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Macrophage activation as an archetype of mitochondrial
repurposing

Anthony E. Jonesl, Ajit S. Divakarunil:2
1UCLA Department of Molecular and Medical Pharmacology. 650 Charles E. Young Drive. Los
Angeles, CA 90095

Abstract

Mitochondria are metabolic organelles essential not only for energy transduction, but also a range
of other functions such as biosynthesis, ion and metal homeostasis, maintenance of redox balance,
and cell signaling. A hallmark example of how mitochondria can rebalance these processes to
adjust cell function is observed in macrophages. These innate immune cells are responsible for a
remarkable breadth of processes including pathogen elimination, antigen presentation, debris
clearance, and wound healing. These diverse, polarized functions often include similarly disparate
alterations in the metabolic phenotype associated with their execution. In this chapter,
mitochondrial bioenergetics and signaling are viewed through the lens of macrophage polarization:
both classical, pro-inflammatory activation and alternative, anti-inflammatory activation are
associated with substantive changes to mitochondrial metabolism. Emphasis is placed on recent
evidence that aims to clarify the essential — rather than associative — mitochondrial alterations, as
well as accumulating data suggesting a degree of plasticity within the metabolic phenotypes that
can support pro- and anti-inflammatory functions.

1. Introduction

1.1 Mitochondriain cell physiology

Mitochondria play essential roles in cell physiology including, and extending far beyond,
serving as the sites of oxidative phosphorylation. In addition to synthesizing the majority of
ATP in most cell types (Nicholls and Ferguson, 2013; Pagliarini and Rutter, 2013),
mitochondria are also hubs for biosynthesis, Ca* handling, iron homeostasis, redox
balance, and signal transduction (Chandel, 2014; Murphy and Hartley, 2018; Shadel, 2012).
Mitochondrially derived signals can be as varied as protein release from the intermembrane
space (Jiang and Wang, 2004), metabolite efflux (Ryan et al., 2019), redox signals [e.g.
reactive oxygen species (ROS) production] (Finkel, 2011; Murphy, 2009; Reczek and
Chandel, 2015), and release of damage-associated molecular patterns (DAMPs) (Grazioli
and Pugin, 2018; Picca et al., 2017).
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It is increasingly appreciated that the roles of mitochondria in energy metabolism and as a
signaling organelle are not necessarily discrete. In fact, one purpose of mitochondria as a
signaling organelle is as a communicator of metabolic health status, serving a checkpoint or
feedback function to instruct nuclear gene expression and cellular function (Chandel, 2015).
Perhaps reflective of this, some proteins with essential roles in energy transduction have dual
functions in pathways associated with cell death and disease. For example, cytochrome c is
an essential component of the electron transport chain, but also triggers caspase-mediated
apoptosis when released to the cytoplasm upon mitochondrial outer membrane
permeabilization (Jiang and Wang, 2004; Tait and Green, 2010). Similarly, the FoF{-ATP
synthase that generates ATP during oxidative phosphorylation also dimerizes to form the
mitochondrial permeability transition pore, a channel causing inner membrane permeability
and causative of pathologies such as ischemic heart injury and muscular dystrophy
(Bernardi, 2013). This mitochondrial plasticity in shifting from energy powerhouse to
signaling platform often involves a classical definition of reduced or impaired mitochondrial
function (lowered oxidative phosphorylation, redox imbalance, etc.) (Jazwinski, 2013).
Remarkably, however, emerging evidence in murine bone marrow-derived macrophages
(BMDMs) suggests this does not necessarily translate to reduced or impaired cellular
function.

1.2 Macrophage function and activation

Macrophages are cells of the innate immune system responsible for a remarkable breadth of
functions essential to human health including killing pathogens, clearing subcellular debris,
and repairing tissue (Adams and Hamilton, 1984). In addition to their role in healthy
physiology, targeting macrophage function may lead to improved therapies for a variety of
pathologies including tissue fibrosis, cancer, and metabolic disease (Wynn and Vannella,
2016).

