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Abstract: Immune cells undergo dramatic metabolic reprogramming in response to external stimuli.
These metabolic pathways, long considered as simple housekeeping functions, are increasingly
understood to critically regulate the immune response, determining the activation, differentiation,
and downstream effector functions of both lymphoid and myeloid cells. Within the complex
metabolic networks associated with immune activation, several enzymes play key roles in regulating
inflammation and represent potential therapeutic targets in human disease. In some cases,
these enzymes control flux through pathways required to meet specific energetic or metabolic
demands of the immune response. In other cases, key enzymes control the concentrations of
immunoactive metabolites with direct roles in signaling. Finally, and perhaps most interestingly,
several metabolic enzymes have evolved moonlighting functions, with roles in the immune response
that are entirely independent of their conventional enzyme activities. Here, we review key metabolic
enzymes that critically regulate inflammation, highlighting mechanistic insights and opportunities
for clinical intervention.
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1. Introduction

Immunologic responses are complex and finely tuned. Immune cells of multiple types must
integrate an array of external signals and coordinate with one another to produce responses that are
appropriately targeted and effective, leading to profound yet precisely timed changes in proliferation
and function. The past two decades have produced recognition that cellular metabolism, previously
relegated to a housekeeping role, in fact critically regulates immune functions. Immunologic signals
produce a broad reprogramming of metabolic pathways, which drives changes in immune cell activation,
differentiation, and effector functions. This regulation of immune responses by metabolic pathways,
termed “immunometabolism”, has become a major focus of research, with a goal of identifying
pathways that can be targeted in human diseases, such as autoimmune diseases characterized by
dysregulated inflammation.

Our mechanistic understanding of the role of metabolism in immunology is ever growing,
but certain common principles have come into focus. Metabolic reprogramming appears necessary to
provide precursors and meet the energy demands unique to specific immunologic states. Moreover,
metabolites themselves can act as signaling molecules that directly modulate inflammatory responses.
Within this framework, metabolic enzymes have been identified that regulate inflammation by
controlling flux into key pathways and/or the altering levels of immunoactive metabolites. As an
example of the beauty and efficiency of evolution, several such enzymes have been co-opted as
“moonlighting” proteins, playing roles in immunologic signaling pathways entirely independent of
their conventional enzyme activities. As critical regulators of inflammation, these enzymes represent
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potential therapeutic targets in human disease. Animal and, in some cases, human studies support the
plausibility of pharmacologically targeting metabolic enzymes to modulate immunity [1].

Here, we will review the growing list of metabolic enzymes that critically regulate
immune responses, highlighting their susceptibility to pharmacologic interventions in animals
and humans. Given the breadth of metabolic processes shown to impact immune function, we have
structured our review based on several key metabolic pathways.

2. mTOR and AMPK—The Master Regulators of Metabolism

Mechanistic target of rapamycin (mTOR) is a serine/threonine kinase with major regulatory powers
over cell survival, growth, and metabolism. mTOR, which can exist within two distinct complexes
(mTORC1 and mTORC?2), integrates information about cellular energy and nutrient availability with
external stimuli to produce broad effects, including the induction of nutrient transporter expression,
promoting the activity of glycolytic enzymes, increasing lipid synthesis, inducing ribosome synthesis,
and favoring the transcription and translation of various proteins [2]. Indeed, the mechanisms by which
mTOR induces metabolic reprogramming both within immune cells and beyond are innumerable,
and a full accounting is beyond the scope of this review. However, it is crucial to note that mTOR
acts as a master regulator of immune responses, positioning both lymphoid and myeloid cells for
the pro-inflammatory state by inducing broad metabolic changes. In T cells, mTOR activation occurs
downstream of AKT/PI3K signaling in response to the co-stimulation of the T cell receptor (TCR) and
CD28 [3]. In myeloid cells, mTOR is activated downstream of Toll-like receptors (TLRs) and cytokine
receptors [4]. Within both myeloid and lymphoid cells, mTOR signaling is critical for the upregulation
of metabolic pathways required for inflammatory activation and effector functions, including glycolysis,
the pentose phosphate pathway, and glutaminolysis, acting largely through the transcription factors
HIF-1x and Myc. Rapamycin, a well-known inhibitor of mTOR, is used as an immunosuppressive
drug to prevent organ transplant rejection [5].

Signaling downstream of mMTORC1 and mTORC?2 differentially regulates CD4" T cell differentiation.
A deficiency of mTOR, which impacts both complexes, impairs the differentiation of T helper (Th) 1,
Th2, and Th17 cells, while promoting the differentiation of regulatory T (Treg) cells [6]. Both mTORC1
and mTORC2 inhibit Treg differentiation, and a deficiency of both complexes is required for enhanced
Foxp3* Treg production. The selective impairment of mTORC1 signaling through a deficiency of its
upstream regulator Rheb was found to prevent Thl and Th17 differentiation while promoting Th2
differentiation, while a reciprocal effect on differentiation was observed with mTORC2 deficiency [7].
However, another study found that CD4* cells deficient in mTORC?2 failed to differentiate into either
Th1 or Th2 cells [8].

The counterbalance to mTOR in metabolic regulation is AMP-activated protein kinase (AMPK),
which reciprocally inhibits mTOR signaling and activates opposing metabolic pathways. AMPK turns
off mTOR by activating the TSC1/TSC2 complex [9] and phosphorylating Raptor, the mTOR binding
partner [10]. While mTOR responds to nutrient excess and promotes anabolic processes, AMPK is
activated by an increase in the intracellular AMP/ATP ratio (reflective of energy/nutrient depletion)
and turns on catabolic processes to restore energy balance [11]. It shuts down gluconeogenesis,
lipid synthesis, and protein synthesis while turning on fatty acid oxidation to regenerate the cell’s
supply of ATP [12]. Most notably, AMPK accomplishes a shift away from lipid synthesis to fatty acid
oxidation by phosphorylating and thereby inactivating acetyl-CoA carboxylase (ACC) [13].

