
Cys151 144-152 A.SISVGEKC(+242.15)V.L 441 Elastase | In Gel
146-152 |.SVGEKC(+242.15)V.L 30.95
144-153 A.SISVGEKC(+242.15)VL.H 30.25
145-152 S.ISVGEKC(+242.15)V.L
Cys273 | 273-279 R.C(+242.15)HALTPR.F 3593 [Trypsin | In Gel
273-279 R.C(+242.15)HALTPR.F Trypsin In Solution
Cys297 | 294-304 ADARC(+242.15)KDYLVQL.F 37.15 |Elastase [ InGel |
b
. Alkylated |Peptide amino | Peptide sequence Ppm
Protein residue et peshiten X score |Pp
Cys385 378-395 VGLIGSC(+4.98)TNSSYEDMGR 4.212
Cys189 186-204 GDRC(4.98)QDLSVNQDLADTDAR 3.514
Ipyr2 Cys156, 157 | 153-171 STDC(4.98)C(+4.98)GDNDPIDVCEIGSK 4.664 22.60
Thio Cys73 73-81 C(+4.98)MPTFQFYK 2422 -2.22
c
Protein Alkylated [Peptide amino| Peptide sequence X score |Ppm

residue acid position

Fgd6 Cys1004 | 9996-1005 | NVALLDEQC(+4.98)K 3.759

Cys84 82-90 DYC(+4.98)VTANSK 2.832
Cys4241 4237-4244 | LIASC(+4.98)HWK 2.421

Lhpp Cys113 112-118 FC(+4.98)TNESQK 2.169 _11.64

a, Cysteine/lysine residue(s) in KEAP1 modified by Ol as determined by tandem mass spectrometry. b, Cysteine residues modified by itaconate
in BMDMs treated with LPS identified using tandem mass spectrometry. ¢, Cysteine residues modified by itaconate in BMDMs treated with Ol
identified using tandem mass spectrometry.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. We have used at least 3 biological replicates for each experiment. This is designed
to account for biological variability taking into account that the majority of
experiments were performed in murine macrophages from inbred mice. See
statistical analyses section of methods for full details.

2. Data exclusions

Describe any data exclusions. Any exclusions from in vitro data were deemed outliers in GraphPad Prism. From
the LPS in vivo cytokine data one LPS-treated sample has been removed as it
appears that | did stimulate in response to LPS, most like an injection error.

3. Replication

Describe whether the experimental findings were The in vivo trial required some optimization with various doses of compound as

reliably reproduced. this was the first time it had been used in vivo. In vitro experiments were highly
reproducible. All experimental findings were reproduced as biological replicates at
the value stated in figure legends, unless otherwise indicated.

4. Randomization

Describe how samples/organisms/participants were See statistical analyses section of methods. For in vivo studies, mice were randomly
allocated into experimental groups. assigned to treatment groups. For MS analyses, samples were processed in
random order and experimenters were blinded to experimental conditions.

5. Blinding
Describe whether the investigators were blinded to The in vivo trials were blinded. For MS analyses, samples were processed in
group allocation during data collection and/or analysis. random order and experimenters were blinded to experimental conditions.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

g A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|X| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted
|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this Flowjo was used to flow cytometry analysis. Metabolite spectra were analysed
study. using XCalibur Qual Browser and XCalibur Quan Browser software (Thermo

Scientific). Labsolutions software (Shimadzu) was used to assess itaconate uptake.
SoftMax Pro software was used for ELISAs. MS data was analysed with PEAKS
Studio 8 (Bioinformatics Solutions). GraphPad Prism was used for all graphing and
statistical tests.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials

8. Materials availability
Indicate whether there are restrictions on availability of ~ 4-octyl itaconate is available from the authors.
unique materials or if these materials are only available
for distribution by a for-profit company.

9. Antibodies

Describe the antibodies used and how they were validated = Antibodies used were goat anti-mouse IL-1f (R&D Systems, AF401-NA), mouse

for use in the system under study (i.e. assay and species).  anti-B-actin (Sigma-Aldrich, AC-74), rabbit anti-HIF-1a (Novus, NB100-449), rabbit
anti-phospho-plRF3 (Cell Signalling Technology, 4947) rabbit anti-total IRF3 (Cell
Signalling Technology, 4302), rabbit anti-phospho-pTBK1 (Cell Signalling
Technology, 5483) rabbit anti-total TBK1 (Cell Signalling Technology, 3013), rabbit
anti-IKKe (Cell Signalling Technology, 3416), Nrf2 (Cell Signalling Technology,
12721), Hmox1 (Enzo Life Sciences, ADI-SPA-896-D), Ass1 (Abcam, SAB5300141).
Secondary horseradish peroxidase-conjugated anti-mouse IgG, anti-rabbit IgG and
anti-goat IgG were from Jackson ImmunoResearch Inc.
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10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used.

b. Describe the method of cell line authentication used.

c. Report whether the cell lines were tested for
mycoplasma contamination.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

C2C12, Hepalclc? cells and COS1 cells were from American Type Culture
Collection (ATCC). The L929 cells are from Sigma, cat no is 85011425.HEK293T cells
were obtained from the Centre for Applied Microbiology and Research, Wiltshire,
UK.

No authentication was used

They were not tested.

No commonly misidentified cell lines were used

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived
materials used in the study.

8 week old, C57BL/6JOlaHsd female mice were purchased from Envigo UK. The rats
were 10-12 week old female Wistar Rats from Charles River Laboratories, Strain
Code:003. Nrf2-deficient mice and their wild type counterparts, both on the
C57BI/6 genetic background (used for isolation of BMDM cells) were bred and
maintained in the Medical School Resource Unit of the University of Dundee.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population
characteristics of the human research participants.

The blood was from anonymous donors so | do not have this information.
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Flow Cytometry Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data presentation

For all flow cytometry data, confirm that:

[X] 1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

< 2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of
identical markers).

[X]3. All plots are contour plots with outliers or pseudocolor plots.

[X] 4. Anumerical value for number of cells or percentage (with statistics) is provided.
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» Methodological details

5. Describe the sample preparation. Murine bone marrow derived macrophages

6. ldentify the instrument used for data collection. Dako CyAn flow cytometer

7. Describe the software used to collect and analyze  FlowJo
the flow cytometry data.

8. Describe the abundance of the relevant cell This was pure in vitro prepared bone marrow derived macrophages
populations within post-sort fractions.

9. Describe the gating strategy used. Cells were gated first on side-scatter (area) versus forward scatter (area)
(Population; P1; to determine the macrophage population)
Then on forward-scatter (height) versus forward scatter (area) (P2; to
eliminate doublets)
Then on side-scater (area) versus pacific blue (to eliminate dead cells)
Finally on counts versus APC (as a meaure of CellROX staining).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. [X
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Coupling Krebs cycle metabolites to signalling
in immunity and cancer

Dylan G.Ryan', Michael P. Murphy?, Christian Frezza®3, Hiran A.Prag?, Edward T. Chouchani*®,

Luke A.O'Neill™ and EvannaL. Mills**°

Metabolic reprogramming has become a key focus for both immunologists and cancer biologists, with exciting advances provid-
ing new insights into the mechanisms underlying disease. There is now extensive evidence that intermediates and derivatives
of the mitochondrial Krebs cycle—metabolites traditionally associated with bioenergetics or biosynthesis—also possess ‘non-
metabolic’ signalling functions. In this review, we summarize the non-metabolic signalling mechanisms of succinate, fumarate,
itaconate, 2-hydroxyglutarate isomers (p-2-hydroxyglutarate and L-2-hydroxyglutarate) and acetyl-CoA, with a specific focus
on how such signalling pathways alter immune cell and transformed cell function. We believe that the insights gained from
immune and cancer cells that are summarized here will also be useful for understanding and treating a range of other diseases.

n the past 5 years, there has been a remarkable increase in the

knowledge of how intracellular metabolic changes in tumours and

especially in immune cells are not only linked to energy demand
and biosynthesis, but also to discrete effector mechanisms that alter
cell behaviour in specific ways. An area of particular focus has been
on the Krebs cycle (also known as the tricarboxylic acid (TCA) cycle
or the citric acid cycle (CAC)), the primary oxidative pathway for
acetyl-CoA and the pathway for generation of the reducing equiva-
lents NADH and FADH, in aerobic organisms. Importantly, NADH
and FADH, are required to transfer electrons to the mitochondrial
respiratory chain, also known as the electron transport chain (ETC),
a series of enzyme and coenzyme complexes found along the inner
mitochondrial membrane (IMM). Transfer of electrons along the
ETC occurs via several redox reactions to facilitate the generation
of a proton (H*) electrochemical potential gradient, which subse-
quently drives the maintenance of a high, energy-rich ATP (ATP)
to adenosine diphosphate (ADP) ratio via F F,-ATP synthase. This
process is referred to as oxidative phosphorylation (OXPHOS) and
requires oxygen (O,).

The TCA cycle itself operates in the mitochondrial matrix and is
an amphibolic pathway that acts as an important nexus for the inte-
gration of multiple catabolic and anabolic pathways, such as glycol-
ysis and gluconeogenesis. As depicted in Fig. 1, the pathway consists
of eight enzymes, namely citrate synthase (CS), aconitase (ACO2),
isocitrate dehydrogenase (IDH), a-ketoglutarate dehydrogenase
(a-KGDH), succinyl-CoA synthetase, succinate dehydrogenase
(SDH), fumarate hydratase (FH) and malate dehydrogenase (MDH).
The first reaction, an irreversible aldol condensation, is catalysed by
CS and extends the four-carbon oxaloacetate to six-carbon citrate,
with the additional two carbons derived from acetyl-CoA. In the
second step, ACO2 catalyses the reversible stereo-specific isomeri-
sation of citrate to isocitrate via cis-aconitate in a two-step reaction.
To achieve this, ACO2 employs a dehydration-hydration mecha-
nism. First, citrate is protonated at position C3 before deprotonation
occurs at position C2 to form cis-aconitate (dehydration). Second,
cis-aconitate flips 180° to allow the dehydration and hydration steps

to occur on opposite faces of the intermediate, ensuring that the
stereochemistry (2R, 3S) of the reaction is correct. Subsequently,
cis-aconitate is converted to isocitrate (rehydration). The third step,
catalysed by IDH, requires NAD(P)* and results in the oxidation of
isocitrate to oxalosuccinate, generating NAD(P)H. Oxalosuccinate
is subsequently decarboxylated to form the five-carbon a-ketoglu-
tarate (a-KG) and CO,. In the fourth step, a-KGDH catalyses the
oxidative decarboxylation of a-KG to form succinyl-CoA, NADH
and CO,. Succinyl-CoA synthetase then catalyses the hydrolysis
of succinyl-CoA, coupled to the condensation of GDP and inor-
ganic phosphate (P;) or of ADP and P, to form succinate and either
GTP or ATP, respectively, which are energetically equivalent. As
such, the reaction catalysed by a-KGDH is referred to as substrate-
level phosphorylation and constitutes the fifth step in the Krebs
cycle. In the sixth step, SDH, also complex II of the ETC, catalyses
the oxidation of succinate to fumarate. SDH, which uses FAD as
a prosthetic group, generates FADH, from the oxidation of succi-
nate. The two electrons carried by FADH, are subsequently used to
reduce ubiquinone (Q) to ubiquinol (QH,). In the seventh step, FH
catalyses the hydration of the o,p-unsaturated carbonyl compound
fumarate to form L-malate. The final step in the cycle is catalysed
by MDH and results in the oxidation of malate to generate NADH.
This step also regenerates oxaloacetate, which can then be re-used
by CS to enable continuation of the cycle.

Intriguingly, Krebs cycle-derived metabolites have also been
attributed both signalling functions and impact on multiple pro-
cesses critical for immune cell activation and cellular transfor-
mation. The biological targets of succinate, itaconate, fumarate,
2-hydroxyglutarate (2-HG) and acetyl-CoA are of direct relevance
to immunity and/or tumorigenesis, as they inhibit specific enzymes
or drive covalent modifications of proteins to alter their functions.
A common outcome of these processes is epigenome remodelling
and altered expression of specific sets of genes that can govern both
immune cell effector functions and tumour deveopment. The com-
plexities of metabolic rewiring may ultimately lead to new therapeu-
tic modalities that could have a major impact on the pathogenesis
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Fig. 1| The Krebs cycle. The Krebs cycle is a metabolic pathway operating
in the mitochondrial matrix of all aerobic organisms. Breakdown of
nutrients, such as glucose, generates acetyl-CoA, which can then be
funnelled into this pathway. For a full cycle to be completed, a series of
ten enzymatic reactions are required. These reactions are catalysed by the
mitochondrial enzymes CS (1), IDH (2), ACO2 (3), a-KG dehydrogenase
(OGDH) (4), succinyl-CoA synthetase (5), SDH (6), FH (7) and MDH (8).
The primary function of the TCA cycle is to generate reducing equivalents,
such as NADH and FADH, (produced by SDH). NADH and FADH, can then
transfer electrons to the ETC to drive OXPHOS and the production of ATP
via F,F,-ATP synthase.

of multiple diseases previously linked to metabolic reprogramming.
The field is on the cusp of a major paradigm shift in the understand-
ing of how intracellular metabolic changes lead to disease, present-
ing the exciting prospect of new approaches to complement or even
replace current therapeutic approaches for several diseases with
an unmet therapeutic need. This review will discuss the extensive
evidence for the non-metabolic functions of succinate, itaconate,
fumarate, 2-HG and acetyl-CoA, focusing on immune cell signal-
ling and carcinogenesis. Finally, the therapeutic opportunities that
have arisen or that may arise from understanding these signalling
pathways will also be examined.

Succinate as a signal in macrophages and tumour cells

As mentioned, succinate is generated in the mitochondrial matrix in
a reversible three-step reaction catalysed by the TCA cycle enzyme
succinyl-CoA synthetase, with concomitant production of a high-
energy nucleoside triphosphate. Recent data indicate that succinate
is a pro-inflammatory metabolite that accumulates in macrophages
treated with lipopolysaccharide (LPS) and interferon-y (IFN-y)"2.
As depicted in Fig. 2, succinate has been shown to act through
several pathways to exert its inflammatory effects: through genera-
tion of mitochondrial reactive oxygen species (mtROS), by acti-
vation of hypoxia-inducible factor-lae (HIF-1a; discussed below)
and through ligation of the G-protein-coupled receptor succinate
receptor 1 (SUCNRI1).

Succinate and SUCNRI1-mediated signalling in immunity. In 2004,
He et al.’ made an important discovery when they found that the
Krebs cycle-derived metabolites succinate and a-KG acted as ligands
for the orphan G-protein-coupled receptors GPR91 (now known as
SUCNRI1) and GPR99 (now known as OXRGL1), respectively. The
authors demonstrated that ligation of SUCNRI by succinate acted as
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an important hypertensive agent by modulating the renin-angioten-
sin system, independently of its bioenergetic role’. Since this seminal
discovery, important roles for SUCNRI in regulating numerous phys-
iological processes implicated in health and disease have emerged,
notably in the prevention of age-related macular degeneration
(AMD)* and immune cell function®. SUCNRI is highly expressed
in kidney, liver, spleen and small intestine’, and on dendritic cells’,
and ligand binding induces G; and G, signalling cascades’. SUCNR1
ligation on dendritic cells or the U937 macrophage cell line induces
cell migration, suggesting that succinate can act as a chemokine”.
Extracellular succinate addition also acts in synergy with toll-like
receptor (TLR) ligands to increase tumour necrosis factor-o (TNF-a)
and interleukin-1p (IL-1P) expression® and increases the capacity of
dendritic cells to act as antigen-presenting cells. Priming of dendritic
cells with succinate and antigen simultaneously elevates antigen-spe-
cific T cell activation, increasing TNF-a and IFN-y production from
these cells®. SUCNRLI is also expressed on tuft cells in the intestine,
where its signalling promotes type 2 immunity to certain infectious
agents, such as tritrichomonad protists, and drives small intestine
remodelling via a tuft cell-ILC2 circuit®*.

Littlewood-Evans et al.” have demonstrated that succinate can
act in an autocrine and paracrine manner to increase IL-1f pro-
duction in macrophages. Following LPS treatment, both intracel-
lular succinate levels and the cell surface expression of SUCNRI1
are increased. Interestingly, endogenously generated succinate is
released through an undefined mechanism and binds to SUCNRI1
on the same or nearby SUCNRI1-expressing cells to amplify IL-1p
production. IL-1p itself further enhances SUCNRI expression, fuel-
ling this cycle of cytokine production. Macrophage activation and
IL-1p production are decreased in the absence of SUCNRI both fol-
lowing LPS treatment and in a model of antigen-induced arthritis.
This correlates with an observed increase in succinate in the syno-
vial fluid from patients with rheumatoid arthritis (RA), suggesting
that chronically elevated succinate is pathological in this setting'’.
Intriguingly, HIF-1a expression is also increased in synovial joints
of patients with RA", suggesting that succinate may act through two
routes to increase inflammation in RA: SUCNRI and HIF-1a.

Tissue and circulating succinate are also elevated in other
chronic inflammatory settings, such as models of diet-induced obe-
sity’. It has been suggested that exposure of adipocytes to hypoxia
and hyperglycaemia (for example, during obesity) induces succinate
release from adipose tissue in mice', and this is associated with
macrophage infiltration into the adipose tissue. The intracellular
pathway driving succinate accumulation in these cells or its release
from these cells is unclear. In the absence of SUCNRI, a reduction in
absolute numbers of macrophages, but not inflammatory signalling,
was observed, and this resulted in an improvement in adipose tis-
sue inflammation and glucose tolerance in mice following high-fat
diet feeding. In contrast to previous reports, the authors observed
no effect of succinate alone on macrophage infiltration, suggesting
that additional signals present in the hypoxic environment may also
be required for succinate-induced chemotaxis. More recently, suc-
cinate has been implicated as a systemic signal for thermogenesis. It
was demonstrated that brown adipocytes possess a unique capacity
to sequester extracellular succinate, which serves to increase UCP1
activity as a consequence of elevated mtROS™. Interestingly, the
authors demonstrate a role for shivering muscle in the generation
of succinate following cold exposure. Succinate enters the circula-
tion and is sequestered by the brown adipose tissue. Muscle has
been demonstrated to produce succinate in other contexts too'". For
example, it has been demonstrated that succinate is elevated in the
plasma of marathon runners, and it is possible that muscle may act
as a source tissue’.