Macrophages were first described over 130 years ago by Metchnikoff, who suggested that
the observed phagocytosis by ameboid cells could be a means of host defense rather than a
deleterious consequence of tissue damage or infection (Gordon, 2016). Specificity for the
functional role and activation state of a macrophage at any given time is set by coordinating
intrinsic, extrinsic, and environmental cues (Murray, 2017). This allows for the broad and
sometimes opposing range of functions (i.e. “kill or repair”) these cells must execute. This
so-called polarization state is often simplified through the classification of pro-inflammatory
“M1” and anti-inflammatory “M2” macrophages (Gordon and Taylor, 2005). The
nomenclature is drawn from the response to cytokines secreted by subsets of CD4* helper T
(Tp) cells. A Tyl response that is associated with immunity to bacteria and infections and
secretion of IFN-y and tumor necrosis factor-a (TNF-a), whereas a Th2 response
counteracts the microbicidal T1 response and is associated with allergy and helminth
immunity along with production of interleukin-4 (IL-4), IL-10, and IL-13.

Pro-inflammatory activation can occur via detection of pathogens by pattern recognition
receptors (PRRs), proteins present at both the plasma and endosomal membranes (O’Neill et
al., 2013). PRRs bind subsets of molecular scaffolds typically associated with microbes
[pathogen associated molecular patterns (PAMPS)] or tissue damage [damage associated
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molecular patterns (DAMPS)]. Innate PRRs are broadly classified in two classes:
membrane-bound, including Toll-like receptors (TLRs) and C-type lectin receptors (CLRS),
and cytoplasmic, such as NOD-like receptors (NLRs) and RIG-I-like receptors (RLRS)
(Akira and Takeda, 2004). Regardless of their localization, PRRs function by receptor-
mediated activation of broad transcriptional programs, resulting in an orchestrated
inflammatory response to eliminate pathogens or damaged cells (Barton and Medzhitov,
2003).

In addition to activation by PAMPs and DAMPs, macrophages can also be polarized to a
range of activation states by secreted cytokines. This can occur in both paracrine [e.g. pro-
inflammatory interferon-y (IFN-vy) or anti-inflammatory I1L-4 secreted by lymphocytes] and
autocrine [e.g. pro-inflammatory interleukin-1p (IL-1B) or anti-inflammatory transforming
growth factor-g (TGF-B)] manners upon receptor binding (Mosser and Edwards, 2008). In
some cases, activation of PRR- and cytokine receptor-mediated activation integrate to
amplify the inflammatory response. In the hallmark example, activation of TLR4, which
recognizes the gram-negative bacterial membrane component lipopolysaccharide (LPS),
synergizes with IFN-y to create a powerful, composite pro-inflammatory signal (Held et al.,
1999).

It is often accepted that the M1/M2 framework is based on rigidly prescribed conditions that
rarely, if ever, occur physiologically, and do not necessarily reflect the spectral nature of
macrophage activation (Martinez and Gordon, 2014). Nonetheless, the use of tightly
controlled, /n vitro polarization assays coupled with modern metabolic techniques has
revealed profound and unexpected roles for several aspects of mitochondrial function in the
control of the innate immune response.

An essential role for metabolism in macrophage function may be somewhat obvious in the
traditional definition, as activation-induced phagocytosis, matility, and cytokine synthesis
are all ATP-consuming processes that require commensurate changes in ATP production.
Indeed, early biochemical studies showed that glucose consumption in naive, unstimulated
macrophages is far below its enzymatic capacity, suggesting a capacity to quickly upregulate
metabolic pathways in response to external stimuli (Newsholme et al., 1986). Abundant
genetic and pharmacologic evidence now exists to demonstrate several essential roles for
metabolism in shaping macrophage function, and these are surveyed in multiple
comprehensive reviews (Arts et al., 2016a; Benmoussa et al., 2018; Caputa et al., 2019;
Geeraerts et al., 2017; Langston et al., 2017; O’Neill and Pearce, 2016; Odegaard and
Chawla, 2011; Russell et al., 2019; Van den Bossche et al., 2017; Viola et al., 2019;
Weinberg et al., 2015). Such roles include increased and/or rerouted metabolic flux through
specific pathways, post-translational modifications by metabolic intermediates, and
signaling initiated by metabolites, redox triggers, or nucleic acids.

In the present manuscript, we focus on mitochondria as a hub for both energy transduction
as well as metabolite and signal generation, and discuss how these different modes are used
to shape macrophage function. It is unquestioned that, in murine macrophages, oxidative
metabolism is associated with anti-inflammatory activation (stimulation with 1L-4 + IL-13),
and classical inflammatory activation (LPS + IFN-y) involves the collapse of oxidative
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phosphorylation and repurposing of mitochondria towards accumulation of metabolites and
other pro-inflammatory triggers. However, the essential, targetable metabolic requirements
to adjust macrophage function may not be as black-or-white as initially thought. In fact, a
crude analogy could be drawn to macrophage polarization itself. Similarly to how the
M1/M2 paradigm is perhaps too bifurcated and discrete to reflect the graded nature of
macrophage function (Martinez and Gordon, 2014; Murray, 2017), so too may be a one-size-
fits-all approach that suggests ‘polarized” metabolic phenotypes are indispensable for pro- or
anti-inflammatory macrophage activation. Rather, accumulating evidence suggests
bioenergetic and signaling roles for mitochondria in both pro- and anti-inflammatory
macrophage activation, although these manifest in different ways.