The precise role of AMPK in inflammation is nuanced and an area of active investigation.
Although AMPK is not required for T cell development or homeostasis [14,15], AMPK activity is
transiently increased post-TCR activation [16]. AMPK is crucial for T cell effector responses [14,17,18]
and also regulates memory CD8* T cell development [19] and the recall response [20]. At the same time,
AMPK activation can prevent pathological inflammation. AICAR, an activator of AMPK, prevented
sepsis in murine models [21] and ameliorated models of ulcerative colitis [22] and multiple sclerosis [23].
Metformin, which acts in part via AMPK activation, was shown to limit inflammation in models of
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lupus [24] and allograft rejection [25]. By contrast, inhibiting AMPK with compound C exacerbated
sepsis in murine models [21].

3. Glycolysis

The importance of glycolytic reprogramming in immune activation was one of the earliest
observations in immunometabolism, beginning with the discovery that the immune challenge of
naive T cells produces an upregulation of glycolysis critical for T cell effector functions [26-28].
This increase in glycolytic flux, with the preferential conversion of pyruvate to lactate rather than
oxidation in mitochondria, is akin to the Warburg effect first described in cancer and broadly
characterizes the inflammatory response in both adaptive and innate immune cells [29]. As noted above,
glycolytic reprogramming critically depends on mTOR activation and the downstream transcription
factors HIF-1a and Myc [30-33].

Although this switch toward aerobic glycolysis has been consistently linked with the differentiation
and effector functions of inflammatory cells, glycolytic reprogramming also impacts the function
of regulatory cell types. For instance, the upregulation of glycolysis in response to TLR activation
or GLUT1 overexpression was shown to increase the proliferation of Treg cells but impair their
suppressive functions [34]. More recently, thymus-derived Treg cells were found to increase glycolysis
following TNF receptor 2 (TNFR2) stimulation in a manner that enhanced both proliferation and
suppressive function, although these cells oxidized pyruvate rather than secreting lactate in a
Warburg-like manner [35]. Similarly, although the upregulation of OXPHOS is critically important
for the alternative activation of anti-inflammatory M2 macrophages [36], some recent reports using
the glycolysis inhibitor 2-deoxyglucose (2-DG) suggested that glycolysis is also required in these cells
to support OXPHOS and fatty acid synthesis [37-39]. However, a more recent study suggested that
glycolysis is dispensable for M2 differentiation, with the inhibitory actions of 2-DG based on off-target
effects independent of glycolysis [40].

Several hypotheses are widely held regarding the requirement for glycolytic upregulation following
immune activation. For instance, one argument is that increased glycolysis provides critical biomass by
supplying precursors necessary for nucleotide, lipid, and protein synthesis. Another argument is that
the rapid kinetics of glycolysis support increased bioenergetic requirements by providing more ATP
per second despite less efficiency relative to oxidative phosphorylation. Although these hypotheses are
biologically plausible, it has become clear that additional mechanisms contribute to the requirement
for upregulated glycolysis in inflammatory responses. Thus, while some glycolytic enzymes appear to
be key regulators of inflammation simply by controlling metabolic flux, others possess unique and
unexpected moonlighting roles or control the supply of metabolites that act not simply as precursors
but also as signaling molecules.

Below, we highlight a number of glycolytic enzymes demonstrated to critically regulate
inflammatory responses (Figure 1).

3.1. Hexokinase

Hexokinase catalyzes the first step in glycolysis, the conversion of glucose to glucose-6-phosphate.
As a critical regulator of glycolytic flux, the transcription of hexokinase, particularly hexokinase 2,
is upregulated downstream of TCR and IL-2 receptor signaling. This is achieved by the activation
of mTOR and the transcription factors HIF-1a and Myc [3,4,41]. Hexokinase is also particularly
important for the HIV infection of macrophages by supporting the survival of HIV-infected cells [42].
The pharmacologic inhibition of hexokinase enzyme activity dampens the inflammatory response.
The glycolytic inhibitor 2-DG, which indirectly inhibits hexokinase through the competitive inhibition
of the downstream enzyme phosphoglucoisomerase, impairs T cell proliferation and effector
functions [27,28]; shifts the balance between effector, regulatory, and memory T cells [31,43]; prevents the
pro-inflammatory activation of dendritic cells [44-46] and macrophages [47]; and produces benefit in
animal models of autoimmunity such as lupus [24] and rheumatoid arthritis (RA) [48]. Furthermore,
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the direct hexokinase inhibitor 3-bromopyruvate prevents immune activation and attenuates disease
in murine models of RA [49] and multiple sclerosis (MS) [50].
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Figure 1. Metabolic enzymes associated with glycolysis and the pentose phosphate pathway,
depicted here, serve as critical regulators of inflammatory responses in myeloid and lymphoid cells.

Hexokinase enzyme activity plays a somewhat different role in the context of viral infection.
In cells infected by a virus, viral RNA is detected by proteins of the retinoic acid-inducible gene 1-like
receptor (RLR) family, which in turn trigger the type 1 interferon response through interactions with
the mitochondprial antiviral signaling protein (MAVS). Recently, MAVS was shown to interact with
hexokinase at the mitochondrial outer membrane, enhancing hexokinase activity [51]. Upon binding
to RLR, the MAVS-hexokinase interaction was abolished, producing a decrease in glycolytic flux that
was critical for type 1 interferon production.