Succinate has also been implicated in the pathogenesis of neuro-
inflammation. In a mouse model of multiple sclerosis (MS), trans-
plantation of neural stem cells (NSCs) reduced succinate levels in

17


http://www.nature.com/natmetab

REVIEW ARTICLE NATURE METABOLISM

Signalling
@varacrme signalling on

SUCNR1-expressing cells

(4)Chemotaxis
(7)PGE2

release

@S/UCNFH

-Succinate

Succinate transporter

SLC13A3/5)

HRE

%cf

m

(1)(Succinate accumulation

LPS
Obesity
Rheumatoid arthritis

Hypoxia
Hyperglycaemﬂ

HIF-1a

and HIF-1a
stabilization

TETs
® JMJDs

Su cinate

@ ROS production i e 0

2

e.g. Slc13a3/5

Succinate release
from mitochondria

Succinylation

ADP ATP

ATP
synthase

Fig. 2 | The diverse signalling roles of succinate. Succinate levels are elevated in response to LPS stimulation, in synovial fluids from patients with RA,

in the circulation in models of diet-induced obesity and in adipose tissue in response to hypoxia and hyperglycaemia (1). Succinate oxidation (as well as
direct product inhibition) and ROS HIF-Ta, which binds to the HRE in the IL-1p promoter (2). Succinate is the ligand for the G-protein-coupled SUCNR1.
Ligand binding induces G, and G, signalling cascades (3). SUCNRT ligation on dendritic cells induces cell migration (4) and acts in synergy with TLR ligands
to increase IL-1p expression, and IL-1B and LPS further enhance SUCNRT1 expression (5). Endogenously generated succinate is released, for example via
SLC13a3 and SLC13a5 (SLC13a3/5) in NSCs, and binds to SUCNRT on the same or nearby SUCNR1-expressing cells (6). Activation of SUCNR1 on NSCs
induces the secretion of anti-inflammatory prostaglandin E2 (7). Succinate regulates the activity of the JMJDs and the TET family of 5mC hydroxylases,
which play a role in histone and DNA demethylation, respectively, and can thereby remodel the epigenome (8). Another consequence of succinate

accumulation is the modification of proteins by lysine succinylation (9).

the cerebrospinal fluid and thereby decreased infiltration of dam-
aging macrophages and microglial cells'®. Mechanistically, ligation
of SUCNRI on the surface of NSCs upregulates the expression of
the dicarboxylate co-transporter SLC13a3 and SLC13a5, correlating
with increased uptake by the NSCs and thereby scavenging succinate
away from pro-inflammatory immune cells. Activation of SUCNRI1
on NSCs also induces the secretion of anti-inflammatory prostaglan-
din E2, further contributing to their anti-inflammatory phenotype.
On the basis of these data, it may be predicted that SUCNRI1
antagonists will be protective in settings where inflammation is
exacerbated, such as graft rejection or autoimmunity. A selective
antagonist for human and rat SUCNRI has been shown to be protec-
tive in hypertension'. Similarly, potent agonists have recently been
synthesised, which will deepen our understanding of the signalling
pathways affected by this important receptor'®. Whether these com-
pounds will have therapeutic potential remains to be explored.

HIF-1 and succinate in inflammation and tumorigenesis.
Another mechanism by which succinate exerts its signalling prop-
erties involves the transcription factor HIF-1, as shown in Fig. 2.
HIF-1 is a transcriptional regulator, central in the response to
hypoxia'®. HIF-1 was first discovered by Semenza and Wang” in
1992, and it was found to promote erythropoiesis by binding the
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erythropoietin gene enhancer. HIF-1 transcriptionally directs a
switch in metabolism from oxidative phosphorylation to glycoly-
sis, which allows rapid ATP production without the need for oxy-
gen’'. It is well-established that HIF-1 activity promotes tumour
progression. Tumour environments are often oxygen-deprived, and
such hypoxic conditions lead to activation of HIF-1. HIF-1 binds
to hypoxia response elements (HREs) in target genes and increases
the expression of numerous glycolytic enzymes and glucose trans-
porter-1 (GLUT1) and GLUTS3. It also targets genes involved in
erythropoiesis, angiogenesis and proliferation.

HIF-1 is composed of a B-subunit that is constitutively active and
an oxygen-sensitive a-subunit. HIF-1a is tightly regulated by pro-
lyl hydroxylases (PHD), a class of a-KG-dependent dioxygenases
(a-KGDDs) that convert a-KG to succinate and use molecular oxy-
gen to hydroxylate HIF-1o. In the presence of oxygen, conserved
proline residues in the HIF-1a subunit are hydroxylated by hypoxia-
inducible factor prolyl hydroxylase 1 (PHD1)-PHD3 (ref. *).
Hydroxylation provides a recognition site for the binding of Von
Hippel-Lindau (VHL) E3 ubiquitin ligase, which ubiquitinates
HIF-1a and subsequently targets it for proteasomal degradation®.
This degradation is prevented in conditions of limited oxygen,
allowing for HIF-1a translocation to the nucleus, dimerization with
HIF-1p and binding of target genes".
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HIF-1a is vital for the switch to glycolysis observed in M1 mac-
rophages and dendritic cells following stimulation. It upregulates
the expression of several glycolytic genes and aids in the switch to
glycolysis by maintaining levels of nicotinamide adenine dinucleo-
tide (NAD"), a vital co-factor in the glycolytic pathway. It does so
by increasing the expression of lactate dehydrogenase (LDH), which
reduces pyruvate to lactate and consequently generates NAD™ that
will be reduced to NADH by an active glycolytic pathway. It also
increases expression of pyruvate dehydrogenase kinase (PDK),
which phosphorylates and inhibits pyruvate dehydrogenase (PDH);
this limits production of acetyl CoA, which enters the Krebs cycle*’.

While the primary role of HIF-1a is to induce a switch to glycol-
ysis, which is likely to be important at sites of inflammation where
oxygen levels are low'’, hypoxia is not essential for HIF-1a activa-
tion in immune cells. Ligation of TLR4 by LPS can transcription-
ally induce HIF-1a, as well as a range of HIF-1a target genes under
hypoxic and also normoxic conditions?, in a nuclear factor-kappa B
(NF-xB)-dependent manner?.

LPS can also stabilize HIF-1a indirectly by increasing succi-
nate levels. Evidence for the role of succinate in HIF-1a stabiliza-
tion first came from cancer studies. An elevation in succinate has
been reported in rare hereditary tumours, such as paragangliomas
(PGLs) and gastrointestinal stromal tumours (GISTs), that possess
mutations in the genes encoding SDH*. The PHDs generate suc-
cinate from a-KG, and importantly succinate (acting via product
inhibition) will inhibit the PHDs and stabilize HIF-1a (ref. ¥). An
additional mechanism by which succinate accumulates in tumours
involves the mitochondrial chaperone tumour necrosis factor
receptor—associated protein 1 (TRAP1), which is highly expressed
in many tumours®. TRAPI decreases SDH activity, resulting in
succinate accumulation. More recently, however, it has been dem-
onstrated that succinate accumulation in tumours promotes angio-
genesis via upregulation of vascular endothelial growth factor
(VEGF) in a HIF-1a-independent manner. Succinate instead acti-
vates extracellular regulated kinase 1 (ERK1) and ERK2 and signal
transducer and activator of transcription 3 (STAT3) in a SUCNRI-
dependent manner®.

Analogous to tumours, LPS-induced succinate was shown
to both directly and indirectly (via ROS) inhibit PHD activity in
macrophages, resulting in stabilization of HIF-1a (ref. ?). Like suc-
cinate, ROS are critical regulators of HIF-1a activity. ROS can stabi-
lize HIF-1a by inducing non-enzymatic decarboxylation of a-KG*
and by oxidizing iron (Fe**) to Fe**, two required PHD co-factors™.
ROS also impair the activity of factor inhibiting HIF (FIH), another
member of the a-KGDD family*!, which hydroxylates an asparagine
residue in the carboxy terminus of HIF-1a, resulting in a decrease
in transcriptional activity. It should be noted that hypoxia and
ischaemia, as well as decreased oxidative phosphorylation, drive
succinate accumulation in the mitochondrial matrix*>*. As such,
following ischaemia or hypoxia, or when SDH operation is affected
by genetic aberrations (such as tumours harbouring SDH muta-
tions), elevated succinate can potentiate the hypoxic phenotype by
promoting further HIF-1a stabilization.

LPS-induced HIF-1a expression not only promotes glycolysis
but is also directly pro-inflammatory. The finding that hypoxia
was capable of inducing IL-1f production in astrocytes in an
NF-kB-independent, HIF-1a-dependent manner* led to the dis-
covery of an HRE in the IL-1p promoter”. The sustained induction
of IL-1f in response to LPS was shown to require HIF-1a and to
occur under normoxic conditions. The loss of HIF-1a in macro-
phages decreased TNF-a, IL-1p and IL-1a production but did not
affect production of the anti-inflammatory cytokines IL-4 or IL-10
(ref. *°). A critical consequence of succinate elevation in response
to LPS is the potentiation of inflammatory signalling and, in
particular, IL-1p, in a HIF-la-dependent manner’. This requires
both succinate oxidation by the enzyme SDH and an increase in
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mitochondrial membrane potential. These factors combine to
drive pro-inflammatory ROS production, HIF-1a stabilization and
increased IL-1p following LPS treatment>*. Succinate reciprocally
decreases anti-inflammatory cytokines, such as IL-10 and IL-1RA,
but whether this is HIF-1a-dependent remains to be explored™.
Limiting succinate oxidation with the prodrug dimethylmalonate
(DMM), which releases malonate, a potent SDH inhibitor, pro-
foundly represses LPS-induced HIF-1a, IL-1p and ROS and boosts
IL-10 and IL-1RA. ROS production in this setting is believed to
be a result of reverse electron transport (RET) at complex I of the
ETC. Supporting this, the complex I inhibitor rotenone signifi-
cantly decreased LPS-induced ROS. It should be noted that if the
ETC was operating in the forward direction, then rotenone would
boost RET-independent ROS production. To further investigate
the potential role for RET in this process, the authors* examined
macrophages from mice expressing an alternative oxidase (AOX)
from Ciona intestinalis’. AOX provides a pathway to oxidise excess
electrons that build up in the Q pool (as a result of succinate accu-
mulation, for example) that would otherwise contribute to mtROS
production. AOX expression in macrophages also impaired LPS-
induced ROS production. These data suggest that complex I of the
ETC is an important site of ROS production in macrophages and
that such ROS production may depend on RET. In other conditions,
complex I can generate significant ROS when operating in the for-
ward direction (dependent on the NADH/NAD" ratio). Deletion of
a subunit of complex I, NDUFS4, is sufficient to generate substantial
ROS in macrophages, most likely as a result of impaired electron
shuttling down the ETC and thereby enhanced ROS production,
which will in turn promote inflammation**. This is unlikely to be
RET-dependent ROS production as the membrane potential, which
much be significantly elevated to drive ROS via RET, is decreased in
NDUFS4-deficient macrophages®. Furthermore, these studies were
performed in the absence of a stimulus like LPS, which is known
to drive Q pool reduction (another requirement for RET). These
data suggest that complex I can generate ROS through a variety of
mechanisms in macrophages to promote inflammation.

The relationship between HIF-1a and succinate in macrophages
has been extensively studied; however, this relationship is less well
explored in other cell types, particularly adaptive immune cells,
such as CD4* T cell subsets. The initial observation that LPS drives
profound succinate accumulation in macrophages may account for
the innate immune cell bias. Whether other stimuli are capable of
driving a training phenotype similar to that of B-glucan warrants
further investigation.

Succinate regulates the epigenome and innate immune memory.
a-KG and succinate can regulate the activity of other members of
the a-KGDD family of enzymes, in particular those involved in the
regulation of histone and DNA demethylation, the a-KG-dependent
Jumonji-C-domain-containing histone demethylases (JM]JDs)
and the ten eleven translocation (TET) family of 5mC hydroxy-
lases, which play a role in DNA demethylation. Like the PHDs,
these enzymes are subject to product inhibition by succinate, and
therefore, their activity is dependent on the ratio of a-KG to succi-
nate™. In this way, succinate and a-KG can remodel the epigenome.
Methylation marks on histones can both positively and negatively
influence gene expression, while DNA methylation is typically asso-
ciated with an open chromatin state and active transcription; there-
fore, epigenetic changes can alter gene function, acting as on/off
switches. Importantly, these changes in gene expression are heri-
table and appear to be intimately linked to the metabolic state of
cells*. Succinate, fumarate and a-KG may also indirectly regulate
the activity of histone demethylases through their effects on HIF-1a,
which can bind to and induce the expression of certain histone
demethylases, including JMJD1A, JMJD2C and JMJD2B, which are
histone 3 lysine 9 (H3K9) demethylases*..
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Another critical consequence of altering the epigenome is the
newly emerging concept of innate immune training. It has been
recently revealed that innate immune cells demonstrate a form
of immunological memory and have the ability to respond more
robustly to a second potentially unrelated stimulation*’. At a molec-
ular level, this involves epigenetic modifications, leading to stronger
gene transcription upon re-stimulation as opposed to gene recom-
bination that occurs in the adaptive memory response. Epigenetic
marks can persist after the stimulus that induced them has resolved
and are therefore stable signals that can be sustained for days or
even longer. Such innate immune training has been demonstrated
to occur after training of human monocytes in vitro with p-glucan,
a component of Candida albicans, and subsequent treatment with
LPS; following this, elevated cytokine production was observed
upon re-stimulation with LPS*. Interestingly, in addition to poten-
tiating cytokine production in response to LPS, training with
f-glucan has been shown to induce epigenetic upregulation of genes
involved in glycolysis, such as HIF-1a, hexokinase (HK) and pyru-
vate kinase, and to increase succinate levels*. HIF-1a reciprocally
enhanced trained immunity in response to p-glucan. Inhibition
of HIF-1a with ascorbate impaired the training effect induced by
B-glucan and decreased TNF-a production in these cells, demon-
strating the importance of HIF-1a for enhanced immunity. Training
with B-glucan was shown to be protective against Staphylococcus
aureus infection, and this effect was abrogated in HIF-1a-deficient
mice. As shown in Fig. 2, succinate and other metabolites may
therefore be capable of influencing the epigenome through effects
on HIF-1a and perhaps subsequently on IL-1f, which has also been
demonstrated to induce trained immunity in monocytes*. Whether
other stimuli are capable of driving a similar training phenotype as
B-glucan does warrants further investigation.

Succinylation as a covalent modification. Another consequence
of dysregulated succinate metabolism is the recently identified
post-translational modification (PTM), lysine succinylation. This
modification is caused by the accumulation of succinyl-CoA, which
can result from SDH inhibition and succinate accumulation®.
Treatment of mouse fibroblasts with the SDH inhibitor 3-nitropro-
pionic acid increases succinylation®. This modification induces a
100-Da change in mass, comparable to that of two well-established
lysine modifications: acetylation and dimethylation. Importantly,
succinylation masks the positive charge on lysine, likely resulting
in a significant conformational change in the protein. Western blot
analysis of whole-cell lysates revealed that this modification is evo-
lutionarily conserved and that substrates are numerous*, includ-
ing proteins involved in cellular metabolism*. Succinyl-proteome
profiling in bacteria®”, plants"** and HeLa cells all point toward
metabolic pathways as key targets for this PTM. A study in yeast
identifies histones as targets of this PTM; mutation of succinylation
sites was found to reduce cell viability™.

The enzyme responsible for succinylation is yet to be identified,
and indeed it is possible that this reaction occurs non-enzymatically
by direct reaction between succinyl CoA and the modified pro-
tein*’. However, sirtuin 5 (SIRT5), which was previously thought to
function primarily as a deacetylase, has been shown to have potent
desuccinylase activity®'. Interestingly, SDHA is a target of lysine suc-
cinylation. SIRT5-deficient mice had significantly increased SDH
activity, suggesting that succinylation positively regulates its activ-
ity*. This PTM appears to be LPS-inducible. LPS decreases SIRT5
expression in macrophages and increases protein succinylation”.

The a-ketoglutarate dehydrogenase complex (KGDHC) has also
been suggested to mediate succinylation in an a-KG-dependent
manner. Inhibition of KGDHC reduces succinylation of proteins in
neuronal cells*’. The authors identify the pyruvate dehydrogenase
complex (PDHC), IDH and FH as targets of succinylation, with suc-
cinylation decreasing IDH activity and increasing FH activity™.
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Succinylation can also modulate macrophage function.
Succinylation of Lys311 of pyruvate kinase M2 (PKM2), a key
glycolytic enzyme required for the shift to glycolysis in activated
macrophages, was shown to limit its activity by promoting its tet-
ramer-to-dimer transition®. The authors demonstrate that SIRT5
desuccinylates and activates PKM2, which limits IL-1p production.
Conversely, SIRT5-deficient mice exhibit hypersuccinylation and
increased IL-1f. There are many aspects of this PTM that require
further investigation. The breadth of the targets of succinylation
and indeed the enzyme catalysing this PTM remain to be deter-
mined, as well as precisely how this PTM alters protein function.

These data demonstrate that succinate can have a profound
impact on cellular function, acting both intracellularly via ROS,
HIF-1a and succinylation and histone and DNA modification and
extracellularly via SUCNRI.