2. Mitochondrial energy metabolism in macrophage activation

2.1 Overview of mitochondrial energy metabolism.

Of course, the best described function of mitochondria is energy metabolism and the
production of ATP through oxidative phosphorylation (Nicholls and Ferguson, 2013).
Mitochondria generate ATP through a series of energy transducing processes. The chemical
energy in nutrients such as sugars, amino acids, and fatty acids is first harvested through the
tricarboxylic acid (TCA) cycle (Figure 1). The TCA cycle (or Krebs cycle) is a series of
eight consecutive enzymes that oxidize energy-rich substrates in order to generate the
reduced electron carriers NADH and FADH,. During oxidative TCA cycle metabolism
(conventionally drawn clockwise as in Figure 1), three dehydrogenases — isocitrate
dehydrogenase (IDH), a-ketoglutarate dehydrogenase (a-KGDH), and malate
dehydrogenase (MDH) — generate NADH. Additionally, succinate dehydrogenase (SDH)
acitivity generates FADH,, and ATP is generated through substrate-level phosphorylation by
the succinyl-CoA synthetase reaction.

The reduced NADH and FADH, generated by the TCA cycle and other mitochondrial
dehydrogenases [e.g. pyruvate dehydrogenase (PDH), B-hydroxybutyrate dehydrogenase,
glycerol-3-phosphate dehydrogenase] are then passed through the mitochondrial respiratory
chain. The respiratory chain (or electron transport chain) is a series of energetically
favorable electron transfer reactions that are coupled to pumping protons out of the matrix
and against their concentration gradient (Rich and Maréchal, 2010). Respiratory complex |
oxidizes NADH and transfers the electrons through a series of iron-sulfur clusters to
ultimately reduce ubiquinone to ubiquinol (Q to QH,). This energy harvesting reaction is
used to drive the translocation of protons out of the matrix (Hirst, 2013). Complex Il (SDH)
also generates QH, using the electrons stripped from succinate during its oxidation.
Importantly, SDH activity is not directly linked to complex | activity and, unlike complexes
I, 111, and 1V, does not result in net proton translocation (Iverson, 2013). The reduced
ubiquinol generated from activity of complexes | and Il activity is re-oxidized by respiratory
complex I11: the electrons from QH> are transferred to cytochrome ¢ (Crofts, 2004). Finally,
electron transfer from cytochrome c to reduce molecular oxygen (%20, to H,0O) at complex
IV is in the last step of the respiratory chain.

The resulting potential energy harnessed from respiratory chain activity (10 H* pumped for
every electron pair passed from NADH to oxygen) is used to drive ATP synthesis during
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oxidative phosphorylation. Activity of the ATP synthase, often called respiratory complex V,
relieves the proton gradient (i.e. H* re-entry into the matrix) to catalyze phosphorylation of
ADP (Walker, 2013). Best estimates currently show that per mole of glucose, oxidative
phosphorylation generates a maximum of ~31.5 moles of ATP (Mookerjee et al., 2017).

Broadly, mitochondrial energetics can be considered as a balance between process that
generate this potential energy and those that consume it (Figure 2) (Divakaruni and Brand,
2011). Under most conditions, the mitochondrial electron transport chain is the dominant
processes that generates the proton motive force (pmf). As described earlier, the respiratory
chain links exergonic (energetically “downhill”) electron transfer reactions, beginning with
the oxidation of NADH by complex | or FADH, by complex 11, to endergonic (energetically
“uphill”) proton translocation. Importantly, though, many enzymes in mitochondria are
reversible and respond to thermodynamic cues (Murphy, 2015). For example, when the
membrane potential drops below threshold levels, the ATP synthase and NAD(P)
transhydrogenase can operate in the ‘reverse’ direction to help maintain the pmf (Nicholls
and Ferguson, 2013; Nickel et al., 2015).