In addition to its conventional enzymatic function, hexokinase triggers inflammation through
a moonlighting role as a pattern recognition receptor. Researchers found that N-acetylglucosamine,
a component of peptidoglycan found in bacterial cell walls, inhibits hexokinase [52]. This inhibition
causes hexokinase to separate from the mitochondria and activate the NLRP3 inflammasome, leading to
the production of pro-inflammatory cytokines. This effect held true when other inhibitors of hexokinase
were used.

3.2. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)

Glyceraldehyde-3-phosphate dehydrogenase, or GADPH, is another glycolytic enzyme that plays
a crucial role in inflammation. As discussed below, GAPDH has a well-defined and highly regulated
moonlighting role as an mRNA-binding protein, repressing the translation of inflammatory cytokines
in competition with its glycolytic enzyme activity. At the same time, GAPDH appears to play a key role
in regulating glycolytic flux under the Warburg conditions that define activated immune cells [53,54].

GADPH binds AU-rich elements within the 3’ untranslated region (3’-UTR) of mRNAs encoding
the pro-inflammatory cytokines IFNy and GM-CSE, repressing their translation. These mRNAs bind
GAPDH competitively with NAD*/NADH, and the increased glycolytic engagement of GAPDH
upon immune activation causes release and increased translation [55,56]. Similarly, in monocytes
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and macrophages, GADPH represses the translation of TNFax mRNA, which is reversed upon LPS
exposure [57]. The relieved repression of cytokine mRNA translation by GAPDH therefore links the
upregulation of glycolysis with inflammatory cytokine production.

The moonlighting role of GAPDH as an mRNA-binding protein is regulated by
post-translational modification. Malonylation is a lysine modification induced by malonyl-CoA.
The malonylation of GADPH occurs downstream of LPS stimulation in monocytes and macrophages,
increasing GAPDH enzyme activity while decreasing its mRNA binding capacity, thus allowing
inflammatory cytokines such as IFN-y, IL-6, and TNF-« to be translated into protein [58].

Although not a rate-limiting enzyme under basal conditions, GADPH becomes rate-limiting
under Warburg conditions [53,54,59], which may have direct relevance to its role in regulating
immune responses. Dimethyl fumarate (DMF), an immunomodulatory drug FDA-approved for
the treatment of MS, post-translationally modifies GAPDH at its active site and inactivates its
enzymatic activity [60]. The enzymatic inhibition of GAPDH by DMEF inhibits glycolysis in activated,
but not resting, immune cells and mediates the anti-inflammatory effects of the drug. Interestingly,
DMEF does not act by altering GAPDH-mRNA binding. Subsequent work demonstrated that itaconate,
an anti-inflammatory metabolite derived from the TCA cycle, similarly inactivates GAPDH enzyme
activity [61]. These findings suggest that GAPDH enzyme activity is required for pro-inflammatory
responses independent of mRNA binding, either by limiting glycolytic flux in a general sense or by
regulating the levels of immunoactive metabolites. For instance, the inhibition of GAPDH increases
concentrations of methylglyoxal, which has been shown to dampen inflammation by acting on the
KEAP1-NRF2 axis [62].

3.3. Enolase

Enolase is responsible for the ninth step of glycolysis, converting 2-phosphoglycerate to
phosphoenolpyruvate. At the same time, enolase is an abundant protein on bacterial cell surfaces that
binds to plasminogen, thus allowing bacteria to invade the host organism [63]. Enolase has been shown
to be crucial for the virulence of several strains of bacteria, as evidenced by data showing that inhibiting
interaction between enolase and plasminogen [64] or immunizing against enolase prior to challenge
with pathogenic bacteria [65] significantly altered the progression of the infection in mouse models.
The binding of x-enolase to plasminogen has been shown to be important for the recruitment of
macrophages in inflammatory lung disease [66]. Additionally, enolase plays a role in Treg generation
through a moonlighting function as a transcriptional regulator. One study found that enolase localizes
to the nuclei of T cells to generate Tregs in the periphery. In the nucleus, enolase binds to regulatory
regions of FOXP3 and directly affects the expression of the splicing variant Foxp3-E2, which was
corroborated in peripheral blood samples from patients with type 2 diabetes and relapsing-remitting
multiple sclerosis [67].

3.4. Pyruvate Kinase M2 (PKM2)

Pyruvate kinase (PK) converts phosphoenolpyruvate into pyruvate, a rate-limiting step and the
final reaction of glycolysis. Multiple isoforms of PK exist. The M1 isoform (PKM1) is constitutively
expressed in most differentiated tissues under basal conditions and exists as a tetramer with high
glycolytic activity. The M2 isoform of pyruvate kinase (PKM2) is preferentially expressed under
Warburg conditions, such as in cancer cells and activated immune cells, and contributes to the
inflammatory response through multiple mechanisms [68]. Unlike PKM1, PKM2 exists either as a
tetramer with high glycolytic activity, or as a dimer with low glycolytic activity. Perhaps paradoxically,
it is the low-activity PKM2 dimer that promotes aerobic glycolysis and inflammation, largely through
non-glycolytic moonlighting functions.

Pro-inflammatory stimuli, such as LPS stimulation of macrophages and TCR ligation in T cells,
increase the expression of PKM2 [69,70]. PKM2 in turn activates mTORC1 by phosphorylating the mTOR
inhibitor AKT1 substrate 1 (AKT1S1) [71] and increasing serine synthesis from the glycolytic metabolite
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3-phosphoglycerate [72]. Despite its intrinsically lower enzyme activity, PKM2 upregulates glycolysis
through moonlighting functions as a transcriptional co-activator, promoting the transcriptional program
of HIF-1« [73]. HIF-1wx increases the expression of PKM2. The dimer form of PKM2 in turn binds
to HIF-1«, translocates to the nucleus, and enhances the transcription of HIF-1c target genes.