Itaconate as a novel anti-inflammatory metabolite

One of the most striking examples of a Krebs cycle-derived metab-
olite acting as a signal in immunity is itaconate'>~. This previ-
ously unidentified dicarboxylic acid was first discovered in 1836
as a product of citric acid distillation by the Swiss chemist Samuel
Baup™. In 1840, it was independently synthesised by the decarbox-
ylation of cis-aconitate, resulting in the introduction of its current
name, itaconic acid, an anagram of aconitic acid’. While itaconic
acid has long been used in the industrial arena for the synthesis of
various polymers, the first (unwittingly) relevant discovery regard-
ing the role of itaconate in mammalian biology came in 1995 when
Lee and colleagues™® cloned immunoresponsive gene 1 (Irgl), a
gene potently upregulated in LPS-activated peritoneal macrophages.
However, it was not until 2011 that the production of itaconic acid
in a mammalian system, and the first suggestion that it may play
a role in cellular immunity, was uncovered®'. Intriguingly, it was
described in two separate immune contexts, both in the lungs of
Mycobacterium tuberculosis (Mtb)-infected mice®' and secreted into
the supernatant of LPS-activated RAW264.7 cells (a macrophage
cell line)™. A key discovery in the field of itaconate biology followed
when Michelucci and colleagues® identified immunoresponsive
gene 1 (IRG1) as the enzyme responsible for itaconate synthesis in
both mouse and human macrophages. This subsequently led to the
renaming of IRG1 to cis-aconitate decarboxylase (CAD). Although
a role for itaconate as an anti-bactericidal agent has previously been
suggested (see refs. “=°), more recently, itaconate has been found to
be an important immunomodulatory metabolite®**"-%°.

Itaconate is an endogenous SDH inhibitor. Despite the known
anti-bacterial function of itaconate, its role in regulating macro-
phage function remained virtually unexplored until 2016. Since
2016, several key studies have uncovered a role for itaconate as a
crucial anti-inflammatory metabolite that negatively regulates the
inflammatory response and cytokine production®*-’, as shown in
Fig. 3. Importantly, Lampropoulou et al.*® first demonstrated that
bone-marrow derived macrophages (BMDMs) activated by LPS
and pre-treated with a cell-permeable methyl ester derivative of
itaconate, dimethyl itaconate (DI), exhibited potent inhibition of
pro-inflammatory mediators, including nitric oxide (NO), ROS and
the cytokines IL-6, IL-12p70 and IL-1p. Furthermore, IrgI-deficient
BMDMs, in which genetic deletion of Irgl completely abolished
itaconate synthesis, exhibited a significant increase in the produc-
tion of IL-12, IL-6 and NO and, under conditions that activate the
NLRP3 inflammasome, increased IL-1f and IL-18. An increase in
HIF-1a, a critical regulator of aerobic glycolysis and IL-1p in macro-
phages, was also observed in Irgl-deficient BMDMs stimulated with
LPS. As such, this study was the first to highlight a role for itaconate
as an anti-inflammatory metabolite.

Mechanistically, Lampropoulou et al.>® suggested that the abil-
ity of itaconate to modulate inflammation arose from its ability to
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Fig. 3 | Itaconate is a thiol-reactive anti-inflammatory metabolite. In
LPS-activated macrophages, mitochondrial IRG1/CAD (which requires
autocrine/paracrine IFN-p signalling) synthesises itaconate from cis-
aconitate (1), whereby it can inhibit SDH (2) or be exported out of the
mitochondria via mitochondrial carrier proteins (3). In the cytosol,
itaconate alkylates KEAP1, a novel PTM termed 2,3-dicarboxypropylation,
and GSH to form an itaconate-GSH adduct, or 2,3-dicarboxypropyl-

GSH (4). This in turn activates the anti-inflammatory and anti-oxidant
transcription factors NRF2 and ATF3 (5). Levels of the metabolite
2,3-dicarboxypropyl cysteine (itaconate-cysteine adduct) increase,
which is indicative of the turnover of 2,3-dicarboxypropylated targets (6).
Activation of NRF2 acts to negatively regulate the pro-inflammatory
cytokine IL-1B (7), while activation of ATF3 inhibits IkBE and IL-6 (8).
Itaconate has also been shown to boost ROS levels in certain contexts and
promote tumour growth (9).

competitively inhibit SDH and succinate oxidation*. Intriguingly,
itaconate was first shown to act as a competitive SDH inhibitor
more than 60 years ago”, which prompted speculation that it was
an endogenous SDH inhibitor, akin to malonate, in macrophages.
Supporting this notion, exogenous treatment of macrophages with
DI and of RAW264.7 cells and A549 cells (a lung adenocarcinoma
cell line) with itaconic acid were found to induce succinate accu-
mulation, indicative of SDH inhibition®>**. Likewise, itaconic acid
was found to competitively inhibit purified SDH*. Crucially, LPS-
stimulated Irgl-deficient BMDM:s displayed significantly attenuated
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succinate accumulation and an increased oxygen consumption rate
(OCR), further supporting the role of itaconate in SDH inhibi-
tion and metabolic rewiring in macrophages™°. As such, itaconate
inhibition of SDH was proposed to limit inflammation by blocking
the generation of ROS derived from RET at complex I, as previ-
ously discussed. Together these papers offer a molecular explana-
tion for succinate accumulation’, and the breakpoint observed in
the TCA cycle by Jha et al.’, whereby isotopic tracing using U-"*C-
glutamine showed that approximately 35% of the pool of succinate,
but only 22% of malate, could be attributed to glutamine anaplero-
sis in BMDMs treated with LPS, suggesting inefficient succinate-to-
fumarate transition at SDH.

However, it must also be noted that, compared with malonate,
itaconate is a relatively weak competitive inhibitor of SDH*",
which raises the question as to whether any additional mechanisms
could contribute to the anti-inflammatory effects of itaconate.
Furthermore, DI, the itaconate derivative used in these studies, is
not metabolised to itaconate intracellularly. It has also been shown
that exogenous addition of C-itaconate to RAW264.7 cells was
sufficient to increase intracellular levels of unlabeled succinate
(suggestive of SDH inhibition), with no evidence of cellular uptake”.
It is possible that the observed effect of itaconic acid on succinate
levels could be receptor-mediated, as posited by El Azzouny and
colleagues”, especially considering that the discovery of Krebs cycle
intermediate signalling via GPCRs, such as that observed for succi-
nate and SUCNRI (refs. *”"). It is also important to note that itacon-
ate is an o,p-unsaturated carbonyl compound, making it a potential
Michael acceptor that could undergo nucleophilic attack by the
thiolate ion of protein cysteine residues; as such, the methyl esteri-
fication of the proximal carboxyl group conjugated to the alkene is
predicted to increase the electrophilicity of itaconate. In this way,
the effects of DI could possibly be attributed to electrophilic inacti-
vation of metabolic enzymes, as opposed to an increase in intracel-
lular itaconate”. Supporting this, Lampropoulou et al.*® reported an
upregulation of genes involved in phase II conjugation, glutathione
conjugation and biological oxidations from an RNA sequencing
(RNA-seq) screen performed in DI-treated BMDMs.

Itaconate  alkylates redox-sensitive cysteine  residues.
Independently, Mills et al.”* also noted that itaconate could poten-
tially alkylate cysteine residues to form a 2,3-dicarboxypropyl
adduct, as shown in Fig. 3. As such, it was hypothesised that the
anti-inflammatory effects of itaconate could be due to alkylation of
the key redox-sensing protein kelch-like ECH-associated protein 1
(KEAP1) and activation of the anti-inflammatory and anti-oxidant
transcription factor nuclear factor, erythroid 2 like 2 (NFE2L2, also
known as NRF2)%72, DI was first employed as an experimental tool
and was shown to potently induce NRF2 and several NRF2 target
genes in unstimulated and LPS-activated BMDMs. This strongly
suggested that DI was indeed a thiol-reactive metabolite; however,
esterification on the 1-position would render it an activated Michael
acceptor, akin to dimethyl fumarate (DMF), and this could result in
rapid activation of NRF2 along with many other reactive intracel-
lular thiols®”. To overcome the limitations of DI, a new itaconate
derivative, 4-octyl itaconate (4-OI), was synthesised in which the
octyl ester group was located on the carboxyl group distal to the
alkene. Importantly, itaconate and 4-OI were shown to have simi-
lar thiol-reactivity profiles, whereas DI was shown to significantly
and acutely deplete glutathione (GSH) levels, confirming that it was
indeed an activated Michael acceptor. Furthermore, the ability of DI
to induce NQOL activity (encoded by a prototypical NRF2 target
gene) was diminished when pre-incubated with GSH; however, the
ability of 4-OI to induce NQO1 activity remained unaffected. These
findings suggest that 4-OI represents a suitable cell-permeable ita-
conate surrogate for probing the physiological function of itaconate®.
Importantly, pre-treatment of unstimulated and LPS-activated
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macrophages with 4-OI still resulted in a significant increase
expression of in NRF2 and NRF2 target genes, namely Heme oxy-
genase 1 (Hmox1), suggesting that itaconate is an endogenous sig-
nal governing NRF2 activation. This finding was corroborated by
Bambouskova et al.”, who demonstrated a decrease in LPS-induced
NREF2 stabilization in Irgl-deficient BMDMs, confirming that
endogenous itaconate stabilises NRF2.

Further supporting the hypothesis that itaconate is a thiol-reac-
tive metabolite, a significant increase in the levels of the metabo-
lite 2,3-dicarboxypropyl cysteine (itaconate-cysteine adduct), akin
to the breakdown product of fumarate-mediated protein succina-
tion S-(2-succino)cysteine (2SC), was observed in LPS-activated
BMDM:s. Mechanistically, 4-OI has been shown to alkylate KEAP1
on several cysteine residues, including cysteine 151 (C151), a prin-
cipal redox-sensing cysteine important for activation of NRF2
(refs. °*7*). Furthermore, through a quantitative unbiased pro-
teomic screen performed in both LPS- (which will drive intra-
cellular itaconate accumulation) and 4-OI-treated macrophages,
several metabolic and inflammatory proteins were found to be
alkylated, representing the first demonstration of this novel post-
translational modification (PTM) termed 2,3-dicarboxypro-
pylation. Pre-treatment of LPS-activated BMDM:s with 4-OI also
resulted in a significant attenuation of IL-1f levels, an effect that
was largely abrogated in Nrf2-deficent macrophages. It should also
be noted that NRF2 can limit LPS-induced inflammatory gene
transcription in a redox-independent manner through direct liga-
tion of these genes and inhibition of RNA polymerase II recruit-
ment”. Whether itaconate can mediate cytokine inhibition in
this manner remains to be explored. 4-OI was also shown to be
protective in an LPS lethality model in vivo, prolonging survival,
improving body temperature regulation and decreasing pro-
inflammatory cytokine production. In addition, a novel negative
feedback loop between IRGI, itaconate and IFN-f3 was elucidated,
whereby the induction of Irgl and itaconate were largely depen-
dent on autocrine-paracrine type I IFN signalling®. Intriguingly,
pre-treatment of LPS-activated macrophages with 4-Ol resulted in
a significant attenuation of IFN-f levels and IFN-stimulated genes
(ISGs), such as Isg20, an effect that was at least partially depen-
dent on NRF2. As such, this study confirmed itaconate as an anti-
inflammatory metabolite and provided a unique insight into its
mechanism of action with the discovery of a novel PTM. Further
work is required to understand the scope of this PTM and its effect
on protein function.

In addition to NRF2 regulation, a NF-kB inhibitor zeta-acti-
vating transcription factor 3 (IkBE-ATF3) inflammatory axis has
recently emerged as a target of itaconate and its more electrophilic
derivatives”. Bambouskova and colleagues (2018) demonstrated
that DI could induce electrophilic stress and NRF2 expression in
macrophages via depletion of intracellular GSH to form a DI-GSH
adduct, akin to 2,3-dicarboxypropylation, as previously discussed.
Interestingly, DI is reported to selectively inhibit LPS-induced
IL-6 while TNF-a levels remain unaffected, an effect shown to be
mediated through inhibition of IkBE the major transcription factor
governing secondary transcriptional responses to TLR activation®’.
Mechanistically, inhibition of IkBE by DI was shown to be mediated
by activation of the transcription factor ATF3 and occurred at the
level of Nfkbiz translation, as assessed by elF2a phosphorylation, in
a NRF2-independent manner.

The use of itaconate ester derivatives as endogenous itaconate
mimics poses limitations due to varying electrophilicities, depend-
ing on whether the ester group lies on the carboxyl group proxi-
mal or distal to the methylene. To assess this, Bambouskova et al.””
synthesised 1-ethyl itaconate (1EI) and 4-ethyl itaconate (4EI)
and tested their effects on IkBE. The authors demonstrate that 1EI
(an activated Michael acceptor) could inhibit IkB& however, 4EI
(which has similar reactivity to endogenous itaconate) could not
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inhibit IkBE unless GSH synthesis was inhibited by buthionine
sulfoximine (BSO). This highlights the importance of acute elec-
trophilic stress that is required to induce this novel pathway. To
determine the endogenous relevance of itaconate to the IkBE-ATF3
inflammatory axis, the authors utilised IrgI-deficient macrophages;
however, no differences were observed in IkBE levels between Irgl™'-
and wild-type macrophages stimulated with LPS. Even so, the
authors posited that elevated itaconate levels may affect the induc-
tion of IkBE in LPS-tolerised macrophages. Although the induction
of IkBE was much lower in LPS-tolerised macrophages, there was an
increase in Irgl-deficient macrophages, suggesting that at later time
points when itaconate has built up to sufficient levels (>18 h), it may
induce low levels of electrophilic stress by modifying GSH, which
subsequently regulates the tolerisation process®. As such, a unique
link between electrophilic stress and the IkBE-ATF3 inflammatory
axis was uncovered that may be exploited for therapeutic gain.

A role for IRG1 and itaconate in the tolerisation process and as
a negative regulator of inflammation is supported by the finding
that IRG1 suppresses the production of the pro-inflammatory cyto-
kines TNF-a, IL-6 and IFN-f in LPS-tolerised BMDMs". Li et al.”
attributed the effect of IRG1 on cytokine production to ROS-
mediated induction of A20, a negative regulator of TLR signalling.
Supplementation of ROS in Irgl-deficient BMDMs increased A20
expression and abolished the break of endotoxin tolerance. More
recently, IRG1 was also found to be significantly increased in A20-
deficient macrophages, which suggests an interesting feedback loop
may exist between IRG1 and A20 expression’. Intriguingly, Li et al.”
also observed increased IFN-f and IRF3 signalling in LPS-tolerised,
Irgl-silenced macrophages, supporting the existence of a negative
feedback loop between IRG1, itaconate and IFN-p, as previously
mentioned. IRG1 has also been shown to mediate the immuno-
modulatory effects of CO-releasing molecule 2 (CORM2)-induced
HMOXI1 on TNF-a production in both LPS-activated macrophages
and in a murine endotoxin shock model”, and it also appears to
play a major role in embryo implantation in the womb, a process
thought to require immunosuppression’®*. More recently, an
important role for myeloid-derived IRG1 (and presumably itacon-
ate) in Mtb infection was uncovered. Nair et al.”” convincingly dem-
onstrated an increase in pro-inflammatory cytokine production,
including IL-6 and IL-1f, in Mtb-infected Irgl-deficent mice; this
effect was independent of its ability to act as an anti-bactericidal
agent. Interestingly, IRG1 was shown to specifically impair neu-
trophil recruitment to the lungs, curtailing excessive lung inflam-
mation and pathology—an effect thought to be a consequence of
itaconate-mediated transcriptional regulation of the inflamma-
tory response. These data suggest that itaconate may dampen the
immune response of Mtb-infected mice to limit immunopathology.

Exploration of the role for itaconate in immune cell activation is
still in its infancy, and the profound levels to which it is produced
in macrophages suggest that it is likely to be central to macrophage
function. Further work to decipher its potentially diverse roles and
whether it has important signalling functions outside macrophage
biology are ongoing

Itaconate in macrophage-tumour crosstalk. Most recently, an
intriguing study in peritoneal tumours (B16 melanoma and ID8
ovarian carcinoma) has demonstrated that tumour-infiltrating
macrophages release itaconate, which potentiates tumour growth®.
Itaconate was shown to boost OXPHOS and mtROS generation and
subsequent MAPK activation in tumour-infiltrating macrophages
(Fig. 3). The effect of itaconate on ROS production is consistent with
a previous study in zebrafish macrophages, which demonstrated
that IRG1 was essential for OXPHOS-driven mtROS production
and bactericidal killing®. Furthermore, Weiss et al.*" demonstrated
that ROS production in response to itaconate regulates NRF2, sug-
gesting that there are two mechanisms for itaconate-induced NRF2
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activation: directly via KEAP1 2,3-dicarboxypropylation and indi-
rectly via ROS production (which would then modify KEAP1).
NREF2 therefore appears to be an important target for itaconate.
Furthermore, IRG1 (and presumably itaconate) levels were also
shown to be markedly increased in glioma tissue. This was asso-
ciated with a decrease in the microRNA miR-378, which targets
Irgl, as well as poorer overall survival and clinicopathological
parameters. Overexpression of miR-378 suppressed glioma tumour
growth both in vitro and in vivo, the epithelial-mesenchymal tran-
sition (EMT) and metastasis®. These data are consistent with pre-
vious reports demonstrating that Irgl acts as an oncogene, driving
glioma pathogenesis*. As such, itaconate serves as another example
of crosstalk between macrophages and tumours in the context of
metabolic reprogramming.

Fumarate as a signal of the immune system and tumours
Fumarate is a Krebs cycle intermediate generated through the oxida-
tion of succinate by SDH. It is also produced as a breakdown prod-
uct of tyrosine metabolism and from the urea and purine nucleotide
cycles®. Fumarate is subsequently converted to malate by FH, which
catalyses the reversible hydration of fumarate to malate both within
the Krebs cycle and in the cytosol, as shown in Fig. 4.