The pmf is used to drive a range of mitochondrial processes (Brand and Nicholls, 2011),
some of which are presented here. During oxidative phosphorylation, the membrane
potential is used to drive not just the rotary catalysis of the ATP synthase, but also the
prerequisite import of inorganic phosphate and ADP into the matrix against the charge
gradient (both are anionic) (LaNoue and Schoolwerth, 1979). The NAD(P)
transhydrogenase, or nicotinamide nucleotide transhydrogenase, helps maintain reducing
power in the matrix by oxidizing NADH to generate NADPH, an energetically unfavorable
process that consumes the potential energy across the inner membrane to proceed (Hoek and
Rydstrom, 1988; Murphy, 2015). Mitochondrial import of nuclear encoded proteins also
consumes the membrane potential (Wiedemann and Pfanner, 2017), as does the electrogenic
exchange of glutamate and aspartate by SLC25A12 in the malate-aspartate shuttle (LaNoue
and Tischler, 1974). Mostly, uptake of metabolites into the matrix is charge neutral due to
exchange with other metabolites, although uniport of substrates such as pyruvate is aided by
the pH gradient to bring anions into the matrix along with H* co-transport (or OH™ antiport)
(Palmieri, 2013; Taylor, 2017). lon channels, notably the mitochondrial calcium uniporter
(MCU), will rapidly consume the membrane potential to drive Ca2* uptake (De Stefani et
al., 2014; Duchen, 2000). Additionally, uncoupling proteins are H* channels that dissipate
the membrane potential to unlink (or ‘uncouple’) the activity of the respiratory chain to ATP
synthesis (Divakaruni and Brand, 2011). UCP1 activity drives non-shivering thermogenesis
in brown adipose tissue (Cannon and Nedergaard, 2004), and it remains contested as to
whether unannotated UCPs catalyze so-called proton leak (Mozza et al., 2014). Clearly, a
role for the mitochondrial membrane potential includes, but importantly extends far beyond,
mitochondrial ATP synthesis.

2.2 Energy metabolism and inflammatory macrophage activation

Although perhaps the best studied feature of classical inflammatory macrophage activation
is a striking increase in glycolytic flux (Cramer et al., 2003; Haschemi et al., 2012; Tannahill
et al., 2013), profound mitochondrial remodeling occurs as well. Experiments since the
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1970s have sought to link inflammatory triggers such as LPS to altered mitochondrial
function (Kato, 1972), though recent appreciation of the integration of metabolism and
signaling (Chandel, 2015) coupled to breakthrough technologies that increased the scope of
functional mitochondrial measurements in their cellular context (Buescher et al., 2015;
Divakaruni et al., 2014) have brought exponential progress. A landmark study in 2010
noticed similarities between the signaling pathways activated upon growth factor ligation to
their cognate receptors and those activated during TLR ligation (Krawczyk et al., 2010).
Given that activation of signaling pathways downstream of growth factor receptors leads to
altered cellular metabolism (Christofk et al., 2008; Shaw, 2006), it was hypothesized that
similar metabolic changes would also be observed upon activation of dendritic cells (DCs,
antigen-presenting innate immune cells). Upon activation with LPS, DCs increase glycolysis
and decrease respiration (Krawczyk et al., 2010). This hallmark metabolic shift is also
observed upon classic inflammatory activation with LPS £ IFN-y in BMDMs. This was
initially demonstrated at the level of gene expression (Rodriguez-Prados et al., 2010) and
later reinforced with functional assays that showed that metabolic changes can present as
early as 4 hours (Haschemi et al., 2012; Tannahill et al., 2013).