The non-canonical moonlighting activity of PKM2 as a transcriptional co-activator of HIF-1« is
crucial for the inflammatory activation of both macrophages and T lymphocytes. Following the LPS
stimulation of macrophages, dimerized nuclear PKM2 drives a pro-inflammatory transcriptional
program that includes IL-1f induction. Small molecules such as TEPP-46, which induce the
tetramerization of PKM2 and thereby promote its canonical enzyme activity while inhibiting its
nuclear functions, inhibit LPS-induced glycolytic reprogramming and inflammatory functions while
promoting the expression of anti-inflammatory cytokines such as IL-10 [70]. Similarly, the treatment of
CD4* T cells with TEPP-46 blocks PKM2 nuclear translocation, prevents glycolytic reprogramming,
and reduces T cell activation, proliferation, and cytokine production [74]. Treatment with TEPP-46
prevents the differentiation of pro-inflammatory Thl and Th17 cells and attenuates disease in the
experimental autoimmune encephalomyelitis (EAE) mouse model of autoimmune neuroinflammation,
identifying PKM2 as a potential therapeutic target. Two other groups similarly found that a genetic
deficiency of PKM2 protects mice from EAE. One of these demonstrated that the shRNA-mediated
knockdown of PKM2 in isolated CD4™" cells reduced glycolysis and Th1/Th17 differentiation while also
limiting their pathogenicity in an adoptive transfer model of EAE [75]. The other group found that the
CD4* T cell-specific knockout of PKM2 impaired Th17 differentiation and attenuated the course of
active-immunization EAE, though they observed that PKM2 was required for Th17 differentiation
through the activation of the transcription factor STAT3 rather than through actions on HIF-1x and
metabolic reprogramming [76]. Similarly, another group found that PKM2 upregulates IL-17 production
in CD4" cells via STAT3 in response to lactate uptake [77].

In addition to its nuclear functions, PKM2 has been shown to directly activate the NLRP3
inflammasome in macrophages [78]. AIM2 and NLRP3 inflammasome activation were prevented both
by the genetic deletion of PKM2 and a pharmacologic inhibitor of PKM2 enzyme activity, suggesting
that its canonical enzyme activity may be important. In natural killer (NK) cells, PKM2 regulates the
inflammatory response independent of HIF-1 and its nuclear activities, regulating redox status by
controlling the flux of upstream glycolytic metabolites into the pentose phosphate pathway for the
generation of NADPH [79]. As such, canonical PKM2 enzyme activity may be important in certain cell
types and/or under specific conditions.

3.5. Pyruvate Dehydrogenase Kinase 1 (PDHK1)

As the end product of glycolysis, pyruvate has two potential fates—it can either enter the pyruvate
dehydrogenase (PDH) complex to become acetyl-CoA and enter the TCA cycle, or be converted to
lactate by lactate dehydrogenase (LDH). When pyruvate is reduced to lactate, it regenerates NAD™,
thus allowing glycolysis and the Warburg phenotype to continue. In both CD4* and CD8" T cells,
TCR stimulation increases the expression and activity of pyruvate dehydrogenase kinase 1 (PDHK1),
a kinase that inhibits PDH and thereby diverts pyruvate away from the TCA cycle and toward lactate
production [80,81]. PDHKI1 activity is high in pro-inflammatory Th17 cells but low in Treg cells.
The inhibition of PDHK1 with the small molecule dichloroacetate (DCA) limits aerobic glycolysis
and promotes pyruvate entry into the TCA cycle, thereby limiting Th17 and augmenting Treg
generation from naive CD4" cells and inhibiting inflammatory cytokine production in CD8" cells.
Treatment with DCA in vivo produces benefits in animal models of multiple autoimmune diseases,
including inflammatory bowel disease, RA, MS, and asthma [81-83]. These findings implicate PDHK1
not only as a key regulator of aerobic glycolysis and inflammation, but also as a potential therapeutic
target in autoimmunity.
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3.6. Lactate Dehydrogenase (LDH)

As noted above, the conversion of pyruvate to lactate by LDH regenerates NAD* and maintains
high glycolytic flux under Warburg conditions. Through several mechanisms, LDH critically
regulates cellular inflammatory responses. The pro-inflammatory activation of CD4" cells leads
to increased expression of LDH-A, an isoform of LDH with high enzymatic activity. LDH-A activity
promotes the inflammatory response by maintaining high levels of acetyl-CoA, which in turn
promotes histone acetylation and the transcription of IFNy [84]. LDH-A-deficient mice were
protected from autoimmune attacks. The inhibition of LDH with the small molecule FX11
(3-dihydroxy-6-methyl-7-(phenylmethyl)-4-propylnaphthalene-1-carboxylic acid) has been shown to
inhibit the release of pro-inflammatory cytokines in macrophages [85]. Similar to GAPDH, LDH has
also been found to bind and repress the translation of mRNAs encoding inflammatory cytokines,
releasing them upon the engagement of its enzymatic activity [80,86]. Finally, lactate itself has been
shown to play a direct signaling role in inflammation. In CD4" cells, lactate uptake via the transporter
SLC5A12 was shown to promote Th17 differentiation and prevent migratory egress from sites of
inflammation, and the blockade of lactate uptake attenuated disease in a model of autoimmune
arthritis [77]. In many other studies, however, lactate has been found to produce anti-inflammatory
effects in both lymphocytes and macrophages. Earlier studies demonstrated that lactate produced in
the tumor microenvironment (TME) has suppressive effects on effector and cytotoxic T cells [87,88].
By contrast, it was recently reported that Foxp3 induces metabolic changes in Treg cells that allow
them to survive and function in a low-glucose, high-lactate TME [89]. Another study found that
lactate specifically promotes Foxp3 expression [90]. Through a variety of mechanisms, extracellular
lactate similarly induces regulatory phenotypes in tumor-associated macrophages, contributing to
tumor evasion [91-93]. More recently, lactate was found to produce a post-translational modification
of histones (lactylation) that regulates transcription and shifts cells toward an anti-inflammatory M2
phenotype as a late event following LPS stimulation [94]. Interestingly, in the context of viral infection,
lactate dampens type 1 interferon production by infected cells through a direct interaction with
MAVS [51]. As such, mice deficient in LDH-A displayed a greater type 1 interferon response and
heightened resistance to infection with vesicular stomatitis virus.