Fumarate regulates the epigenome and immune cell function.
Fumarate has recently emerged as an important inflammatory signal
in innate immune training, as outlined above***. Importantly, Arts
et al.* demonstrated that the accumulation of fumarate in p-glucan-
treated monocytes was essential for trained immunity by enhancing
cytokine production upon re-stimulation with LPS. Furthermore,
increased fumarate levels were shown to be driven by enhanced
shunting of glutamine into the TCA cycle, otherwise referred to as
glutamine anaplerosis, as ascertained by a combination of biochem-
ical techniques and the use of the glutaminase inhibitor BPTES".
Fumarate is a known epigenetic regulator that exerts its modulatory
effects primarily through inhibition of a-KGDDs***. To determine
the role of increased fumarate levels on the epigenetic landscape,
Arts et al.** used the cell-permeable fumaric acid ester monomethyl
fumarate (MMF), which was shown to alter histone methylation
similarly to B-glucan training. Furthermore, treatment with MMF
augmented TNF-a and IL-6 secretion in B-glucan-trained macro-
phages stimulated with LPS. The authors proposed that fumarate
accumulation acted to inhibit the KDMS5 family of histone demeth-
ylases, which subsequently increased the levels of H3K4me3, a
marker of active gene transcription, at the promoters of both Tnf
and 116, thus providing the first link between Krebs cycle rewiring
and epigenetic regulation in an inflammatory context®.

Outside of trained immunity, fumarate has previously been
reported to accumulate in LPS-activated macrophages'”. Using an
integrated high-throughput transcriptional metabolic profiling and
analysis pipeline (CoMBI-T), Jha et al.' uncovered the induction of
an inflammatory argininosuccinate shunt, a metabolic pathway that
links the Krebs cycle to the urea cycle. Induction of this pathway
occurred via an increase in the expression of argininosuccinate syn-
thase (ASS1), which catalyses the formation of argininosuccinate
from aspartate, citrulline and ATP*. Together with the argininosuc-
cinate lyase (ASL), ASS1 is responsible for the synthesis of the semi-
essential amino acid arginine in most bodily tissues. Importantly,
ASS1 also constitutes the rate-limiting step in the aspartate-
argininosuccinate shunt and L-arginine biosynthesis. Considering
that ASL cleaves argininosuccinate into arginine and fumarate, the
authors proposed that this metabolic pathway accounted for the
elevated fumarate levels observed in macrophages.

The electrophilic properties of fumarate derivatives can also regu-
late T cell function. Blewett et al.”” demonstrated that dimethyl fuma-
rate (DMF), a potent electrophile currently used to treat psoriasis
and relapsing-remitting MS, but not MMF inhibited the activation
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Fig. 4 | Fumarate is an oncometabolite and epigenetic modifier. Under
conditions of FH deficiency, fumarate levels markedly increase, leading
to perturbations in mitochondrial OXPHOS. Elevated fumarate acts as

a competitive inhibitor of SDH, inhibits complex | via succination of key
(Fe-S) cluster biogenesis proteins (1) and inhibits ACO2 via succination
through redox-sensitive cysteine residues (2). In the cytosol, increased
fumarate can succinate KEAP1 and GSH to activate NRF2 (3), while
fumarate also acts to competitively inhibit PHDs and stabilise HIF-1a (4).
In the nucleus, fumarate acts as an epigenetic modifier, whereby it can
inhibit the KDM family of histone demethylases (5) and the TET family of
DNA demethylases (6), which act as a signal to induce EMT.

of human and mouse T cells. Using a proteomic approach, the
authors discovered a range of proteins that regulate T cell function
and are sensitive to covalent modification by DME, including protein
kinase C 8 (PKCB). Mechanistically, DMF blocked the association of
PKCO with the costimulatory receptor CD28 and T cell activation.
More recently, Kornberg and colleagues’*” suggested that a
potential consequence of elevated fumarate levels is negative reg-
ulation of glycolysis via succination (see below) of the active site
cysteine residue (C152) in GAPDH. This suggestion arose from the
observation that the cell-permeable fumarate esters DMF and MMF
modify and irreversibly inhibit GAPDH enzymatic activity and
aerobic glycolysis in peripheral blood mononuclear cells (PBMCs)
from mice and patients with MS treated with DMF*’. Induction of
aerobic glycolysis is a key marker of activated immune cells and
represents an important phenotypic switch to facilitate prolifera-
tion and immune cell effector functions. Two pro-inflammatory
T cell subsets implicated in the pathogenesis of multiple sclerosis
(MS), T helper 1 (Ty1) and T}17 cells, rely heavily on aerobic gly-
colysis, and treatment with DMF or MMF inhibited their develop-
ment in vitro, as previously reported” . Importantly, inhibition
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of aerobic glycolysis by the specific GAPDH inhibitor heptelidic
acid (HA) and 2-deoxyglucose (2-DG) recapitulated the immuno-
modulatory effects of DMF in vitro, while in vivo administration
of HA inhibited the development of experimental autoimmune
encephalomyelitis (EAE), a murine model of MS™. As such, this
represents an important proof-of-principle study supporting the
concept that metabolically targeted therapies may be successfully
used to treat inflammatory-driven diseases and also providing
mechanistic insight into the anti-inflammatory action of DMF and
MME Intriguingly, endogenous fumarate was also found to succi-
nate GAPDH in both mouse and human macrophages, suggesting
that elevated fumarate levels may act as an endogenous anti-inflam-
matory signal to limit inflammation; however, the precise role of
fumarate accumulation remains an open question to be explored.
It is important to note that while HA and DMF have proven to be
beneficial in the treatment of debilitating diseases such as MS, pro-
longed and/or systemic inhibition of glycolysis is likely detrimental
to the host and will impair immune (both innate and adaptive) cell
function, which in the context of infection would be unfavourable.
Further work is required to fully understand the effect of prolonged
glycolytic inhibition.

Fumarate and cellular transformation. In addition to its role as an
inflammatory regulator, fumarate can also be viewed as an onco-
metabolite®. Given its central role in energy metabolism, FH was
long considered a housekeeping enzyme®. Consistent with this view,
homozygous FH loss in fumaric aciduria, an autosomal recessive
metabolic disorder, leads to very severe neurological disorders and is
fatal in early childhood”. However, in 2002 it was shown that muta-
tions of FH are the cause of hereditary leiomyomatosis and renal cell
cancer (HLRCC), a rare cancer predisposition syndrome character-
ized by benign tumours of the smooth muscle of skin and uterus, and
a very aggressive form of renal cancer®. These findings indicate that
not only do cells survive the loss of FH, but in specific tissues, they
can also undergo transformation to tumour cells. How FH loss leads
to cancer has been a long-standing question in the field.

The defining biochemical feature of FH loss is the accumula-
tion of fumarate, which has been implicated in tumorigenesis™. To
date, several biological functions have been ascribed to fumarate.
For instance, accumulated fumarate can bind and inactivate reactive
thiol residues of proteins and peptides in a process called succination.
This protein modification was originally described in diabetes®. This
function of fumarate derives from its unsaturated dicarboxylic acid
structure, which makes it a mildly electrophilic molecule that can be
involved in a Michael addition with nucleophiles, such as reactive
thiol residues of proteins. The first insights into the relevance of suc-
cination in patients with HRLCC was proposed in 2011, when it was
shown that fumarate could bind reactive thiol residues and inactivate
KEAP1, the negative regulator of the master antioxidant transcrip-
tion factor NRF2, leading to a powerful antioxidant response'**'"!,
as shown in Fig. 4. Later, it was also shown that fumarate binds glu-
tathione (forming succinic-glutathione (succinicGSH)) and thereby
depletes this antioxidant molecule, leading to unscheduled oxidative
stress”'%2. Of note, fumarate-dependent oxidative stress has also been
shown to drive renal cells to senescence in an FH-deficient mouse
model, and its bypass by the co-ablation of p21 increased malignant
transformation in the kidneys'”’. Consistent with an important role
of senescence bypass for the development of tumorigenesis, recent
data in patients with HLRCC shows that CDKN2A (also known as
P16), a key player in senescence, is hypermethylated and suppressed
in tumours. Fumarate has been shown to cause succination of the
mitochondrial aconitase ACO2, leading to an additional truncation
of the TCA cycle'”, and also of iron-responsive element binding pro-
tein 2 (IRP2), promoting the transcription of transferrin'®. Finally, it
has been shown that fumarate can drive succination of several mem-
bers of the family of iron sulfur (Fe-S) cluster biogenesis proteins,
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causing a depletion of the Fe-S clusters required for the activity of
mitochondrial enzymes, including complex I'*. All these reactions
appear to be independent of enzymatic catalysis, driven by the high
level of fumarate accumulation and irreversible. Succination is a hall-
mark of FH-deficient tumours, and an antibody against succinated
proteins has been proposed as a diagnostic marker for HLRCC'”.

As mentioned, fumarate also inhibits a variety of a-KGDDs,
enzymes involved in multiple cellular processes ranging from
metabolism to signalling and epigenetics®'**'*, as shown in Fig. 4.
Examples of a-KGDDs inhibited by fumarate are the PHDs, which
are negative regulators of HIFs''’. Accordingly, fumarate causes HIF
stabilization even under normoxic conditions, that is, pseudohy-
poxia, a hallmark of FH-deficient tumours'. a-KGDDs are also
involved in the de-methylation of DNA, RNA and histones. Recent
data have demonstrated that fumarate acts as a powerful inhibi-
tor of the TET family of DNA demethylases and of a series of his-
tone demethylases®'”®. In this context, fumarate is considered an
important epigenetic modifier (reviewed in ref. ''!). It has also been
shown that fumarate accumulation leads to the inhibition of TET-
dependent DNA demethylation of a class of anti-metastatic miRNAs,
the miR200 family, promoting an EMT"'?, a process involved in can-
cer initiation and metastasis'"”. Of note, FH-deficient renal cancers
are characterized by a distinct DNA hypermethylation phenotype,
which also affects the tumour suppressor CDK2NA'"*, indicating
that, by allowing senescence escape, this epigenetic activity of fuma-
rate may have a critical role in tumour etiology.

Finally, fumarate and FH were recently proposed to be key play-
ers in the response to DNA damage. Originally described in yeast'',
FH has a ‘moonlighting’ role in the nucleus that capitalizes on the
epigenetic-modifying function of fumarate. Upon DNA damage, FH
localizes in the nucleus, where it is phosphorylated by the catalytic
subunit of DNA-PK (DNA-PKcs)''*. Here, via its reverse activity,
FH generates fumarate that inhibits the histone lysine demethylase
KDM2B, which in turn facilitates the binding of proteins involved
in DNA repair. In support of this unexpected function of fuma-
rate, it has recently been shown that the aberrant accumulation of
this metabolite in HLRCC correlates with increased endogenous
damage, lower DNA repair efficiency and increased sensitivity to
poly-ADP ribose polymerase (PARP) inhibitors'”. Of note, this
biological function of fumarate is also shared with succinate and
2-HG (see below). It has also recently been shown that FH loss
in renal cancer cells leads to increased DNA damage and ionising
radiation (IR) resistance due to a fumarate-dependent inhibition of
mitotic entry after IR, even in the presence of unrepaired damage'®.
Opverall, these lines of evidence provide a potential model for how
fumarate accumulation promotes genomic alterations that could
give rise to cancer formation in patients with HLRCC, cooperating
with the other above-described oncogenic signals it elicits.

2-hydroxyglutarate in immunity and cancer

The next intermediate we will consider is 2-HG, which exists in two
enantiomeric forms, L-2-HG and p-2-HG'", as shown in Fig. 5. Like
itaconate, 2-HG was first discovered in the 1800s (in this instance
by the German biochemist Karl Heinrich Ritthausen); however, it
did not attract much attention until recently when its physiological
function was uncovered'”. Interest in these enantiomers heightened
in the 1980s when they were linked to two rare but clinically related
diseases, now termed L-2-hydroxyglutaric aciduria (L2-HGA) and
D-2-hydroxyglutaric aciduria (D2-HGA), which manifest early in
childhood and usually lead to severe disability and mental retar-
dation in adulthood'**-'*>. The cause of these so-called 2-hydroxy-
glutaric acidurias (2-HGAs) was attributed to germline mutations
in L-2-HG dehydrogenase (L2HGDH) and p-2-HG dehydrogenase
(D2HGDH), encoding the mitochondrial enzymes responsible for
the conversion of 2-HG to a-KG and thus for the breakdown of
2-HG'>'*. In the case of D2-HGA, about 50% of patients present
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Fig. 5| 2-HG is an oncometabolite and epigenetic modifier. 2-HG exists
as two enantiomers, L-2-HG and p-2-HG. Under conditions whereby
IDH1/2 are mutated (mIDH1/2), this mutant enzyme preferentially acts
on a-KG, as opposed to isocitrate, to generate p-2-HG, and in this context,
p-2-HG accumulates to high levels (1); however, under normal conditions,
p-2-HG levels are maintained at low concentrations via D2HGDH (2). In
response to hypoxia or acidic pH, LDHA and MDH2 can promiscuously
generate 1-2-HG from a-KG (3), whose levels are usually maintained at low
concentrations via LZHGDH (4). Accumulation of p-2-HG and/or -2-HG
in the nucleus results in the competitive inhibition of the KDM family of
histone demethylases (5) and the TET family of DNA demethylases (6),
thus acting as an important epigenetic modifier driving tumorigenesis and
as a regulator of T cell immunity.

with D2HGDH mutations, while the remaining half possess muta-
tions in the gene encoding the Krebs cycle enzyme IDH2, which
converts isocitrate to a-KG'*. A third 2-HGA, in which both enan-
tiomers accumulate, that arises from germline mutations in the
mitochondrial citrate carrier SLC25A1 has also been discovered.
This provides an intriguing link between mitochondrial citrate
metabolism and 2-HG production'” that remains to be explored. In
recent years, two landmark genomic studies carried out in human
glioma and acute myeloid leukaemia (AML) found mutations in
IDHI1 and IDH2, and it is now appreciated that the genes encod-
ing these enzymes (which drive elevated production of p-2-HG) are
the most frequently mutated metabolic genes in human cancer'*-'%,
Furthermore, the literature suggesting that these metabolites play a
role in immune cell regulation is ever expanding.

2-HG governs T cell differentiation and anti-tumour immunity.
While the role of 2-HG in tumorigenesis has been a heavy focus
of research over the last several years, an unexpected role for this
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unusual metabolite has more recently begun to emerge as a regula-
tor of T cell function and inflammation. It has become increasingly
appreciated that different T cell subtypes undergo dramatic meta-
bolic remodelling that governs their proliferation, differentiation and
effector functions'®'. T;17 cells, derived from naive CD4* T cells, are
one such subset that rely heavily on a switch from OXPHOS to gly-
colysis, a process that requires the activation of HIF-1a and induc-
tion of RORyt"*»'**. On the other hand, induced regulatory T (i Ty
cells, also derived from naive CD4* T cells, do not require HIF-1a
(refs. *»1%). Interestingly, Xu et al.'**observed increased levels in of
D-2-HG in Tyl17 cells when compared to iT,, cells. The elevated
levels of p-2-HG were associated with increased DNA methylation
levels at the Foxp3 locus, the master transcription factor driving iT,,,
differentiation, resulting in its repression'*’. Furthermore, Ty;17 cell
differentiation could be initiated by exogenous addition of p-2-HG
to naive CD4* T cells or by genetic silencing of TETI and TET2,
established targets of 2-HG'**'**. Mechanistically, b-2-HG pro-
duction was driven by the conversion of glutamate to a-KG by the
aspartate aminotransferase GOT1. Inhibition of GOT1 by amino-
oxyacetic acid (AOAA), which decreases p-2-HG levels, promoted
Foxp3 expression and the differentiation of T;17 cells to 1T,egsl3*

Lastly, AOAA ameliorated disease progression in EAE, a disease in
which Ty17 cells mediate pathology. This study identified a crucial
role for 2-HG as an epigenetic modifier governing T cell differentia-
tion and suggests that therapeutic strategies aimed at lowering its
levels may represent a promising approach for treatment of T};17-
mediated autoimmune disorders.

In addition to CD4* T cells, an unexpected role for L-2-HG in the
promotion of tumour killing via CD8" T cells, which are cytotoxic
T lymphocytes important for anti-tumour immunity, has emerged'*°.
Like Ty17 cells, CD8" T cells are highly dependent on the activa-
tion of HIF-1a and glycolysis, which is responsible for mediating
trafficking into hypoxic tumour environments and inflamed tis-
sue'?”'%, Interestingly, Tyrakis et al."*® observed a dramatic increase
in L-2-HG levels, which reached up to 1.5 mM, in response to T cell
receptor triggering in mouse CD8* T cells. This increase occurred
under normoxic conditions and was dependent on HIF-1la sta-
bilization. Mechanistically, HIF-1a stabilization induced LDHA
expression and activity, which promiscuously converted glutamine-
derived a-KG to L-2-HG"*. Accumulation of L-2-HG altered CD8*
T cell differentiation through modulation of both the histone and
DNA methylation landscape of the cell and also through HIF stabil-
ity. Furthermore, exogenous treatment of CD8" T cells with L-2-HG
greatly enhanced the in vivo proliferation, persistence and anti-
tumour capacity of adoptively transferred CD8* T cells*. 2-HG
enantiomers are therefore beginning to emerge as important signal-
ling moieties linking metabolic reprogramming, epigenetic altera-
tions and effector functions of immune cells.