There are likely multiple mechanisms that cause the reduction in mitochondrial ATP
production. A contributing factor is undoubtedly the production of high concentrations of
nitric oxide upon activation. Induction of inducible nitric oxide synthase (iNOS, the Nos2
gene), which catalyzes NO production via metabolism of arginine to citrulline (Leone et al.,
1991), is dramatically upregulated upon activation with LPS + IFN-y (Han et al., 1999).
Nitric oxide production is important for the bactericidal and tumoricidal function or
macrophages (Adams et al., 1990; MacMicking et al., 1997; Stuehr and Nathan, 1989).
Moreover, it also inhibits oxidative phosphorylation in BMDMs and DCs, as rates of ATP-
linked mitochondrial respiration are rescued (to varying degrees) upon both genetic ablation
or pharmacologic inhibition of iINOS (Bailey et al., 2019; Everts et al., 2012; Garedew and
Moncada, 2008; Van den Bossche et al., 2017). Inhibitory effects of NO on oxidative
mitochondrial metabolism can manifest via direct inhibition of respiratory complexes, such
as competitive inhibition of respiratory complex IV by NO or S-nitrosation of respiratory
complex | (Chouchani et al., 2013; Cleeter et al., 1994; Clementi et al., 1998). Additionally,
nitric oxide may affect expression of mitochondrial proteins, as expression of the NADH-
binding domain of complex | Naufv2is reduced upon activation with LPS + IFN-y in wild-
type BMDMs but unchanged on a MVos™~ background (Bailey et al., 2019). However, in
many cases the respiratory inhibition upon inflammatory activation is only partially rescued
with genetic or pharmacologic inhibition of INOS (Bailey et al., 2019; Van den Bossche et
al., 2016), suggesting nitric oxide-independent means of reprogramming mitochondrial
metabolism during inflammatory activation.

Additional mechanisms likely include disruption of oxidative TCA cycle metabolism. Of
course, an inability to generate NADH or FADH, due to decreased expression/activity of
TCA cycle dehydrogenases necessarily slows respiratory chain activity and, as a result,
oxidative phosphorylation. LPS stimulation results in a decrease in gene expression of both
IDH and MDH in BMDMs (Jha et al., 2015; Tannahill et al., 2013), and changes observed
with metabolomics and stable isotope tracing confirm reduced IDH activity and a bonafide
break in the TCA cycle (De Souza et al., 2019; Jha et al., 2015). Multiple mechanisms likely
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contribute to the reduced IDH activity observed during pro-inflammatory activation. IDH
expression is reportedly repressed by the orphan nuclear receptor Nur77 (Koenis et al.,
2018) as well as type I interferon signaling (De Souza et al., 2019). Although genetic
downregulation does not always manifest in altered IDH protein abundance (Bailey et al.,
2019), it is well established that enzyme activity is decreased. Other TCA cycle enzymes
and mitochondrial dehydrogenases show reduced activity upon pro-inflammatory activation
as well (Cordes et al., 2016; Palmieri et al., 2018), and the extent to which control over
respiratory inhibition is distributed among these various enzymes is not completely
understood.

Additionally, mitochondrial reactive oxygen species (ROS) production may be another
mechanism by which mitochondrial ATP production is reduced. In addition to microbicidal
superoxide produced by the plasma membrane-bound NADPH oxidase (Cathcart, 2004),
mitochondrial ROS production is thought to be an important signal during inflammatory
macrophage activation (West et al., 2011). Mitochondrial adaptations that support ROS
production may necessarily involve reductions in oxidative phosphorylation. Of course,
mitochondrial ROS production is directly affected by the bioenergetic status of
mitochondria, though it is important to draw a distinction between ROS production
associated with mitochondrial dysfunction (Adam-Vizi and Starkov, 2010) versus broader
programs that reappropriate mitochondria away from oxidative phosphorylation and towards
a generation of ROS as a signal. For example, mitochondria alter respiratory chain
supercomplex assembly upon bacterial recognition in a way that may support mitochondrial
ROS production but reduce oxidative capacity through specific pathways over time (Garaude
et al., 2016). Moreover, during LPS activation, BMDM mitochondria are repurposed away
from oxidative phosphorylation and towards production of reactive oxygen species. In fact,
mitochondria remarkably maintain an elevated membrane potential despite a profound
collapse of oxidative phosphorylation, suggesting a reset balance between pmf production
and consumption and perhaps hydrolysis of glycolytically-derived ATP to help maintain the
membrane potential (Mills et al., 2016).

Although it is well established that profound respiratory inhibition occurs in murine
BMDMs upon activation with LPS (x IFN-y) treatment, the functional reason for this
remains somewhat unclear. For example, a reduced respiratory rate during inflammatory
activation could be necessary for (i) enhancing glycolytic flux to fuel cytoplasmic NADPH
production and anabolism, (ii) generating redox signals such as ROS from reverse electron
transport, or (iii) increasing abundance of TCA cycle-associated signaling metabolites by
slowing Krebs cycle turnover. However, each of these processes can occur, in principle,
without the near-total collapse of respiratory chain activity observed during LPS + IFN-y
treatment.