4. Mitochondrial Metabolism—TCA Cycle and Electron Transport Chain

Although glycolytic reprogramming represents a common theme among pro-inflammatory
immune cells, mitochondrial metabolism also plays a vital role in inflammatory responses.
The activation of naive T cells leads to increased oxidative phosphorylation (OXPHOS) [95], and memory
lymphocytes generate modified mitochondrial networks that allow them to better carry out the TCA
cycle and OXPHOS [96]. By contrast, macrophages and dendritic cells experience a drastic reduction
in OXPHOS upon inflammatory activation, yet this disruption of the TCA cycle and electron transport
chain (ETC) nonetheless plays a key role in inflammation by providing metabolites and reactive oxygen
species (ROS) that serve as signaling molecules [47,95,97]. Oxidative metabolism skews toward an
anti-inflammatory phenotype in myeloid cells [36], as further evidenced by the fact that monocytes
found within a Staphylococcus aureus biofilm primarily used OXPHOS, while OXPHOS inhibition via
the nanoparticle delivery of oligomycin skewed cells toward a glycolytic phenotype and induced
bacterial clearance [98].

In this section, we will focus on key enzymes within the TCA cycle and ETC that regulate
inflammatory responses.

4.1. TCA Cycle

Fed by glucose, protein, and fatty acids, the TCA cycle generates electron donors
(NADH and FADH),) to support OXPHOS through the ETC. However, in addition to its role in
energy generation, the TCA cycle produces metabolites with key roles in inflammation. For instance,
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the inflammatory activation of macrophages leads to increased levels of citrate, succinate, and itaconate,
each of which plays specific roles in the immune response [97]. While a comprehensive discussion of
the roles of these metabolites is beyond our scope, we will highlight key enzyme targets that regulate
the availability of these metabolites or their downstream effects relevant to inflammation.

4.1.1. Isocitrate Dehydrogenase (IDH)

The inflammatory activation of macrophages leads to a decreased activity of isocitrate
dehydrogenase (IDH), potentially via both transcriptional repression [47] and inactivation by nitric
oxide (NO)-mediated S-nitrosylation [99]. This “break” in the TCA cycle leads to the accumulation
of citrate and itaconate, although it must be noted that aconitase, rather than IDH, has recently been
implicated as the target of NO mediating this break [100]. As discussed below, accumulated citrate can
be converted to itaconate within mitochondria or be transported to the cytosol. Within the cytosol,
citrate serves several functions regulated by key enzymes. ATP-citrate lyase (ACLY), which converts
citrate to oxaloacetate and acetyl-CoA, contributes to NO and ROS production through an unknown
mechanism [101] and generates a pool of acetyl-CoA serving histone acetylation [102], lipogenesis [103],
and malonylation [104].

4.1.2. Immune-Responsive Gene 1 Protein (IRG1)

Immune-responsive gene 1 (IRG1) is responsible for catalyzing the conversion of cis-aconitate
(an intermediate of the TCA cycle) into itaconic acid [105]. The transcription of IRG1 is upregulated
in the pro-inflammatory state in macrophages as a response to various stimuli, such as IFNy, LPS,
and TNF« [106]. During inflammation, IRG1 produces itaconate, which has a direct bactericidal
role by altering bacterial metabolism [107]. However, other studies have shown that itaconate has
anti-inflammatory effects via multiple mechanisms [105,108], such as the inhibition of succinate
dehydrogenase (SDH) [109] and post-translational modification of key protein targets such as
KEAP1 [110] and GAPDH [61].

4.1.3. Succinate Dehydrogenase (SDH)

SDH is a key enzyme in the TCA cycle, converting succinate into fumarate [97]. SDH plays a role
in generating a pro-inflammatory phenotype by contributing to the production of pro-inflammatory
cytokines such as IL-1f3 and reactive oxygen species (ROS) in macrophages in vitro; the inhibition of
SDH produces anti-inflammatory effects, as discussed above in the context of itaconate [109,111].

4.2. Electron Transport Chain (ETC) and ROS

The generation of ATP from OXPHOS is mediated by the ETC, which accepts electrons from NADH
and FADH, produced from the TCA cycle and generates ATP via ATP synthase. Because OXPHOS
increases in lymphocytes after activation, the electron transport chain is required for lymphocytes
to be properly activated, and ATP synthase activity is one of the most important parts of this
process [112]. When complex IV is knocked out, T cell activation is inhibited [112], while complex III
deficiency prevents T cell proliferation in vivo and in vitro [113]. At the same time, bacterial RNA
stimulates complex II activity in macrophages, and the inhibition of complex II with a small
molecule inhibitor significantly increased death rates due to increasing rates of sepsis and the
decreased release of pro-inflammatory cytokines when mice were infected with Salmonella enterica [114].
Furthermore, HIF-1a and IL-1f are linked to the production of NO, which can turn off the ETC in
macrophages [115]. The ETC is also the target of novel pharmacological interventions for autoimmunity,
such as LYC-30937-ec, an F; Fy ATP synthesis inhibitor, which is in clinical trials for ulcerative colitis [116].