IDH mutations promote D-2-HG accumulation and tumorigenesis.
Genomic studies have established that somatic mutations in IDHI
and IDH2 are perhaps the first genetic events to occur during
tumorigenesis in human glioma and AML, and these appear to ini-
tiate pathogenesis by a common mechanism"*"*"***°_ The most
commonly occurring cancers thought to arise from mutant IDH1
and IDH2 (mIDH1/2) include glioma, cartilaginous tumours,
AML, angioimmunoblastic T cell lymphoma (AITL) and intrahe-
patic cholangiocarcinoma (ICC). Additionally, mutations in these
genes have also been reported to sporadically arise in prostate can-
cer, melanoma, medulloblastoma and hepatocellular carcinoma
(HCC)'". Remarkably, almost all IDH1/2 mutations occur in a few
unique locations in the active site of the enzymes, which result in the
acquirement of a neomorphic enzymatic activity converting a-KG
to the oncometabolite p-2-HG'*!-'**. As with succinate and fuma-
rate, D-2-HG acts as a competitive inhibitor of a-KGDDs, includ-
ing but not limited to the TET family and JMJD family of DNA
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and histone demethylases, respectively'**'**. p-2-HG, produced by
mIDH1/2, has been shown to drive a CpG island methylator phe-
notype (G-CIMP) in both glioma and ICC tumours to promote
tumorigenesis and has also been found to occupy the active site of
histone demethylases, thereby increasing histone methylation in
primary gliomas'**'**-'*, Furthermore, Flavahan et al.'” demon-
strated that the IDH-driven G-CIMP phenotype occurs at cohesion
and CCCTC-binding factor (CTCF)-binding sites, compromising
this methylation-sensitive insulator protein, and enables a consti-
tutive enhancer to interact aberrantly with and activate the glioma
oncogene PDGFRA.

Emphasis has often been placed on epigenetic alterations elicited
by elevated p-2-HG as a driver of tumorigenesis in IDH-mutant
cancers; however, it is also apparent that it can antagonise other
a-KGDDs. Although the half-maximal inhibitory concentration
(IC,,) of p-2-HG toward KDM family members is in the low micro-
molar range (24-106 uM), it can also inhibit FIH and PHD2, with
IC,, values of 1.5 and 7.3 mM, respectively'**. In IDH1/2-mutant
gliomas, D-2-HG has been reported to accumulate to levels up to
35 mM; as such, p-2-HG could inhibit a-KGDDs to affect alterna-
tive cellular signalling pathways'*'. Indeed, p-2-HG accumulation in
IDH-mutant glioma has been found to inhibit PHD hydroxylase and
stabilise HIF-1a (ref. '*°), and HIF-1a stabilization has been shown to
occur in IDHI1-mutant brain tissue'*. L-2-HG is also a potent inhibi-
tor of a-KG-dependent enzymes. It has been reported that under
conditions of hypoxia, L-2-HG is selectively produced by mamma-
lian cells”’. The authors demonstrate that this is independent of
IDH1/2 and is primarily mediated by LDHA and malate dehydroge-
nase (MDH) via ‘promiscuous’ reduction of a-KG and is enhanced
by an acidic pH'*%. Under acidic conditions, the protonation of a-KG
promotes binding to LDHA and r-2-HG production. Functionally,
1-2-HG is sufficient to drive histone methylation, in particular
histone 3 lysine 9 (H3K9me3), and can also promote HIF-1a sta-
bilization in normoxic conditions and therefore may assist with
hypoxic adaptation. These data suggest that L-2-HG might repre-
sent a metabolic response to certain environmental stimuli, includ-
ing hypoxia and acidosis, that drives changes in cellular signalling
and function. Although it has been reported that p-2-HG is a less
potent inhibitor of a-KGDDs than L -2-HG, the concentrations at
which it accumulates under pathogenic conditions suggest HIF-1a
stabilization and impaired collagen biogenesis may contribute to
tumorigenicity*»**"'**, Intriguingly, another possible mechanism
by which p-2-HG drives tumorigenesis is through the promotion of
genetic instability, predisposing cells to oncogenic transformation'”.
D-2-HG has been shown to inhibit a-KG-dependent alkylation
repair homologs, ALKBH2 and ALKBH3, which are critical DNA
damage repair enzymes that detoxify 1-methyladenine (1 mA) and
3-methylcytosine (3mC) lesions in DNA derived from alkylating
agents''”!*+1*¢ Indeed, IDH-mutant cells display reduced DNA repair
kinetics, accumulate DNA double-stranded breaks (DSBs) and are
sensitised to alkylating agents''”!'>!**>, Furthermore, D-2-HG has
been proposed to promote DNA damage by altering the expression
of genes involved in DNA repair, namely the DNA damage sensor
ATM (ataxia-telangiectasia mutated), whereby an accumulation of
repressive histone methylation markers, H3K9 and H3K27, were
found at the ATM promoter in Idh-mutant mouse haematopoietic
stem cells and human AML samples'”’. As such, these findings
directly link mIDH-derived p-2-HG accumulation to DNA damage,
genetic instability and carcinogenesis.

Alternative p-2-HG targets in cancer development. In addi-
tion to the role of a-KGDD inhibition by p-2-HG in the regula-
tion of histone and DNA methylation and genomic instability,
D-2-HG has been found to affect several other cellular pathways
that may also contribute to cancer initiation and progression'”.
Of note, p-2-HG produced by mIDHI in low-grade glioma was
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found to activate mechanistic target of rapamycin (mTOR) sig-
nalling'*®. Mechanistically, it was proposed that p-2-HG destabi-
lised DEPTOR, a negative regulator of mTORC1 and mTORC2,
partly through inhibition of the histone demethylase KDM4A'**.
Furthermore, metabolomic profiling of mIDH1/2 gliomas revealed
significant alterations in cellular metabolism, an effect recapitulated
with the exogenous addition of p-2-HG'®. This metabolic rewiring
resulted in a decrease in a common dipeptide found in the brain
N-acetyl-aspartyl-glutamate (NAAG), and NAAG levels were found
to be significantly lower in mIDH-mutant human glioma tissue'*.
Likewise, mutations in IDH were also found to reprogram pyru-
vate and Krebs cycle metabolism, lower dependence on oxidative
mitochondrial metabolism and silence LDHA expression, all sug-
gesting that cellular reprogramming elicited by p-2-HG may play a
prominent role in the pathogenesis of IDH-mutant tumours'®'%,
However, the mechanism by which p-2-HG orchestrates these
events remains to be explored. Furthermore, p-2-HG activates
NF-xB in bone marrow stromal cells in an IkB kinase-indepen-
dent fashion, thus generating a stromal niche for IDH-mutant AML
development'®. Intriguingly, p-2-HG has also been found to be a
competitive inhibitor of SDH, a key metabolic enzyme and tumour
suppressor as previously discussed, resulting in the accumulation
of succinate, impaired mitochondrial oxygen consumption and
increased protein succinylation'®’. As such, the initiation and patho-
genesis of IDH-mutant tumours may share parallels with SDH-
mutant tumours. D-2-HG has also been found to bind the DNA
methyltransferase DNMT1, which subsequently represses receptor-
interacting protein kinase 3 (RIP3). Finally, p-2-HG also impairs
necroptosis and the small GTPase CDC42, leading to suppression
of mixed lineage kinase 3 (MLK3)-mediated apoptosis'*>'*°. These
findings therefore suggest that both suppression of RIP3-mediated
necroptosis and MLK3-mediated apoptosis by p-2-HG may con-
tribute to IDH-mutant carcinogenesis'*'*.

Citrate as a source of acetyl-CoA for histone acetylation
One final metabolite to consider in the context of cellular signalling
is acetyl-coenzyme A (acetyl-CoA), derived from citrate. Acetyl-
CoA is an energy-rich intermediate that provides acetyl groups to
the Krebs cycle through the generation of citrate, which is further
oxidised for energy production. Acetyl-CoA is generated from the
breakdown of carbohydrates, fatty acids and proteins though gly-
colysis, -oxidation and the degradation of the amino acids leucine,
isoleucine and tryptophan, respectively®. Acetyl-CoA serves as a
building block for the synthesis of lipids, ketone bodies and amino
acids. As fatty acid synthesis occurs in the cytosol, acetyl-CoA must
exit the mitochondria to fulfil this function. To do so, following its
conversion to citrate, it exits the mitochondria via the mitochon-
drial citrate carrier (CIC) and is then converted back to acetyl-CoA
(and oxaloacetate) by the enzyme ATP-citrate lyase (ACL). It is this
enzyme that endows acetyl-CoA with much of its signalling capac-
ity in the context of tumour and immune cell biology.

Acetyl-CoA (derived from citrate) has been shown to drive
histone acetylation, and this process can have a profound impact
on both tumour and immune cell function, as shown in Fig. 6.
Chromatin structure is regulated in part through modification of
histones, including histone acetylation'?". It has been demonstrated
in mammalian cells that histone acetylation is dependent on ACL-
induced production of acetyl-CoA'*, with ACL silencing decreas-
ing the degree of histone acetylation. One of the earliest studies
to identify a role for ACL in histone acetylation demonstrated
a requirement for the ACLY gene (encoding ACL) in response to
growth factor stimulation and during differentiation, for example,
the differentiation of murine 3T3- L1 pre-adipocytes into adipo-
cytes. Cells depleted of ACL contained visibly less lipid than control
cells. This was linked to decreased expression of genes involved in
glucose uptake and glycolysis, which are required for adipocytes to
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Fig. 6 | Acetyl-CoA as an epigenetic modifier in immunity and cancer.
Acetyl-CoA, an energy-rich intermediate derived from citrate (and
pyruvate), has been shown to drive histone acetylation, and this process
can have a profound impact on both tumour and immune cell function.

To facilitate this, citrate exits the mitochondria via the CIC (1) and is then
converted back to acetyl-CoA by the enzyme ATP-citrate lyase (ACL) (2).
In T cells, acetyl-CoA has been shown to enhance acetylation of histone
H3 acetylation at lysine 9 (H3K9Ac) and to promote transcription of IFNG
(3). In addition, IL-2 treatment of CD4+ T cells promotes phosphorylation
of ACL and acetylation of cell cycle genes to promote T cell growth (4).
Oncogenic Akt has also been shown to phosphorylate ACL to promote
acetylation and epigenomic remodelling of cancer cells, a hallmark of
human glioma and prostate cancer (5).

engage in fat storage. It was shown that during adipocyte differenti-
ation, global histone acetylation is determined by glucose availabil-
ity through an ACL-dependent pathway'®. These seminal findings
highlight a clear link between nutrient sensing, metabolism and
histone acetylation, which has now been extended to immune and
tumour cell function.

Acetyl-CoA and histone acetylation regulate immunity. Acetyl-
CoA levels and histone acetylation have been implicated in the regu-
lation of immune cells. It is well-established that glycolysis is required
for effector T cell function, and a recent study from Peng et al.'®
has provided mechanistic insight into this requirement. The authors
demonstrate that LDHA, an enzyme that catalyses the reversible
conversion of pyruvate and NADH to lactate and NAD", is induced
in activated T cells and enhances histone acetylation of IFN-y
via the maintenance of acetyl-CoA levels to promote its expres-
sion. Mice with a T cell-specific LDHA deficiency produced less
IFN-y and were protected from immunopathology. Mechanistically,
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LDHA-deficient T cells showed decreased acetyl-CoA levels and
decreased histone H3 acetylation at the lysine 9 residue (H3K9Ac),
a histone mark associated with active transcription, on the IFN-y
promoter. Furthermore, artificial acetyl-CoA reduction, through
inhibition of ACLY, decreased IFN-y expression and acetate supple-
mentation, which augmented acetyl-CoA production, and corrected
H3K9Ac marks and IFN-y expression in LDHA-deficient T cells.

The mechanism of IFN-y regulation proposed by Peng et al.'’
differs from that proposed by Chang et al.'”’, who suggest that
aerobic glycolysis boosted IFN-y production by engaging GAPDH
and preventing its binding to the three prime untranslated region
(3’-UTR) of Ifng, thereby enhancing IFN-y translation. These
assays are technically demanding to perform, and this discrepancy
remains to be clarified. However, it should be noted that the study
from Peng et al."*” employed the use of an artificial construct—the
bovine growth hormone 3’-UTR—rather than direct manipula-
tion of the Ifng 3'-UTR itself. Multiple mechanisms involving ace-
tyl-CoA may therefore exist to regulate Ifng expression. Activated
T cells, which display elevated glycolysis, may remodel their chroma-
tin, thereby generating Ifng mRNA that can be robustly translated,
as GAPDH is engaged in glycolysis and no longer binds the Ifng
mRNA. These data demonstrate the complex relationship between
metabolism and gene regulation. It will be interesting to speculate
whether acetyl-CoA can boost histone acetylation and transcription
of other cytokines, or indeed other immune or tumour cells.

ACL and histone acetylation have also been implicated in T cell
growth'”". An unbiased mass spectrometry-based study of the
nuclear phosphoproteome of resting and IL-2-treated CD4* T lym-
phocytes revealed that ACL is phosphorylated in response to IL-2
treatment'”’. Pharmacological or genetic ablation of ACL function
impaired IL-2-promoted T cell growth. The authors demonstrate
that ACL is required to enhance histone acetylation levels and
induce the expression of cell cycle regulating genes in response to
IL-2. They speculate that this is as a result of acetyl-CoA generation,
but do not experimentally demonstrate this concept.

Acetyl-CoA alters the epigenome of tumour cells. In 2014,
Lee et al."”> demonstrated that acetyl-CoA levels and histone acety-
lation in tumours are regulated by oncogenic activation of protein
kinase B (known as Akt) and subsequent ACL phosphorylation.
This was one of the first reports to implicate metabolic reprogram-
ming mediated by oncogenic activation in the regulation of the
cancer cell epigenome. Importantly, histone acetylation and phos-
phorylated Akt levels correlate significantly in human glioma and
human prostate cancer, and levels of histone acetylation have been
shown to be predictive of which patients later exhibit biochemi-
cal failure, with lower levels predictive of a worse outcome. These
data suggest that histone acetylation levels might be a valuable bio-
marker to predict tumour relapse. Histone acetylation has also been
implicated in the development of human non-small cell lung car-
cinoma (NSCLC)'"*'"., Specifically, aberrant histone acetylation is
reported to play an important role in EMT and metastasis in lung
cancer'”’. More recently, Mi et al."’* also identified an acetyllysine-
binding protein, YEATS2, that is amplified in NSCLC and binds to
acetylated histone H3 (H3K27Ac) to promote a transcriptional pro-
gram required for cancer cell growth and survival. Further study is
needed to understand how global histone acetylation levels impact
tumour growth and progression, as well as response to treatment.
ACL and acetyl-CoA levels and histone acetylation have also
been shown to play an important role in the DNA damage response
in tumour cells'”®. ACL is phosphorylated downstream of Akt acti-
vation following DNA damage, and this facilitates histone acety-
lation at double-strand break (DSB) sites, enabling breast cancer
early onset 1 (BRCAL1) recruitment and DNA repair by homologous
recombination. ACL deficiency results in impaired BRCA1 recruit-
ment to sites of DSBs and suppressed homologous recombination.
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The mechanisms of Akt activation by DNA damage signalling and
the mechanisms that regulate levels of nuclear ACL, which is critical
for its role in regulating BRCA1 recruitment, are less clear.

Therapeutic opportunities

The emerging roles of Krebs cycle intermediates in the pathophysi-
ology of biomedically important processes raises the possibility of
the generation of a new class of therapies focused on these metabo-
lites, as shown in Fig. 7. This concept has already warranted investi-
gation and was first illustrated following the discovery that succinate
is accumulated during ischaemia and is then oxidised upon reper-
fusion to drive the mitochondrial superoxide formation that con-
tributes to ischaemia-reperfusion (IR) injury’»'”". Inhibiting the
mitochondrial enzyme SDH during ischaemia by preloading tissues
with the SDH inhibitor DMM prevented succinate accumulation
during ischaemia and protected against tissue damage upon reper-
fusion®. Malonate itself was also protective when added at reperfu-
sion'’*"””. This work indicates that simple inhibitors of Krebs cycle
enzymes could be used to prevent pathological damage. The pro-
duction of succinate is also enhanced during inflammation?, acting
as a signal from mitochondria to the cytosol to activate pro-inflam-
matory gene expression while also generating ROS as a further pro-
inflammatory redox signal®. As the mechanism of mitochondrial
superoxide generation by succinate oxidation during inflammation
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seems to be the same as that during IR injury (RET)™, it is per-
haps unsurprising that DMM could also decrease inflammation
in a mouse model of sepsis®*. Hence, simple molecules designed
to inhibit SDH are a novel class of anti-inflammatory and anti-IR
injury compounds.

As well as acting within the cell, a portion of the succinate that
accumulates during ischaemia and inflammation is released from the
cell into the extracellular environment through poorly defined pro-
cesses. This occurs following IR injury'”*'”, inflammation'® or cold
exposure'’. The diverse consequences of released succinate remains
to be explored, but one likely role is as an inflammatory signal, acting
via SUCNRI (refs. >*'*'%1) There is considerable interest in develop-
ing drugs that can counteract the effects of succinate on this recep-
tor'®. Although SUCNRI receptor inhibitors, such as compound ‘5g,
are in their infancy, they may provide further understanding as to
the signalling role of succinate and a method of blunting a cascade
response during inflammation. Circulating Krebs cycle intermedi-
ates are particularly interesting potential drug targets.

As previously discussed, mitochondrial metabolites have an
impact on metabolism following their export from the mitochon-
drial matrix to the cytosol and nucleus, and a-KGDDs are major
targets for the action of mitochondrial metabolites, such as suc-
cinate and 2-HG”*'**'%2_ High levels of succinate or 2-HG inhibit
a-KGDDs. These include the PHDs, the TET DNA demethylases
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and the JMJDs!*!5*!% Inhibitors of a-KGDDs are often non-specific,
either targeting multiple a-KGDD family members, such as dimethy-
loxaloylglycine (DMOG) acting on not only TETs but also PHDs'®.
Specific inhibition of histone lysine demethylases (KDMs) has also
been challenging'®. EPT-103182 has shown promise in early pre-
clinical work in an osteosarcoma cell line; however, it has yet to be
investigated in clinical trials'’”. However, specific PHD inhibitors have
been developed, such as Vadadustat, and these have shown promise
in chronic kidney disease, increasing erythropoiesis and providing a
means of attenuating HIF in other pathologies'*. The development of
more effective drugs that affect the interactions of Krebs cycle inter-
mediates with a-KGDDs is an area of considerable current interest'®.