Moreover, it is likely that our current models for mitochondrial repurposing during classical
pro-inflammatory macrophage activation may not be one-size-fits-all. For example,
inflammatory stimuli such as IFN-y treatment (without LPS) (Wang et al., 2018a), the TLR4
agonist monophospholipid A (Fensterheim et al., 2018), or low concentrations of LPS (10
ng/mL) (Cordes et al., 2016) do not elicit similarly dramatic reductions in mitochondrial
ATP production in BMDMs. Moreover, maximal respiratory capacity is actually increased
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early upon bacterial recognition (Garaude et al., 2016) or LPS + IFN-y stimulation
(Cameron et al., 2019), and genetic models that blunt NO production (thereby enhancing
respiration) increase production of succinate and itaconate in response to LPS + IFN-y
stimulation. The mitochondrial bioenergetic changes observed in murine BMDMSs upon LPS
activation are also largely absent in human peripheral blood monocyte (PBMC)-derived
macrophages (Vijayan et al., 2019). As such, the precise functional role of mitochondria
during inflammatory activation in murine BMDMs, and whether the same mechanisms are
present in human macrophages, are not fully understood.

2.3 Energy metabolism and anti-inflammatory activation

Given the array of different macrophage functions coupled with the requisite role of
metabolism in macrophage activation, it follows that there is tremendous diversity in the
metabolic phenotypes as well. Of course, the most straightforward examples of this are the
almost entirely disparate phenotypes observed between LPS- and IL-4-polarized
macrophages (Van den Bossche et al., 2017). While LPS % IFN-y-activated macrophages
depress oxidative phosphorylation, anti-inflammatory activation with IL-4 is associated with
increased respiratory capacity and mitochondrial metabolism.

The first indication that mitochondrial metabolism was associated with 1L-4-driven (or
“alternative™) activation was increased expression of enzymes associated with the TCA
cycle, fatty acid oxidation genes, and drivers of mitochondrial biogenesis such as Pgcib
(Haschemi et al., 2012; Vats et al., 2006). Mitochondrial mass increases, as does maximal
respiratory capacity upon IL-4 activation (Huang et al., 2014; Vats et al., 2006).
Additionally, biochemical and functional evidence is supported by genetic evidence for an
essential role for mitochondria and/or lipid metabolism, as the nuclear receptor PPAR-vy, a
master transcription factor regulating lipid homeostasis, is essential for IL-4-driven
polarization (Odegaard et al., 2007).

It is unquestionable that enhanced mitochondrial metabolism is associated with anti-
inflammatory activation, and multiple metabolic pathways likely fuel this phenotype. For
example, glucose-driven oxidative phosphorylation increases in response to IL-4
(Covarrubias et al., 2016; Huang et al., 2016; Vats et al., 2006). The inhibitory analog 2-
deoxyglucose (2-DG), which blocks glucose oxidation after its cellular uptake, also
decreases many markers of IL-4 polarization /n vitro and blunts the /n vivo response to
infection with the gastrointestinal helminth H. polygyrus (Covarrubias et al., 2016; Huang et
al., 2016; Tan et al., 2015). Indeed, data suggests that some process dependent on
mitochondrial glucose oxidation, rather than glycolysis, may explain the dependency. 2-DG
blocks the IL-4-response, but cells grown in medium supplemented with galactose can
polarize normally (Wang et al., 2018b). Moreover, knockdown of the pyruvate
dehydrogenase kinase-1 (PDK1), which relieves kinase-mediated repression of PDH activity
(Harris et al., 1997), also can reportedly boost expression of some anti-inflammatory
markers (Tan et al., 2015). Likewise, inhibition of the mitochondrial pyruvate carrier, which
blocks uptake of glucose-derived pyruvate into mitochondria, lowers expression of the IL-4
associated markers resistin-like molecule alpha (RELMa) and programmed cell death 1
ligand 2 (PD-L2) (Huang et al., 2016).
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In addition to increases in glucose metabolism, increased oxidation of glutamine and fatty
acids are also enhanced in BMDMs upon alternative activation. IL-4 enhances expression of
the plasma membrane glutamine transporter ASCT2 and steady-state glutamine levels
(Palmieri et al., 2017; Tavakoli et al., 2017). Glutamine withdrawal from the experimental
medium or inhibition of glutaminase also blunt the IL-4 response (Jha et al., 2015; Liu et al.,
2017). Increased fatty acid oxidation (FAQ) is also universally recognized as being strongly
associated with anti-inflammatory macrophage activation (Gonzalez-Hurtado et al., 2017;
Namgaladze and Briine, 2014; Odegaard et al., 2007; Vats et al., 2006). A suite of genes
related to lipid metabolism and oxidation increase in response to IL-4, and functional assays
with radiolabeled long chain fatty acids also show a substantial increase in fatty acid uptake
and oxidation (Gonzalez-Hurtado et al., 2017; Vats et al., 2006).