The upregulation of OXPHOS plays an important role in the alternative activation of macrophages
in response to signals such as IL-4 [36]. An important regulator of OXPHOS in this context is the
polyamine—elF5A-hypusine axis [117]. Hypusine, a natural amino acid derived from the polyamine
spermidine [118], which itself is a downstream metabolite of arginine, post-translationally modifies
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the translation factor e[F5A [117]. This increases the expression of several enzymes involved in the
TCA cycle and OXPHOS. The genetic or pharmacologic inhibition of key enzymes mediating elF5a
hypusination, namely, deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH),
blunts OXPHOS-dependent alternative macrophage activation [117].

Although the ETC is important in generating ATP for the cell, it is also a primary source of
ROS [119]. ROS induce inflammation in the cell in a variety of ways, including the activation of
the NLRP3 inflammasome [95]. LPS stimulation induces ROS production, which plays a direct
role in the bactericidal activity of the cell but also induces HIF-1x expression and the subsequent
metabolic reprogramming downstream of HIF-1o [95]. Mitochondrial ROS (mROS) generation from
complex III is required for macrophage activation and stimulates the NAD™" salvage pathway [120].
Furthermore, mROS are crucial for T cell function. For example, complex IlI-deficient T cells are unable
to produce IL-2, but treatment with exogenous ROS in the form of H,O; reverses this effect [113].
A high-glucose diet exacerbates autoimmunity in mouse models by promoting the differentiation
of Th17 cells, which depends on mROS-induced TGFf activation [121]. Further demonstrating the
importance of ROS in inflammation, pre-treating cells with antioxidants inhibits the production of
ROS and thus inhibits the release of pro-inflammatory cytokines [113,120,121].

Several pharmacologic treatments target ROS generation. For example, metformin is a complex I
inhibitor and thereby limits the production of mROS [1]. Although metformin is most well known
as a type Il diabetes drug, data also suggest it exerts anti-inflammatory effects. It has been shown to
decrease the production of anti-inflammatory cytokines, as well as limiting the production of HIF-1x
and the activity of mTORC1 [122]. Metformin largely exerts its inhibitory effect on complex I by
activating AMPK, and the developers of several other drugs seek to utilize this effect through the
development of novel AMPK activators as potential therapeutics for autoimmune diseases [123].

5. The Pentose Phosphate Pathway

The pentose phosphate pathway (PPP) is a critical metabolic process that is responsible for
nucleotide synthesis and the generation of NADPH. While nucleotide synthesis is vital for the mitosis
of rapidly proliferating cells, NADPH is a critical regulator of cellular redox status and fatty acid
synthesis [124]. In the context of infection, NADPH is important for generating the ROS used by
activated neutrophils and macrophages to clear bacterial infections. To generate these critical products,
the PPP is upregulated during inflammation, especially in M1 macrophages [125].

CARKL

The PPP is regulated during inflammatory processes through an enzyme known as CARKL
(Figure 1). CARKL is a sudoheptulose kinase that catalyzes an orphan reaction that downregulates
the non-oxidative arm of the PPP, and its expression dictates macrophage activation and polarization.
LPS downregulates while the anti-inflammatory cytokine IL-4 upregulates CARKL, and macrophage
polarization can be altered by the genetic manipulation of CARKL [126]. Therefore, by responding to
pro- or anti-inflammatory signals, CARKL regulates the PPP and hence shifts macrophages toward an
appropriate metabolic phenotype. Much like how CARKL can dampen the inflammatory response
by inhibiting the PPD, researchers are also designing novel therapeutics that will target this pathway:.
For instance, RRx-001 is an inhibitor of glucose-6-phosphate dehydrogenase that has been shown to
have potent anti-inflammatory effects in vitro and is currently in clinical trials [127].

6. Fatty Acid Metabolism

Fatty acid oxidation (FAO) breaks down fatty acids to generate acetyl-CoA, which enters the TCA
cycle to drive ATP synthesis through OXPHOS. Treg and CD8" memory T cells utilize copious amounts
of FAO [128]. Following CD4" cell activation, increasing FAO with an AMPK activator drove a Treg
phenotype [128]. At the same time, FAO is important for a memory phenotype, with IL-15, a cytokine
that is critical for the generation of CD8* memory T cells, promoting FAO by increasing mitochondrial
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biogenesis and increasing the expression of carnitine palmitoyl transferase (CPT1a), the rate-limiting
step of mitochondrial long-chain fatty acid oxidation (FAO) [129] (Figure 2). It should be noted,
however, that a recent report employing a genetic deficiency of CPT1a suggested that the enzyme is
dispensable for T cell activation and the generation of memory CD8" and Treg cells, and that AMPK
activation augments Treg differentiation independent of CPT1a [130]. Other studies have found that
TNF receptor-associated factor 6 (TRAF6), an adaptor protein in the TNF-receptor superfamily, is also
critical for CD8* memory T cell generation [19]. Additionally, one of the most important mechanisms
for upregulating FAO in memory T cells involves mobilizing fatty acids through lysosomal hydrolase
LAL (lysosomal acid lipase) [131].
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Figure 2. (a) Fatty acid oxidation (FAO) and fatty acid synthesis both play key roles in myeloid and
lymphoid immune responses. Several enzymes within these pathways, such as CPT1a and ACC1,
critically regulate immune phenotype and function, although the role of CPT1a in T cells has recently
been questioned. (b) Immune activation leads to increased amino acid transport and glutaminolysis.
Enzymes such as IDO and arginase-1 inhibit inflammation by depleting amino acids and producing
anti-inflammatory immunoactive metabolites. (c) One-carbon metabolism supports inflammation
through a variety of mechanisms. Inhibition of one-carbon metabolism by inactivation of MAT2a or
SHMT suppresses inflammatory responses. Methotrexate, a dihydrofolate reductase inhibitor that
interferes with one-carbon metabolism, is one of the oldest immunosuppressive drugs in clinical use.