A further therapeutic angle has revealed following the discov-
ery of mutations in certain Krebs cycle enzymes that result in the
generation of novel metabolites—the best example being mIDH2.
Interestingly, the drug Enasidenib has been developed for AML,
which binds to the mutated, but not the wild-type, form of IDH2 to
prevent p-2-HG production'”.

The generation of itaconate from the Krebs cycle intermediate
cis-aconitate contrasts with most other metabolite signals ema-
nating from mitochondria in that it primarily acts as a protective,
anti-inflammatory metabolite®>*”*. As itaconate acts as an endog-
enous protective and anti-inflammatory agent, there has been inter-
est in developing drugs that enhance its levels within cells. 4-OI is
an itaconate mimic that was protective in a mouse model of sepsis,
decreasing cytokine production and increasing survival®. The ther-
apeutic potential of DI was also demonstrated, as in vivo admin-
istration of DI resulted in an amelioration of skin pathology in a
mouse model of psoriasis, a disease also currently treated by the
related electrophile DMF*”%73, Thus, the development of new ther-
apies designed to fine-tune the cell delivery and activity of NRF2
activators is a promising therapeutic strategy.

In summary, the emerging role of Krebs cycle intermediates
in many central biomedical pathways opens up the possibility of
extending mitochondrial pharmacology'*>'*’"'** to manipulating
the levels and impacts of mitochondrial metabolites both within the
matrix and the rest of the cell, or following their release from the cell
into the circulation.

Outstanding questions and concluding remarks

While the understanding of the role of metabolites as signalling
molecules has come a long way, it is still in its infancy. The clear
roles for succinate and HIF as pro-inflammatory signals, L-2-HG in
driving anti-tumour immunity, fumarate as an anti-inflammatory
and pro-tumorigenic signal and acetyl-CoA as an epigenetic regula-
tor reveal some of the potential targets uncovered in this burgeon-
ing field, yet many unanswered questions remain. One critical point
to consider is the limited human and in vivo data that are available
at present. These studies prove especially challenging owing to the
rapid rate at which steady-state metabolism changes. Appropriate
methods of euthanasia and tissue extrusion are paramount to obtain
an accurate snapshot of the in vivo metabolic status of cells and tis-
sues, making relevant and comparable analyses extremely challeng-
ing. Also, studies in human immune cells are currently very limited.
Understanding the cellular location of metabolite accumulation as
well as how these cells may signal in a paracrine manner remain to
be explored. For example, the relevant ratios of the different metab-
olites, which may vary over time and in different compartments of
the cell, will be informative. It is also likely that unidentified recep-
tors and transporters exist, which are capable of recognising metab-
olites to initiate downstream signalling events or to facilitate cell
entry from the extracellular milieu, respectively. Whether metab-
olites such as succinate, itaconate and acetyl-CoA serve as bio-
markers or drivers of disease or tumour progression remains to be
further explored. Of note, some of the major findings on the func-
tion of oncometabolites were obtained from rare cancer syndromes.
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However, many tumours appear to maintain a functional TCA
cycle, as observed in human lung and brain tumours in vivo'**'”,
while in some instances ETC dysfunction can act as a barrier to
tumorigenesis'®. As such, the intriguing role of these metabolites
in driving rare cancer syndromes may represent an exception to the
rule for tumorigenesis (if such a rule exists), and it will be crucial to
understand whether some of the processes elicited by oncometabo-
lites occur in other sporadic cancers and in the absence of inactivat-
ing mutations of FH, IDH, or SDH.

Interestingly, many of the metabolites discussed share converg-
ing molecular functions (including activation of HIF and NRF2 and
alterations in chromatin structure), but we still do not know how
specific outcomes emerge from these ‘unspecific’ functions in dif-
ferent cell types. It is possible that the function of these metabolites
is highly context-dependent and the inherent chromatin landscape
and biochemical set-up of a cell might be a key determinant of the
response to the accumulation of these metabolites. On this note, it
possible that the often-opposing roles of metabolites in the context
of tumour progression and immune cell activation may be detri-
mental to the host. For example, succinate, which promotes a poten-
tially tumour-fighting, pro-inflammatory state also drives HIF-1a
activation in tumours, which is associated with cancer progres-
sion>*. On the flip side, it would be interesting to explore if patho-
gens exploit or manipulate immunometabolism of the host for their
own need or indeed if they produce metabolites that can either acts
as pathogen- and damage-associated molecular patterns and/or
impair immune cell function. It is likely that the field is only at the
tip of the iceberg in terms of the breadth of both metabolites with
signalling capacity and indeed the entire metabolome'*?. This field
still remains in its infancy compared to proteomic and transcrip-
tomic analysis, but liquid chromatography approaches to detect
metabolites are constantly evolving, enabling both the detection of
a broader range of metabolites and more unbiased analyses, which
are likely to uncover novel metabolic signals. In the future, exciting
new insights into how the Krebs cycle connects with signalling and
perhaps how this cycle may serve as the ultimate determinant of cell
function in health and disease will emerge.
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The Krebs cycle is an amphibolic pathway operating in the mitochondrial
matrix of all eukaryotic organisms. In response to proinflammatory stimuli,
macrophages and dendritic cells undergo profound metabolic remodelling to
support the biosynthetic and bioenergetic requirements of the cell. Recently,
it has been discovered that this metabolic shift also involves the rewiring of
the Krebs cycle to regulate cellular metabolic flux and the accumulation of
Krebs cycle intermediates, notably, citrate, succinate and fumarate. Interest-
ingly, a new role for Krebs cycle intermediates as signalling molecules and
immunomodulators that dictate the inflammatory response has begun to
emerge. This review will discuss the latest developments in Krebs cycle rewir-
ing and immune cell effector functions, with a particular focus on the regula-
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tion of cytokine production.
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Metabolic reprogramming in
macrophages and DCs

Macrophages and dendritic cells (DCs) constitute two
major components of the innate immune system
responsible for sensing microbial compounds and the
products of damaged tissue [1,2]. The sensing of such
products is achieved via the utilisation of multiple
families of so-called pattern recognition receptors
(PRRs), such as toll-like receptors (TLRs) [1,2]. Sev-
eral recent studies have implicated the global rewiring
of metabolic pathways, elicited during the transition
from a resting to an activated state, in response to the
TLR ligand lipopolysaccharide (LPS) and other proin-
flammatory stimuli [2]. A well-characterised response
to LPS is the shift away from the use of oxidative

Abbreviations

phosphorylation (OXPHOS) towards a glycolytic phe-
notype, termed aerobic glycolysis or the Warburg
effect, thus tailoring cellular metabolism to suit the
bioenergetic and biosynthetic demands of the cell
(Fig. 1) [2-4]. This metabolic switch also supports the
diversion of glucose and glycolytic intermediates into
the pentose phosphate pathway (PPP) [5,6]. The PPP
is an anabolic pathway that runs parallel to glycolysis
and is essential to produce NADPH, an important
cofactor in lipid biosynthesis, antioxidant defence, and
nitric oxide (NO) and reactive oxygen species (ROS)
production [5,6]. The PPP also generates ribose 5-
phosphate (R5P), an important precursor for nucleo-
tide biosynthesis [5,6]. The very first observation of
increased glycolysis and decreased OXPHOS in macro-
phages occurred in 1969 [7], and since then we have

ACC, acetyl-CoA carboxylase; ACO, aconitase; BTA, 1,2,3-benzentricarboxylic acid; CIC, citrate carrier; COX2, cyclooxygenase 2; CS, citrate
synthase; DCs, dendritic cells; ER, endoplasmic reticulum; ETC., electron transport chain; FH, fumarase; HAT, histone acetyltransferase;
HDAC, histone deacetylase; IDH, isocitrate dehydrogenase; IFN-y, interferon-gamma; IMM, inner mitochondrial membrane; LPS, lipopolysac-
charide; MDH, malate dehydrogenase; NO, nitric oxide; OGDH, a-ketoglutarate dehydrogenase; OXPHOS, oxidative phosphorylation; PDK1,
pyruvate dehydrogenase kinase 1; PPP, pentose phosphate pathway; PQ, paraquat; PRRs, pattern recognition receptors; R5P, ribose 5-
phosphate; ROS, reactive oxygen species; SDH, succinate dehydrogenase; SLP, substrate-level phosphorylation; SNPs, single nucleotide

polymorphisms; TLRs, toll-like receptors.
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Fig. 1. Krebs cycle rewiring in macrophages and DCs. To meet
their bioenergetic demands, quiescent macrophages and DCs
utilise an intact Krebs cycle and oxidative phosphorylation
(OXPHOS) to generate ATP. However, in response to
lipopolysaccharide (LPS) and other proinflammatory stimuli, they
undergo glycolytic reprogramming to generate ATP and lactate,
while the Krebs cycle is rewired to facilitate the accumulation of
the Krebs cycle intermediates citrate, succinate, fumarate and
malate. Citrate is also diverted away from the Krebs cycle to form
itaconate via aconitate. Accompanying this remodelling is a
downregulation of OXPHOS and ATP production by the electron
transport chain (ETC).

garnered important molecular insights into the sig-
nalling pathways that govern this switch during both
macrophage and DC activation. Here we describe
these recent findings, with a renewed focus on the role
of Krebs cycle intermediates in these critical immune
and inflammatory cells.

Krebs cycle rewiring

Accompanying the downregulation of OXPHOS and
metabolic remodelling is a dramatic change in cell-
intrinsic and -extrinsic metabolite levels, such as those
that participate in the Krebs cycle (also known as the
TCA or citric acid cycle), or those derived from Krebs
cycle intermediates [§—10]. Elevated metabolite levels
arise in large part due to a rewiring of the Krebs cycle
upon immune cell activation (Fig. 1) [10]. The Krebs

Krebs cycle rewiring in innate immunity

cycle was first proposed by Hans Adolf Krebs in 1937
and is the primary oxidative pathway for acetyl coen-
zyme A (acetyl-CoA) derived from carbohydrates, fats
and amino acids in aerobic organisms [11,12]. The
Krebs cycle is referred to as an amphibolic pathway,
which is defined as a pathway that participates in both
anabolic and catabolic processes. As such, it can be
considered a nexus for integrating multiple anabolic
and catabolic pathways, including glycolysis, gluconeo-
genesis, transamination, deamination, f-oxidation and
lipogenesis [13].

The Krebs cycle occurs in the mitochondrial matrix
and is comprised of several enzymes, namely, citrate
synthase (CS), aconitase (ACO), isocitrate dehydroge-
nase (IDH), a-ketoglutarate dehydrogenase (OGDH),
succinyl-CoA  synthase, succinate dehydrogenase
(SDH), fumarase (FH) and malate dehydrogenase
(MDH) [14]. As mentioned, acetyl-CoA can be derived
from many sources, including glucose [13]. Glucose is
catabolised to pyruvate, via glycolysis, prior to decar-
boxylation by the pyruvate dehydrogenase complex
(PDH) to form the two-carbon compound acetyl-CoA
and the cofactor NADH [13]. Three major products of
the Krebs cycle are NADH, GTP and FADH, (gener-
ated by SDH) [15]. NADH and FADH, are extremely
important as they are reducing equivalents that can
transfer electrons to the electron transport chain
(ETC.), a series of protein complexes found along the
inner mitochondrial membrane (IMM) [15]. Transfer of
electrons along the ETC. occurs via a series of redox
reactions that leads to the pumping of protons (H")
across the inner membrane to generate the mitochon-
drial membrane potential (MAV). Successful transfer of
electrons is required to support formation of an electro-
chemical gradient that drives OXPHOS and highly effi-
cient ATP production via ATP synthase [15].

For a full turn of the cycle to be completed, a series
of eight enzymatic reactions are required (Fig. 1). The
first step, catalysed by CS, is referred to as an aldol
condensation reaction, whereby acetyl-CoA and
oxaloacetate are converted to citrate [13]. Citrate is
then converted to isocitrate by aconitase in a two-step
reaction that first produces cis-aconitate via a dehydra-
tion reaction, which subsequently undergoes rehydra-
tion to form isocitrate [13]. The third reaction is
catalysed by IDH, whereby isocitrate is decarboxylated
to form o-ketoglutarate, CO, and NADH [13]. This
step will be very important in future discussions of
Krebs cycle rewiring. The next two reactions result in
the conversion of o-ketoglutarate to succinate, via
succinyl-CoA, which involves a second oxidative
decarboxylation step followed by substrate-level phos-
phorylation (SLP), catalysed by a-ketoglutarate
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dehydrogenase and succinyl-CoA synthase respectively
[13]. Like the third reaction, the flavin-dependent
dehydrogenation of succinate to fumarate by SDH is
also of the utmost importance when discussing meta-
bolic reprogramming of the Krebs cycle in activated
macrophages [13]. The final two steps of the cycle
involve the hydration of the o,p-unsaturated C=C dou-
ble bond of fumarate to form malate, catalysed by
FH, and regeneration of oxaloacetate from malate by
MDH [13]. The conversion of malate to oxaloacetate
also produces NADH and the regeneration of oxaloac-
etate completes the cycle as it can then react with
newly generated acetyl-CoA to form citrate, hitherto
starting another round of reactions [13].

As previously mentioned, the Krebs cycle is amphi-
bolic and so diversion of nutrients towards the cycle
(anaplerosis) or removal of intermediates to feed into
biosynthetic pathways (cataplerosis) can be dictated by
environmental cues, such as proinflammatory stimuli
and nutrient availability, through modulation of the
activity and expression of these TCA cycle enzymes. It
is now appreciated that resting macrophages and DCs
utilise OXPHOS and an intact TCA cycle to generate
ATP and meet the bioenergetic demands of the cell
[5,10,16]. However, in response to LPS (or LPS in
combination with interferon-gamma (IFN-vy)), we see a
dramatic rewiring of the Krebs cycle in macrophages,
as identified by the accumulation of the Krebs cycle
intermediates citrate, succinate and fumarate [8,10,17].
The importance of these metabolites in immune cell
function will now be discussed in turn.

Citrate metabolism and inflammation

Citrate as a signal for ROS and NO production

It has been proposed that the accumulation of citrate
in macrophages is in part caused by a break point in
the TCA cycle at IDH (Table 1) [8,10,17]. Using an
integrated high-throughput transcriptional metabolic
profiling and analysis pipeline (CoMBI-T), Jha et al.
[10,17] observed significant downregulation of Idh
mRNA and a decreased pool of a-ketoglutarate. This
suggested a reduction in isocitrate to o-ketoglutarate
conversion constituting the first breakpoint in the
cycle. To further examine metabolic flow through
IDH, stable isotopic labelling experiments with U-">C-
glucose and U-">C-glutamine was carried out [10,17].
This further validated the CoMBI-T results as 20% of
citrate labelled after 4 h of stimulation was synthesised
from glucose, whereas no glucose-derived carbons were
found in a-ketoglutarate [10,17]. Reverse flow through
IDH was also undetectably low based on the absence
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of glutamine-derived carbon labelling in citrate [10,17].
This breakpoint has also been observed in LPS-
activated DCs utilising 1,2 '*C-glucose tracing [5].

A key functional outcome of the switch to glycolysis
and the repression of IDH is the channelling of pyruvate
into the TCA cycle to form citrate [5,8,10,21]. In macro-
phages, glucose-derived pyruvate undergoes oxidation
via PDH to form citrate in mitochondria, despite HIF 1o
induction, which is known to induce pyruvate dehydro-
genase kinase 1 (PDK1), an inhibitor of PDH activity
[21]. Notably, treatment of macrophages with LPS
increases the expression of the mitochondrial citrate car-
rier (CIC), also known as solute carrier family 25 mem-
ber 1 (Slc25al), via activation of two NF-kB binding
sites in the CIC promoter [18]. CIC catalyses the efflux
of mitochondrial citrate in exchange for cytosolic
malate, thus leading to accumulation of citrate in the
cytosol (Table 1; Fig. 2) [18]. Genetic silencing of CIC
or inhibition with the specific inhibitor, 1,2,3-benzentri-
carboxylic acid (BTA), leads to a marked reduction in
NO and ROS production [18]. Although the mechanism
by which citrate regulates NO and ROS is unknown, the
authors propose that the observed effects can be
explained based on the role of citrate in intermediary
metabolism. In the cytosol, glucose-derived citrate can
be converted to oxaloacetate and acetyl-CoA via ATP-
citrate lyase (ACLY) [19]. In a follow-up study, Infan-
tino et al. [32] found that ACLY was also induced in
response to LPS and that genetic silencing and inhibi-
tion of ACLY activity similarly led to decreases in both
NO and ROS levels (Table 1). The authors suggest that
oxaloacetate itself may be converted to pyruvate in a
two-step reaction involving cytosolic MDH and malic
enzyme (ME), with NADPH being an important pro-
duct [18]. However, evidence directly implicating citrate
metabolism in regulating NO and ROS levels via
NADPH has thus far been lacking. Another issue that
must be noted is that no reverse or direct flow through
ME has been detected in macrophages treated with LPS
and IFN-vy [10].

Acetylation, de novo lipogenesis and
prostaglandin synthesis

In addition to being an important signal for NO and
ROS production, reprogramming of citrate metabolism
is also essential to support acetyl-CoA production and
de novo lipogenesis (lipid biosynthesis) in macrophages
and DCs [5,8,10,20]. Cytosolic acetyl-CoA derived
from citrate (Fig. 2) is an important cofactor for
acetyltransferases, enzymes that catalyse the transfer
of acetyl groups to lysine residues found on multiple
proteins with distinct biological functions [19].
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Table 1. Overview of metabolic enzyme/metabolite functions during Krebs cycle rewiring.