Whether this fatty acid oxidation in an essential and targetable feature of the IL-4 response,
however, has been the subject of debate and may be context-dependent (Van den Bossche
and van der Windt, 2018). Indeed, the carnitine palmitoyltransferase-1 (CPT-1) inhibitor
etomoxir can block IL-4-driven polarization at 200 uM (Covarrubias et al., 2016; Huang et
al., 2016, 2014). However, accumulating pharmacologic and genetic evidence suggests this
is likely due to an off-target effect of the drug, a reactive epoxide with several non-specific
effects (Ceccarelli et al., 2011; Nomura et al., 2016; Raud et al., 2018). Lower
concentrations of the drug that demonstrably block fatty acid oxidation do not inhibit the
IL-4 response (Divakaruni et al., 2018; Namgaladze and Briine, 2014; Tan et al., 2015), and
high concentrations of etomoxir block IL-4-driven activation even in models where CPT-1a
or CPT-2 have been genetically ablated (Divakaruni et al., 2018; Nomura et al., 2016).

The association between enhanced activities of multiple metabolic pathways with 1L-4-
associated differentiation suggests a degree of metabolic plasticity with IL-4-polarized
macrophages (Wang et al., 2018b), and raises the question of whether the role of
mitochondria is primarily bioenergetic or more closely aligned with biosynthesis and
signaling. Indeed, IL-4 polarization can proceed when BMDMs are cultured in galactose
(Wang et al., 2018b), which will increase reliance on oxidative phosphorylation for ATP, and
in the presence of a range of respiratory chain inhibitors (which will result in glycolysis
needing to meet almost all of the cellular ATP demand) (Divakaruni et al., 2018). These
results suggest a threshold requirement of ATP, irrespective of the pathway used for its
generation. However, this is not without contradictory data. Multiple, independent reports
have shown that chemical inhibition of oxidative phosphorylation or blocking the expression
of mitochondrial proteins via reduced hypusination of the translation factor eukaryotic
initiation factor 5A (elF5A) reduces markers of the IL-4 response (Puleston et al., 2019; Van
den Bossche et al., 2016; Vats et al., 2006).

Multiple, non-exclusive reasons might underlie the discrepancy. Importantly, it is well
accepted that metabolic regulation of alternative activation is mosaic, as metabolic
modulators frequently only regulate a subset of IL-4-associated genes (Covarrubias et al.,
2015; Divakaruni et al., 2018; Sanin et al., 2018). As such, varying results may be due to
differential readouts of genes and/or markers which are used to classify the IL-4 response.
For example, it is possible that respiratory chain inhibition could affect the abundance of
individual cell surface markers, but perhaps change neither gene expression nor the
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population of cells positive for multiple markers. Results may also be less reflective of the
role of oxidative phosphorylation but rather attributable to different macrophage
preparations and their glycolytic capacity to meet a threshold ATP demand. The broader use
of functional assays or larger-scale -OMICS data beyond expression of select genes and
proteins could therefore prove powerful in linking essential metabolic processes to
alternative macrophage activation. Additional clarity could also come from using
standardized, minimal concentrations of tool compounds to avoid potential off-target effects
of respiratory chain inhibitors, which are often used at concentrations far exceeding the
concentrations required for maximal effects. Nonetheless, our current understanding remains
that mitochondrial metabolism is crucial to the I1L-4 response, though this dependence may
not be solely attributable to bioenergetic function.

3. Mitochondrial signaling and macrophage activation

3.1 Mitochondrial signaling in cell physiology

One of the more exciting and remarkable developments in mitochondrial biology over the
past decade has been appreciation of the myriad of ways in which the organelle links
metabolism to cell physiology via TCA cycle metabolites (Dang and Su, 2017; Lu and
Thompson, 2012; Mills et al., 2017; Ryan et al., 2019; Sciacovelli and Frezza, 2017,
Sivanand et al., 2018). Much like bioenergetics, early inspiration likely came from the field
of cancer metabolism following the discovery that cancers linked to TCA cycle mutations
accumulate metabolites that can alter transcription factor activation and epigenetic
remodeling (Lu et al., 2012; Selak et al., 2005; Xiao et al., 2012; Xu et al., 2011). Indeed,
some of these same principles underlie how TCA cycle metabolites can promote genetic and
epigenetic changes during macrophage activation (Covarrubias et al., 2016; Liu et al., 2017;
Tannahill et al., 2013).