In macrophages, M1 macrophages primarily utilize glycolysis, while M2 macrophages heavily rely
on FAO. Overexpressing CPT1a, the rate limiting factor in long-chain FAO, in macrophages in vitro
reduced the release of pro-inflammatory cytokines and promoted M2 polarization [132]. Researchers
have sought to therapeutically target this pathway with the purported CPT1a inhibitor etomoxir,
which mitigated MS symptoms in the EAE mouse model [133] and prevented graft versus host disease
in a murine model [134]. However, etomoxir has recently been demonstrated to have off-target
immunomodulatory effects beyond CPT1a, which were suggested to be the reason for discrepancies
between studies employing genetic and pharmacologic inhibition to study the role of CPT1a in T cell
function [130].
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Fatty acid synthesis also plays a crucial role in inflammation. In dendritic cells (DCs), TLR activation
upregulates fatty acid synthesis, which supports the expansion of the endoplasmic reticulum and
Golgi and is required for DC activation [135]. Fatty acid synthesis is also required for proper T cell
activation [136]. In T cells, the ratio of cholesterol in the cell membrane is important for proper activation,
and inhibiting the cholesterol esterification enzyme acetyl-CoA acetyltransferase (ACAT1) generated a
more robust effector response [137]. Acetyl-CoA carboxylase 1 (ACC1) is the rate-limiting factor in
fatty acid synthesis, and T cells deficient in ACC1 had impaired proliferation and effector capacity [138]
(Figure 2). Interestingly, ACC1 deficiency does not affect Treg function and instead promotes Treg
differentiation over Th17 polarization [139]. Fatty acid synthesis can be pharmacologically targeted
with the ACC1 inhibitor soraphen A, which alleviated disease severity and symptom onset in EAE by
inhibiting Th17 polarization.

7. One-Carbon Metabolism

One-carbon metabolism involves the transfer of one-carbon (-CHj3) units within the cell and
is critical for multiple biosynthetic processes, including the generation of nucleotides, amino acids,
and fatty acids, and for epigenetic regulation via methylation. One-carbon units incorporated
into this pathway can be derived from folate metabolism or donated from amino acids such
as serine, glycine, or methionine [140]. Activated immune cells have an increased requirement
for one-carbon metabolism [141-143]. TCR stimulation upregulates one-carbon metabolism [144],
while in macrophages, LPS stimulation activates both the serine synthesis pathway and one-carbon
metabolism in order to drive epigenetic changes required for the release of pro-inflammatory
cytokines such as IL-1f3 [145,146]. In general, one-carbon metabolism supports immune activation and
proliferation/survival through multiple mechanisms, including providing biosynthetic precursors for
anabolic processes [142,143], regulating redox status by controlling glutathione levels [146,147] and
providing the substrate for histone methylation (S-adenosylmethionine or SAM) [145].

Several key enzymes involved in one-carbon metabolism have been shown to regulate
inflammation (Figure 2). In macrophages, the genetic or pharmacologic inhibition of methionine
adenosyl transferase (MAT2a) led to decreased IL-1f production, as did treatment with
3-deazaadenosine, an inhibitor of SAH hydroxylase [145]. The inhibition of serine hydroxymethyl
transferase 1 and 2 (SHMT1 and SHMT?2), which feed one-carbon metabolism through serine,
decreased the production of inflammatory cytokines and protected mice from LPS-induced sepsis.
The pharmacologic and genetic inhibition of SHMT isoforms similarly inhibited T cell proliferation [142,143].

No discussion of one-carbon metabolism would be complete without mentioning methotrexate,
which is one of the most widely used and oldest anti-inflammatory drugs on the market. Methotrexate
is a dihydrofolate reductase inhibitor, thus inhibiting folate metabolism, one-carbon metabolism,
and nucleotide synthesis. However, when used as a treatment for autoimmune diseases, its precise
mechanism of action is controversial, with some evidence suggesting it acts via the release of
extracellular adenosine and activation of AMPK [148]. Nevertheless, other novel therapeutics targeting
this pathway show promise in pre-clinical models of cancer or autoimmunity [141].

8. Amino Acid Metabolism

Protein metabolism and amino acid availability are critical regulators of the immune response
(Figure 2). Following T cell activation, upregulated Myc expression drives the upregulation of
amino acid transporters so that they can shuttle amino acids into the cell [30]. Both leucine and
glutamine transporters are upregulated after T cell activation, and the genetic deletion of these
transporters inhibits the T cell response [149,150]. Furthermore, the availability of amino acids in
the extracellular environment is relevant for T cell expansion. For example, glutamine is included in
excess in cell culture media, and restricting glutamine will restrict T cell expansion in vitro. In cancer,
myeloid-derived suppressor cells inhibit T cell activation by depleting cystine and cysteine in the
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tumor microenvironment [151]. As noted above, serine availability, derived both from exogenous
pools and de novo synthesis, critically regulates T cell and macrophage activation [142,143,145,146].