Krebs cycle rewiring in innate immunity

Protein Effect/Mechanism of TLR Effect of metabolic
name Protein function in resting cell signalling reprogramming References
IDH Converts isocitrate to Repressed in response to LPS Breakpoint in the Krebs cycle/ [8,10,17]
o-ketoglutarate and IFN-y channelling of pyruvate
to citrate
Slc25a1 Mitochondrial citrate transporter TLR-activated NF-kB induces its Accumulation of citrate in the [18]
expression via two binding sites in cytosol/increased NO, ROS
promoter and PGE2 production
ACLY Converts citrate to acetyl-CoA and Induced in response to LPS Increased NO, ROS and PGE2 [19]
oxaloacetate production
ACC Converts acetyl-CoA to malonyl- Induced in response to LPS De novo lipogenesis/membrane [5]
CoA expansion of ER and Golgi/
increased cytokine and PGE2
production
FAMIN Regulates de novo lipogenesis Forms complex with FASN on Potentiates bactericidal activity/ [20]
peroxisome ROS and cytokine production
IRG1/CAD  Converts cis-aconitate lo itaconate Induced in response to LPS/ Increased itaconate production/ [10,21-25]
bacterial infection inhibition of ICL and
bactericidal activity/inhibits
SDH and increases succinate/
inhibits ROS and cytokine
production
SDH Coverts succinate to fumarate/ Activity is decreased via inhibition RET-derived ROS regulates [26]
complex Il of the ETC. with itaconate IL-1pB production
HIF 1o Hypoxia-inducible transcription Stabilised by ROS and succinate Induces aerobic glycolysis/ [8,24,26,27]
factor induced in response to LPS boosts IL-1B production
SUCNR1/ Gi- and Gg-coupled GPCR activated Increased expression and PM Acts as an autocrine and [28-30]
GPR91 by succinate localisation in response to TLR paracrine succinate sensor/
ligands increases cytokine production/
enhanced chemotaxis and
antigen presentation
KDM5 Histone demethylases B-glucan-induced fumarate Enhanced cytokine production [31]

accumulation inhibits enzymatic

activity

Acetylation is an important post-translational modifi-
cation known to be involved in sculpting the epigen-
ome via modification of histones, a process regulated
by ACLY [19]. Interestingly, genetic ablation of
ACLY resulted in the suppression of genes involved in
glycolysis and subsequently decreased glucose con-
sumption [19]. These findings illustrate the crucial role
of ACLY in linking cellular metabolism to the regula-
tion of gene expression [19]. Citrate itself has also been
shown to be an inhibitor HIF asparaginyl hydroxylase
(FIH), an important regulator of HIFla coactivator
p300 acetyltransferase and HIF1a activity [33]. While
no direct link between citrate/acetyl-CoA and gly-
colytic reprogramming has been shown in macro-
phages or DCs, work on other cell types suggest this
may be an appealing avenue of investigation. How-
ever, acetylation has been shown to play an important
role in the regulation of IL-6 and IL-10 in macro-
phages [34,35]. In paraquat (PQ)-treated macrophages,

FEBS Letters 591 (2017) 2992-3006 © 2017 Federation of European Biochemical Societies

induction of IL-6 was found to be dependent on his-
tone acetylation, as histone deacetylase (HDAC) inhi-
bition enhanced expression of 7/6 mRNA, whereas
histone acetyltransferase (HAT) inhibition blocked its
induction [35]. Acetylation of o-tubulin in LPS-acti-
vated macrophages was also shown to regulate 1L-10
induction [34]. Inactivation of the tubulin acetyltrans-
ferase MEC17 was found to inhibit IL-10, while inhi-
bition of HDACG6 or stimulation of HDACG6-deficient
macrophages with LPS led to IL-10 hyperinduction
via p38 MAPK and Spl-dependent 7/10 transcription
[34].

Acetyl-CoA can also be funnelled into lipid biosyn-
thesis via acetyl-CoA carboxylase (ACC), an enzyme
that catalyses the conversion of acetyl-CoA to malo-
nyl-CoA (Table 1; Fig. 2) [19,32]. Malonyl-CoA is
then used as a substrate for fatty acid biosynthesis by
fatty acid synthase (FASN), the rate-limiting enzyme
responsible for synthesis of palmitate, the precursor to
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Fig. 2. Citrate metabolism and inflammation. In macrophages and DCs, citrate that accumulates due to Krebs cycle rewiring can be
exported from mitochondria via CIC. In the cytosol, citrate can be converted to acetyl-CoA and oxaloacetate by ACLY leading to NO and
ROS production by some unknown mechanism. Furthermore, acetyl-CoA can be used for acetylation by acetyltransferases or converted to
malonyl-CoA via ACC. Similar to acetylation, malonly-CoA can be used to malonylate lysine residues or it can feed into fatty acid synthesis
through FASN. Lipogenesis is essential for the production/secretion of cytokines and PGE,. In the mitochondrial matrix, citrate can be
converted to itaconate, via cis-aconitate, by IRG1. Itaconate may then act to inhibit SDH and cytokine production or be exported from

mitochondria to inhibit microbial IDH and the glyoxylate shunt.

all lipids [12,36]. In DCs, citrate is funnelled from the
Krebs cycle into de novo lipid biosynthesis that is sub-
sequently required for membrane expansion of the
endoplasmic reticulum (ER) and Golgi [5]. Inhibition
of ACC with TOFA, or FASN with the inhibitor C75,
blocked this process, which is essential for the synthe-
sis, transport and secretion of TLR-induced cytokine
production, e.g. IL-6, TNF-a and IL-12p40, and for
LPS-induced surface expression of CD40, CD86 and
MHC class I and class II proteins [5]. Inhibition of
fatty acid synthesis in DCs also inhibited secretion of
the inflammatory lipid-mediator prostaglandin E,
(PGE»), which is derived from arachidonic acid syn-
thesis and induction of cyclooxygenase 2 (COX2)
[5,18,32]. Similarly, genetic ablation or inhibition of
CIC or ACLY also led to an inhibition of endogenous
PGE, synthesis in LPS-activated macrophages, which
has recently been shown to be essential for LPS induc-
tion of pro-IL-1 [18,32,37]. The requirement of
citrate, FASN and fatty acid synthesis in macrophage
activation has been further compounded by the discov-
ery of Cl3orf31 (FAMIN), a protein that forms a
complex with FASN on peroxisomes and promotes
flux through de novo lipogenesis, although the precise
mechanism by which it achieves this is still unknown
(Table 1) [20]. Cader et al. [20] demonstrated that
FAMIN association with FASN was an important reg-
ulator of macrophage ROS production, bactericidal

activity and cytokine production in LPS-treated
macrophages and in a murine in vivo endotoxin shock
model. Intriguingly, FAMIN was identified through
the study of consanguineous families that carried sin-
gle nucleotide polymorphisms (SNPs) in the gene and
is associated with an increased risk for the inflamma-
tory diseases, systemic juvenile idiopathic arthritis,
leprosy and Crohn’s disease [20]. Malonyl-CoA like
acetyl-CoA can also modify lysine residues, in a pro-
cess termed malonylation (Fig. 2) [38,39]. Protein
lysine malonylation is a highly conserved protein mod-
ification; however, it remains largely understudied [39].
In two models of type 2 diabetes, proteomic analysis
of liver tissue was used to identify 573 malonylated
lysine sites from 268 proteins, many of which were
metabolic enzymes involved glycolysis, e.g. glyceralde-
hyde 6-phosphate dehydrogenase (GAPDH) and lipid
metabolism, e.g. ACLY [39]. However, it remains to
be seen if there is a role for malonylation in metabolic
remodelling during inflammation.

Citrate-derived itaconate as an
immunomodulator and antibacterial agent

One of the most thought-provoking examples of an
immunomodulatory metabolite that results from Krebs
cycle rewiring is citrate-derived itaconate [10,21-24].
While it has long been used in the industrial polymer
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arena [40], the first relevant discovery regarding ita-
conate’s role in cellular immunity came when Lee
et al. [41] cloned IRG1, which was found to be signifi-
cantly upregulated upon treatment of peritoneal
macrophages with LPS. It was not until 2011 that the
production of itaconate was described in two separate
immune contexts, which included in the lungs of mice
that had been infected with Mycobacterium tuberculo-
sis [42] and its secretion into the supernatant of the
macrophage-like cell line, RAW264.7, that had been
stimulated with LPS [43]. Michelucci et al. [25] went
on to demonstrate that IRG1 was the enzyme respon-
sible for itaconate production in a gain-and-loss of
function approach in both human and mouse macro-
phages. As IRGI1 catalyses the decarboxylation of
cis-aconitate to form itaconate (Table 1; Fig. 2),
IRG1 was officially renamed cis-aconitate decarboxy-
lase (CAD) [10,25]. Interestingly, Michelucci et al. [25]
showed that genetic silencing of Irgl/Acodl in macro-
phages infected with Salmonella enterica decreased
intracellular itaconate levels and reduced antibacterici-
dal activity. The antibacterial function of itaconate
had been first demonstrated in the 1970s, as it effec-
tively inhibited isocitrate lyase (ICL) from Pseu-
domonas indigofera under low glucose conditions;
however, this property of itaconate did not garner
interest until its discovery as a naturally occurring
immunometabolite  [25,44,45]. In  addition to
P. indigofera, exogenous itaconate has since been
shown to inhibit in vitro growth of numerous patho-
genic bacteria including M. tuberculosis, Staphylococ-
cus aureus, S. enterica, Legionella pneumophillia and
Acinetobacter baumannii [25,42,46]. In another example
in Yersinia pestis and Pseudomonas aeruginosa, ita-
conate degradation (mediated by three enzymes — ita-
conyl-CoA transferase, itaconyl-CoA hydratase and
(S)-citramalyl-CoA lyase) is critical for bacterial sur-
vival and pathogenicity [47].

Isocitrate lyase itself is a key enzyme of the glyoxy-
late shunt, an anabolic variation of the Krebs cycle
that circumvents the two decarboxylation reactions
and is used as a mechanism for survival in glucose-
poor conditions in some plants and microorganisms
[48,49]. The importance of ICL as a virulence factor in
microorganisms has been clearly demonstrated with
the pathogenic fungus, Candida albicans [49]. Upon
infection, C. albicans undergoes phagocytosis by
macrophages resulting in the upregulation of ICLI;
however, C. albicans strains with a mutant ICL1 are
significantly less virulent than wild-type strains [49].
Similarly, deletion of both isoforms of ICL, ICLI and
ICL2, in M. tuberculosis resulted in complete impair-
ment of intracellular replication in macrophages and

Krebs cycle rewiring in innate immunity

its rapid elimination from the lungs of mice, while
inhibition of ICL also inhibited growth in macro-
phages [50]. Despite the importance of ICL in infec-
tion and the evidence implicating itaconate as an
antimicrobial agent, there has been some debate
around the physiological relevance of studies using ita-
conate to inhibit bacterial cell growth [51]. This has
arisen from inconsistencies between the concentrations
of itaconate used in vitro, ranging from 5 mm to
100 mm, and the intracellular concentrations identified
in macrophages, ranging from 40 um to 80 mm [5S1].
However, many studies have used itaconate in the
10 mm range, a concentration close to some previous
reports [43], while induction of IRGI1 by both type I
and type II interferons in L. pneumophillia-infected
macrophages mediates itaconate production and
restricts intravacuolar growth of the bacteria [46]. As
such, the role of itaconate as a physiologically relevant
antibacterial metabolite remains an open question to
be explored.

Despite the known bactericidal activity of itaconate,
its role in regulating macrophage function remained
unknown. Recent studies have brought to light the
possibility that itaconate is an important immunomod-
ulator [21,24,52,53]. Importantly, LPS-stimulated
BMDMs treated with methyl ester derivative of ita-
conate, dimethyl itaconate (DMI), exhibited potent
inhibition of proinflammatory mediators including
NO, ROS and the cytokines IL-1pB, IL-12p70, and IL-
6; however, no effect on TNF-o levels was observed
[24].  Furthermore,  LPS-activated  Irg/-deficient
BMDMs exhibited a boost in the production of IL-12,
IL-6, NO and under conditions that stimulate the
NLRP3 inflammasome, increased IL-1f and IL-18
[24]. An increase in Hiflo. mRNA and HIF1la protein
levels was also observed in [rgl-deficient BMDMs, a
critical regulator of aerobic glycolysis and IL-1p pro-
duction [8,24]. The role of IRG1 and itaconate as neg-
ative regulators of inflammation is further supported
by the findings that IRG1 suppresses the production
of ROS, TNF-a, IL-6 and IFN-B in LPS-tolerised
macrophages [52]. Li e al. (2013) found that the effect
of IRG1 on cytokine and interferon production was
through ROS-mediated induction of A20, as supple-
mentation of ROS levels in [rgl-knockdown macro-
phages boosted A20 levels and abrogated the breaking
of endotoxin tolerance [52]. Additionally, IRGI1 has
also been found to mediate the immunosuppressive
effects of CO-releasing molecule 2 (CORM2)-induced
haem oxygenase 1 (HO-1) on LPS-induced TNF-a
production in macrophages and in a murine LPS sep-
sis model [53]. Interestingly, IRG1 also appears to play
a major role in embryo implantation in the womb, a
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process thought to require suppression of the host
immune system [51,54,55]. These findings suggest that
the production of itaconate by IRG1 in macrophages
acts as a negative regulator of inflammation and cru-
cially provides the first link between itaconate sig-
nalling and the modulation of proinflammatory
cytokine production. While the impact of itaconate on
DCs has yet to be explored, it has been observed to
accumulate in response to LPS [5], and future studies
on how this regulates DC effector function and their
interaction with adaptive immune cells could yield
some fascinating discoveries.

In addition to the breakpoint at IDH, Jha et al.
[10,17] described a second breakpoint in the TCA cycle
using U-"*C-glutamine, as approximately 35% of the
pool of succinate but only 22% of malate could be
attributed to glutamine in LPS-activated macrophages,
suggesting inefficient succinate-to-fumarate transition
at SDH. Lampropoulou and coworkers argued that
itaconate accumulation prevents succinate oxidation
via SDH (Fig. 2), thus limiting inflammation by block-
ing the generation of ROS derived from reverse elec-
tron transport (RET) and complex 1, a process that
will be discussed in detail later in the review [24]. Ita-
conate was first demonstrated to competitively inhibit
SDH over 60 years ago [36] and this prompted specu-
lation regarding its role in regulating cellular metabo-
lism and decreased flux through SDH [24,56].
Exogenous addition of DMI, to both resting and acti-
vated macrophages and the lung adenocarcinoma cell
line A549, was found to be sufficient to induce succi-
nate accumulation [23,24]. Furthermore, itaconate was
found to competitively inhibit purified SDH, while
Irgl knockout BMDMs, which can no longer generate
endogenous itaconate, had significantly decreased suc-
cinate levels and increased oxygen consumption rates
(OCR) in response to LPS [24]. Together these papers
offer a molecular explanation for the second break-
point in the Krebs cycle and succinate accumulation.

However, it must also be noted that itaconate is
only regarded as a weak competitive inhibitor of SDH
[22] raising the question as to how physiologically rele-
vant the findings are. Even more concerning is the
recent discovery that DMI, the tool compound used in
these studies, is not metabolised to itaconate intracel-
lularly [57]. It was also found that ['*C] itaconate in
cell culture media was sufficient to increase intracellu-
lar levels of unlabelled succinate, with no evidence of
cellular uptake [57]. The authors posited that this
could be due to a receptor-mediated effect especially
given the discovery of metabolites signalling via G-
protein-coupled receptors (GPCRs), for example the
succinate receptor SUCNRI (previously GPR91) [58].
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If an itaconate receptor did exist, the results of this
study could indicate the /rgl knockout phenotype is in
part due to a loss of autocrine or paracrine signalling
by secreted itaconate. Importantly, methyl esterifica-
tion is also predicted to increase the electrophilicity of
itaconate and thus it may behave as a cysteine alkylat-
ing agent [57]. This suggests the metabolic effects of
DMI observed in macrophages do not appear to be
due to intracellular itaconate accumulation, but may
instead be due to electrophilic inactivation of meta-
bolic enzymes. This idea is partially supported as Lam-
propoulou et al. [24] reported an upregulation of genes
involved in Phase II conjugation, glutathione conjuga-
tion and biological oxidations upon treatment with
DMI. As such, improved methods of delivering ita-
conate to macrophages and other immune cells will be
important to understand the metabomodulatory prop-
erties of this metabolite.