There are several enzymes that play a key role in regulating amino acid availability to control the
immune response. Indoleamine 2,3-dioxygenase (IDO) depletes tryptophan, thereby inhibiting
T cell responses [152]. IDO is expressed at high levels in the placenta to prevent T cell
activation and promote feto-maternal tolerance [153]. Kynurenine, the downstream metabolite
of IDO, is also immunosuppressive, and cancer researchers are seeking to therapeutically alter this
pathway [154]. Tryptophan metabolism via the kynurenine pathway also regulates macrophage
function by controlling de novo NAD™" synthesis [155]. The genetic or pharmacologic inhibition
of quinolate phosphoribosyltransferase (QPRT), which provides the NAD* precursor nicotinic acid
mononucleotide (NaMN), augments the pro-inflammatory response to LPS. Conversely, the ectopic
expression of QPRT dampens inflammation and promotes a homeostatic macrophage phenotype.
Arginase-1 is preferentially expressed in M2 macrophages, and this enzyme depletes arginine,
hence preventing the formation of the pro-inflammatory nitric oxide generated by M1 macrophages [156,157].
During infection with Mycobacterium tuberculosis, macrophages in the lung granulomas pathognomonic
for the disease produce high levels of Argl to control the inflammatory response [158].

Glutaminolysis is the process by which the cell breaks down glutamine and converts it
into TCA cycle intermediates and other metabolites. In activated T cells, glutaminolysis is
upregulated in a Myc-dependent manner; this upregulation of glutamine catabolism replenishes
TCA cycle intermediates, fuels polyamine synthesis, and coordinates with glucose catabolism to
support amino acid, nucleotide, and lipid biosynthesis [30]. Moreover, glutamate oxaloacetate
transaminase 1 (GOT1), an enzyme involved in glutamine metabolism, exerts pro-inflammatory
effects by producing 2-hydroxyglutarate, which hinders the expression of FOXP3 and thus blocks
the formation of Tregs. Researchers have tried inhibiting glutamine metabolism with the glutamine
analog 6-diazo-5-oxo-L-norleucine (DON), and this molecule suppressed inflammation in mouse
models of acute lung injury [159] and prevented allograft rejection [25]. Although inhibiting
glutamine metabolism in models of autoimmunity alleviates the autoimmune phenotype,
in cancer models, inhibiting glutamine metabolism generates a more potent anti-tumor
immune response. Researchers found that in several cancer models, inhibiting glutamine metabolism
with DON or a related prodrug generated effector CD8" T cells capable of a robust anti-tumor response.
Glutamine antagonism selectively upregulated OXPHOS in tumor-infiltrating CD8* cells via an
increased activity of acyl-coenzyme A (CoA) synthetase short-chain family member 1 (ACSS1),
allowing the fueling of the TCA cycle through acetate [160].

9. Autophagy

Autophagy is the metabolic process by which cells degrade and recycle cellular components.
Autophagy has been shown to be important for immune cell activation; the knockout of the
autophagy-essential gene Atg3 resulted in apoptosis and inhibited the activation of murine immune
cells in vitro [161]. This study also showed that hematopoietic cells use autophagy to provide lipids to
the cell when they become metabolically stressed. Following TCR or TLR activation, immune cells
upregulate autophagy to generate the nutrients needed for the metabolic demands of the cell [162].
On the other hand, autophagy also plays a role in inducing cell death during HIV infection, with the HIV
glycoprotein gp120 binding to CXCR4 on T cells and inducing apoptosis, but this effect was abrogated by
the deletion of autophagy-critical enzymes such as Beclin-1 or Atg7 [163]. Autophagy also plays a major
role in immune cell differentiation [164]. Autophagy is turned off by mTOR and turned on by AMPK,
which also allows the cell to regulate Treg and memory T cell fate by using autophagy to generate
the lipids needed for the FAO-dependent metabolic phenotype of these cells [164]. Autophagy also
controls inflammatory responses in myeloid cells; the deletion of autophagy-critical genes promoted
an M1 inflammatory phenotype and inhibited M2 polarization [165]. Autophagy is also relevant for
the neutrophil response to infection, as it upregulates cell-intrinsic survival mechanisms [166].
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10. Conclusions

Immunometabolism is a rapidly burgeoning field, with many complex and interconnected
metabolic pathways now understood to influence immune activation and inflammation. Within these
complex networks, we have sought to highlight key metabolic enzymes that serve as critical regulators
of inflammation and their potential for pharmacologic modulation. With various drugs targeting
these enzymes in pre-clinical or clinical trials, and in some cases already in clinical use (Table 1),
modulating inflammation by targeting metabolic enzymes has the potential to take the field of
immunometabolism from bench to bedside in the treatment of inflammatory diseases.

Table 1. A sample of potential and currently used therapeutics targeting metabolic enzymes to
modulate inflammation.

Enzymatic Target Therapeutic Compound Disease Trial Status
mTOR [2-5] Rapamycin Organ Transplant FDA-approved drug
Hexokinase [24,48-50] 3-bromopyruvate Rhl\illll?tiia;l?e lgci?(});lstls’ Pre-clinical
GADPH [60] Dimethyl fumarate Multiple Sclerosis FDA-approved drug
Pyruvate kinase M2 [70,74,75] TEPP-46 Multiple Sclerosis Pre-clinical
Pyruvate dehydrogenase . Rheumatoid Arthritis, ..
kinase 1 [81-83] Dichloroacetate Ir}ﬂammatory Bowel Pre-clinical
Disease, MS, Asthma
Lactate dehydrogenase [85] FX11 Research ongoing Pre-clinical
C?;:r}:;;);jtocfh?; e(iae;té;)n Metformin Diabetes, others ongoing FDA-approved drug
F1Fy ATP synthase [116] LYC-30937-ec Ulcerative Colitis Clinical trials
ACC1 [139] Soraphen A Multiple Sclerosis Pre-clinical
Dihydrofolate reductase [141] Methotrexate Rheumatoid Arthritis FDA-approved drug
al . . 6-diazo-5-oxo-L-norleucine Acute Lung Injury,
utamine metabolism - .
[25,159,160] (DON) and prodrug Al!ograft Rejection, Pre-clinical
JHUO083 Anti-Tumor Response
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