Succinate as an inflammatory signal
during inflammation

Succinate, HIF1a stabilisation and IL-1p
production

An important advancement in the field of immunome-
tabolism was the discovery of succinate accumulation
in activated macrophages and its signalling through
HIFla (Table 1; Fig. 3) [8]. Tannahill ef al. [8]
showed that the principal source of succinate in
LPS-activated macrophages was derived from glu-
tamine-dependent anaplerosis, while a role for the y-
aminobutyric acid shunt was also identified. HIF itself
is a highly conserved member of the basic helix-loop-
helix (bHLH) family of transcription factors and con-
sidered the master transcriptional regulator of the
cellular response to hypoxia [59-61]. Under hypoxic
conditions, HIF forms a heterodimeric complex con-
sisting of an o and B subunit [59-61]. When O, levels
are high (normoxic), HIF is tightly regulated through
hydroxylation of conserved proline residues in the HIF
o subunit by prolyl hydroxylases (PHDs) [59-61].
Importantly, PHD enzymatic activity is highly depen-
dent on the Krebs cycle intermediate a-ketoglutarate
and O, [59,60]. Hydroxylation of HIF facilitates its
ubiquitination, and subsequent degradation via the
26S proteasome, by the von Hippel-Lindau (VHL) E3
ubiquitin ligase [59-61]. In 2005, a breakthrough study
on SDH-deficient tumours demonstrated that succinate
acted as an oncometabolite to drive the Warburg effect
and tumour formation [60]. This effect was credited to
succinate’s ability to stabilise HIF 1o through product
inhibition of PHDs, even in the absence VHL
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Fig. 3. Succinate as an inflammatory signal during inflammation. Succinate accumulation in response to LPS acts via three primary
mechanisms to regulate IL-1B production. Firstly, succinate derived from glutamine anaplerosis and the y-aminobutyric acid shunt can be
oxidised by SDH to drive RET and ROS production from complex |, an effect aided by glycolytic ATP, ATP synthase and membrane
hyperpolarisation. Succinate can also be exported from mitochondria into the cytosol, whereby it can synergise with ROS to directly inhibit
PHD activity and stabilise HIF1-a. Succinate can also be secreted from the cell where it can bind SUCNR1, which acts as an autocrine and
paracrine sensor for succinate, as part of a positive feed forward loop to sustain IL-1p, a process thought to be dependent on elevated Ca?*

and ERK1/2 activation.

mutations [60]. Analogous to SDH-deficient tumours,
Tannahill et al. [8] showed that the accumulation of
succinate in macrophages acts to stabilise HIFla by
direct inhibition of cytosolic PHD activity, even under
normoxic conditions. It was demonstrated that the
proinflammatory cytokine IL-1p contained HRE ele-
ments in its promoter and that succinate acted as a
danger signal or alarmin to sustain production of IL-
1B through induction of HIFla [8]. Interestingly, a
boost in protein succinylation, a modification akin to
acetylation and malonylation, was also reported [8].
However, the functional importance of this modifica-
tion and the role it may play in metabolic reprogram-
ming has yet to be established. The findings by
Tannahill et al. emphasised the importance of Krebs
cycle rewiring in supporting glycolytic reprogramming,
via HIF1a, and the crucial role of Krebs cycle interme-
diates as inflammatory signalling moieties.

Succinate dehydrogenase, ROS and IL-1p
production

More recently, it has been suggested that succinate
oxidation by SDH also plays an integral role in HIFla
stabilisation and IL-1B production, via ROS produc-
tion (Table 1) [26]. Previously, it has been demon-
strated that inhibition of the SDHB subunit of SDH,
either by pharmacological inhibition or RNA interfer-
ence, increases HIFla in a ROS-dependent manner by

inhibiting PHDs [62]. In addition to a-ketoglutarate
and O,, PHD activity is dependent on Fe’' as a
cofactor, as a result, ROS-mediated oxidation of Fe?™"
to Fe’* inhibits PHDs leading to HIFla stabilisation
[63]. Interestingly, Mills er al. [26] found that inhibi-
tion of SDH with the competitive inhibitor dimethyl
malonate (DMM) potently blocked mitochondrial
ROS (mtROS) production from complex I, HIF1a sta-
bilisation and induction of IL1-B, while boosting the
anti-inflammatory cytokine IL-10. Indeed, complex I
had previously been shown to be a site of ROS pro-
duction in LPS-treated macrophages, a process inhib-
ited by the antidiabetic drug metformin [64]. DMM
also exerted its anti-inflammatory effects in an LPS
sepsis model by blocking IL-13 and boosting IL-10,
indicating SDH activity plays an important role in the
inflammatory response in vivo [26]. Furthermore, it
was found that mtROS production was dependent on
hyperpolarisation of the IMM, driven by increased
glycolytic ATP, and treatment of LPS-stimulated
macrophages with the proton ionophoric uncoupling
agent, carbonyl cyanide-4-(trifluoromethoxy) phenylhy-
drazone (FCCP), was sufficient to block ROS, HIFla
and IL-1p [26].

Mills et al. [26,65] argued that inhibition of SDH by
DMM blocks ROS generated by RET (Fig. 3), a pro-
cess first observed in a model of ischaemia—reperfusion
(IR) injury. During ischaemia, succinate accumulates
due to reversal of SDH directionality, but upon
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reperfusion, SDH rapidly oxidises accumulated succi-
nate resulting in the overreduction of the coenzyme Q
(CoQ) pool [65]. Excessive reduction of CoQ forces
electrons to flow backwards through complex I to gen-
erate Oy, a process inhibited by DMM [65]. RET has
also been implicated as a signalling mechanism in a
variety of settings since it was first described in IR,
such as in the ageing process in Drosophila [66] and
oxygen sensing in the carotid body [67]. To support
this model of ROS induction, Mills et al. [26] utilised
BMDMs from mice expressing the enzyme alternative
oxidase (AOX), which enables electrons to bypass the
block at CoQ, thus limiting RET. Intriguingly, LPS-
treated AOX-expressing macrophages limited IL-1pB
and HIF1a induction, an effect attributed to decreased
RET-driven ROS production [26]. The role of SDH
and the ETC. in regulating immune signalling and
ROS production was further supported by the obser-
vation that macrophages infected with Escherichia coli
and S. enterica remodelled complex I-containing
supercomplexes [27]. Garaude et al. [27] reported that
inhibition of SDH with DMM impaired the antibacte-
ricidal activity of macrophages infected with E. coli.
While no direct evidence was provided, both Lam-
propoulou et al. and Garaude et al. [24,27] also sug-
gested inhibition of RET, by DMM and itaconate
respectively, as the molecular mechanism governing
their observed phenotypes. Together these observations
provide a striking role for SDH and succinate oxida-
tion in regulating the inflammatory response and
macrophage effector functions.

The succinate receptor (SUCNR1) and
inflammation

It has also become apparent that another role for succi-
nate accumulation during inflammation is as the cog-
nate ligand for the G-protein-coupled receptor, GPRI1,
which has since been classified the succinate receptor
SUCNRI (Table 1) [28]. In 2004, He ef al. [28] made
the striking discovery that the Krebs cycle intermediates
succinate and o-ketoglutarate, present extracellularly,
acted as ligands for the previously orphan receptors,
GPRO1 and GPRY99, respectively. GPR91 expression
was found to be distributed in a plethora of mouse tis-
sues including the kidney, the spleen, the liver and the
small intestine [28]. The authors showed that succinate
exhibited signalling functions beyond its conventional
role in bioenergetics, acting as a hypertensive agent
through GPR91 and modulation of the renin—an-
giotensin system [28]. Subsequent studies have also
found SUCNRI to be expressed on the plasma mem-
brane (PM) in macrophages and DCs [29,30].
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Since the discovery of SUCNRI, the elucidation of
the signalling cascades elicited by binding of succinate
has begun to emerge [58,68,69]. Robben et al. [70]
showed GPRI1 to be a Gi- and Gqg-coupled receptor
using the inhibitors pertussis toxin (PTX) and
YM254890 in kidney-derived MDCK cells [71]. Sund-
strom et al. confirmed that GPR91 was an Go(i)- and
Goaq)-coupled receptor resulting in the inhibition of
3’-5-cyclic adenosine monophosphate (cAMP) and
inositol triphosphate (IP3) formation [58,68,69]. The
agonist-mediated effects of SUCNRI stably expressed
in the human embryonic kidney (HEK) 293 cell line
were detected using dynamic mass redistribution
(DMR) and found to be sensitive to PTX [58,68,69].
Inhibition of SUCNROII signalling with PTX, edelfos-
ine and U73122 also demonstrated the importance of
SUCNRI to elevate intracellular calcium (Ca®") via
IP3 generated by phospholipase C p (PLCp)
[58,68,69]. Similar signalling pathways have also been
uncovered in other SUCNR I -positive cell types includ-
ing adipocytes treated with lipolytic hormones [72] and
hematopoietic progenitors [71], which drove prolifera-
tion via activation of ERK1/2. Interestingly, succinate-
induced responses in cardiac myocytes and platelets
involved the induction of protein kinase A (PKA)
through the Gs/cAMP pathway, suggesting cell type-
specific coupling of G proteins to SUCNRI [73,74].
Even more importantly, SUCNRI stimulated with suc-
cinate was found to induce intracellular Ca®* mobili-
sation and phosphorylation of ERKI/2 in DCs,
highlighting its functionality in immune effector cells
and inflammation [30].

In 2008, the first line of evidence that succinate sig-
nalling through SUCNRI1 was an important inflamma-
tory mechanism (Fig. 3) was proposed [30]. Rubic
et al. [30] demonstrated that succinate acted in synergy
with TLR agonists to boost inflammatory cytokine
expression in DCs [30]. Specifically, succinate boosted
TNF-a levels, in synergy with TLR3 agonist poly(I:C)
and TLR7 agonist imiquimod, while it also potentiated
IL-1P levels in conjunction with LPS [30]. In addition,
SUCNRI1 was also found to be involved in DC
chemotaxis, as monocyte-derived DCs (moDCs) exhib-
ited enhanced migration to draining lymph nodes
when treated with succinate [30]. Furthermore, succi-
nate was also found to enhance antigen presentation
by DCs and antigen-specific activation of helper T
cells, an effect abolished in SUCNR1 KO DCs [30].
More recently, SUCNRI has been shown to be an
important regulator of macrophage activation [29]. In
response to inflammatory insults, macrophages were
shown to export succinate out of the cell into the
extracellular milieu [29]. Importantly, LPS stimulation
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upregulated expression of SUCNRI, which acted as an
autocrine and paracrine sensor for succinate, and was
required for the release of IL-1pB, a process inhibited in
SUCNR 1-deficient macrophages [29]. Importantly, this
positive feed forward loop was shown to be a driver of
inflammation in an antigen-induced model of rheuma-
toid arthritis (RA), as succinate in the synovial fluid of
RA joints acted through SUCNRI to promote IL-1B
production [29]. SUCNRI-deficient mice have also
been shown to exhibit reduced arthritic disease in an
ovalbumin-induced arthritis model [75]. Interestingly,
these mice are also more susceptible to allergic contact
dermatitis (ACD) attributed to increased mast cell
activation [75]. These results among others have
prompted the suggestion that GPR91 antagonism may
constitute a promising therapeutic approach in RA
patients and other inflammatory disorders; however,
the observation of elevated ACD suggests a possible
anti-inflammatory role for succinate and SUCNRI in
some allergic disorders, something that must be con-
sidered when moving forward to the clinic [29,75].
With these findings, the role of succinate and
SUCNRI1/GPRI1 signalling in inflammation, under
both physiological and pathophysiological settings, is
slowly being unravelled. Coupled to its intracellular
signalling capacity, succinate has placed itself as one
of the most crucial mediators of inflammation in
innate immunity and provides a startling example of
how Krebs cycle rewiring and Krebs cycle intermedi-
ates dictate the effector functions of macrophages and
DCs. This field is currently in its infancy and so these
discoveries open up the possibility that other TCA
cycle metabolites, and their derivatives, may act as
receptor ligands to modulate important physiological
processes, such as the inflammatory response.

Fumarate, the epigenome and trained
immunity

Glutaminolysis, fumarate and cytokine
production

Somewhat like LPS, another microbial product
B-glucan, which occurs in the cell wall of fungi, will
induce glycolytic reprogramming and rewiring of the
Krebs cycle [31,76,77]. Similarly, B-glucan will cause
the accumulation of the Krebs cycle intermediates
succinate and fumarate (Fig. 4) [31]. Interestingly,
a-ketoglutarate is an important cofactor for a-ketoglu-
tarate-dependent dioxygenases, a family of enzymes
involved in the regulation of DNA and histone
demethylation [31,78-81]. Members of this family
include the Jumonji C-domain-containing histone
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demethylases (JMJDs), involved in histone demethyla-
tion, and the ten-eleven translocation (TET) family of
5SmC hydroxylases, which are involved in DNA
demethylation [31,78-81]. These dioxygenases generate
succinate from o-ketoglutarate as a product and so
their activity is subject to feedback inhibition and
dependent on the ratio of a-ketoglutarate to succinate
in the cell [78-80]. Additionally, JIMJD and TET enzy-
matic activity can also be competitively inhibited by
fumarate [78,81]. As such, alterations in the levels of
these Krebs cycle intermediates can alter the epigenetic
landscape of a cell [78-80]. Arts et al. [31] showed that
accumulation of fumarate in response to B-glucan was
essential for trained immunity in macrophages. Mecha-
nistically, it was proposed that glutamine anaplerosis
was the source of elevated fumarate in these cells based
on biochemical methods and the inhibition of glu-
taminolysis by the glutaminase inhibitor BPTES [31].
Treatment of cells with the cell permeable fumaric acid
ester monomethyl fumarate (MMF) was shown to
induce an epigenetic programme with similarities to
B-glucan-induced training [31]. Monomethyl fumarate
was also shown to boost TNF and IL-6 production
upon LPS restimulation of B-glucan-trained macro-
phages [31]. The authors proposed that fumarate accu-
mulation acted to inhibit KDMS5 histone demethylases
(Table 1), thus increasing the levels of H3K4 me3 at
the promoters of 7Tnf and 7/6 [31]. As such, this study
presented the first link between Krebs cycle rewiring
and epigenetic reprogramming in trained immunity and
inflammation. As previously mentioned, fumarate has
also been reported to accumulate in LPS-activated
macrophages and DCs; however, the consequences of
this on inflammatory signalling and effector function
have yet to be determined. One possibility is as an
endogenous activator of Nrf2, a known negative regula-
tor of inflammation and cytokine production in macro-
phages [82]. Ashrafian et al. [83] have previously shown
fumarate to be cardioprotective in a model of heart
ischaemia/reperfusion, acting to increase the antioxi-
dant response via Nrf2. Whether fumarate has a similar
effect in macrophages or DCs has yet to be determined.

Conclusions and perspectives

Recent findings on the role of Krebs cycle intermedi-
ates during inflammation have advanced our under-
standing of the complexity of immunometabolism. A
precedent has now been set for metabolites generated
by innate immune cells to have distinct functions as
signalling entities and antibactericidal agents, beyond
their role in bioenergetics. Our recent understanding of
the integration of the immune system with cellular
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metabolism has in large part been owed to great tech-
nological advancements and improvements in instru-
mentation, such as those that have enabled systems
level approaches to determine global gene and protein
expression in response to inflammatory stimuli. More-
over, advancements in mass spectrometry and compu-
tational analysis now allows for detailed molecular
modelling and determination of the metabolome in
complex biological samples [8,10]. On a translational
level, insight into the interface of metabolism and
immunity could uncover new targets with promising
therapeutic potential in transplantation, infection and
inflammatory and autoimmune disorders. For exam-
ple, succinate signalling through SUCNRI has been
implicated in the autoimmune disorder RA [29] with
this discovery opening a new window of opportunity
for the development of SUCNRI antagonists in the
treatment of this debilitating disease [29]. Furthermore,
the use of metabolites as biomarkers for immune-
related diseases may become integral in clinical settings
due to the uncovering of abnormal metabolite levels in
diseased tissues, such as the rheumatoid joint [29] and
in the colon of ulcerative colitis patients [84].
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Fig. 4. Glutaminolysis and fumarate are
required for epigenome reprogramming.
Monocytes primed with B-glucan undergo
Krebs cycle rewiring like LPS-treated
macrophages. This results in fumarate
accumulation derived from glutaminolysis,
which then acts to inhibit KDM5 histone
demethylases. Inhibition of KDM5 alters
H3K4 methylation at the promoters of Tnf
TNF-o. and /I6. When B-glucan primed monocytes
IL-6 are rechallenged with LPS, altered histone
methylation results in elevated TNF-o and
IL-6 production.

Demethylation

On a basic level, a key discovery regarding Krebs
cycle rewiring is the assumption of two breakpoints at
IDH and SDH, as previously delineated. However, it
is important to note that this view may be overly sim-
plistic as itaconate has also been shown to abolish
mitochondrial substrate-level phosphorylation (SLP)
[22]. Nemeth et al. [22] postulated that the formation
of itaconyl-CoA from itaconate creates a ‘CoA trap’
that negatively regulates the supply of succinyl-CoA,
shifts equilibrium towards utilisation of ATP (or GTP)
by succinyl-CoA synthase and depletes ATP (or GTP)
levels, thus decreasing important cofactors for thioes-
terification. This suggests an additional impairment of
the TCA cycle may also exist at succinyl-CoA syn-
thase. Interestingly, Liu et al. [85] also demonstrated
that LPS and IFN-y stimulation of macrophages
results in the downregulation of multiple TCA cycle
genes in addition to Idh, including SdhA, SdhaB and
SdhC, which suggests greater transcriptional regulation
of the Krebs cycle is occurring. It is also important to
note that while SDH activity appears to be reduced, it
is still functionally active, unlike IDH, and so it could
be argued that only one true breakpoint has thus far
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been identified. Furthermore, SDH activity has been
shown to be essential for mediating the immune
response in macrophages, as previously discussed
[26,27]. Evidently, the molecular mechanisms govern-
ing Krebs cycle remodelling are just beginning to be
unearthed and warrant further investigation.

Despite technological advancements, there are still
limits to our capabilities based on techniques currently
applied in laboratories across the world. For example,
one big advancement required to propel our under-
standing of immunometabolism to the next phase is
moving away from whole-cell analysis of the metabo-
lome towards looking at the dynamics of organelle-
specific metabolites. Recently, steps have been made in
this direction. In a remarkable study, Chen ez al. [86]
described a workflow that included a specific method
for the rapid isolation of mitochondria and the abso-
lute quantification of matrix metabolites. This tech-
nique enabled the authors to compare the dynamics of
the whole-cell metabolome with the mitochondrial
matrix metabolome (MITObolome) across various
states of ETC. disruption [86]. Furthermore, adapta-
tion of this technique may be applicable to other cellu-
lar organelles and cell types in the future. Employment
of techniques such as this to study immunometabolism
could lead to great discoveries in how the metabolite
composition of organelles changes during inflamma-
tion. Such information could lead to new understand-
ings of how metabolites are trafficked and secreted,
unearth new cellular metabolic networks and discover
novel targets and interactors in cell signalling path-
ways. The future is bright for the field of immunome-
tabolism and we can be certain that hugely important
discoveries shall be made in both basic and transla-
tional immunological research.
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