However, the unique induction of the immunometabolite itaconate upon inflammatory
macrophage activation stands out as an archetypal example of repurposing mitochondrial
metabolism towards metabolite production to execute cell-specific functions (Cordes et al.,
2015; O’Neill and Artyomov, 2019). In addition to TCA cycle metabolites, ROS (Garaude et
al., 2016; West et al., 2011) and release of nucleic acids (Dhir et al., 2018; Shimada et al.,
2012; Zhong et al., 2018) are also emerging as mitochondrially derived signals that can
shape the immune response.

3.2 Mitochondrial signaling in inflammatory macrophage activation

Roles for many TCA cycle metabolites have been identified as important in shaping
macrophage phenotypes (Figure 3) (Arts et al., 2016b; Infantino et al., 2011; Liu et al.,
2017), and production of the immunomodulatory metabolites itaconate and succinate are
hallmark examples of how mitochondria can be repurposed to support macrophage function
(Cordes et al., 2015; Mills and O’Neill, 2014; O’Neill and Artyomov, 2019). The anti-
microbial properties of itaconic acid have well known for decades as an inhibitor of the
isocitrate lyase, an enzyme in the glyoxylate shunt (McFadden and Purohit, 1977). This
pathway, non-functional or absent in mammals but necessary for long-term persistence of
some bacterial infections (Mufioz-Elias and McKinney, 2005), allows biosynthesis and
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anaplerotic reactions to occur from acetyl-CoA-producing nutrients such fatty acids, thereby
allowing bacterial survival under glucose-limiting conditions (Dolan and Welch, 2018).
Additionally, the coenzyme A ester of itaconate (itaconyl-CoA) can inhibit bacterial
methylmalonyl-CoA mutase, an integral enzyme in bacterial strains which catabolize
propionate as an energy source (Ruetz et al., 2019).

Multiple findings were integrated to reveal /rgl as the gene encoding the enzyme generating
itaconate as an offshoot of the mitochondrial TCA cycle (Michelucci et al., 2013). Previous
work had identified /rgZ as heavily transcribed upon LPS activation (Lee et al., 1995), and
later work showed macrophages produced itaconate upon infection (Shin et al., 2011;
Strelko et al., 2011; Sugimoto et al., 2012). Finally, using sequence homology with
Aspergillus cis-aconitase decarboxylase (CAD), /rgZ was identified and characterized as the
mammalian CAD responsible for itaconate production (Michelucci et al., 2013).

In addition to a putative role as a bactericidal metabolite, itaconate may also have anti-
inflammatory roles via posttranslational modification and direct effects on macrophage
metabolism. The electrophilic metabolite, which is produced at millimolar concentrations
upon activation (Cordes et al., 2016; Michelucci et al., 2013), can act as a Michael acceptor
and affect the cellular oxidative stress response. Itaconate can alkylate a critical cysteine on
Kelch-like ECH-associated protein 1 (KEAP1) (E. L. Mills et al., 2018), an endogenous
repressor of the transcription factor NRF2 (Nuclear factor erythroid 2-related factor 2). This
slows the degradation of NRF2, thereby increasing its activity and promoting an anti-
inflammatory phenotype (Ahmed et al., 2017). Moreover, by reacting with glutathione as a
Michael acceptor, itaconate can also decrease IxB(C pathway activity and, in turn, lower pro-
inflammatory gene expression (Bambouskova et al., 2018).

Itaconate is also directly responsible for the increase in succinate observed during pro-
inflammatory activation, as itaconate (methylene succinate) is a competitive inhibitor of
succinate dehydrogenase (Cordes et al., 2016; Lampropoulou et al., 2016). The orders-of-
magnitude increase in itaconate upon LPS activation is coupled to an increase in succinate,
both of which are absent in /rg”~ BMDMs (Lampropoulou et al., 2016). Much like
itaconate, succinate can also shape macrophage activation in multiple, distinct ways.

Increased levels of succinate observed during LPS activation can adjust pro-inflammatory
gene expression via altered stability of hypoxia inducible factor-1a (HIF-1a) (Tannahill et
al., 2013). Inhibition of prolyl hydroxylases by the altered succinate/a.-ketoglutarate ratio
allows continued transcription of the inflammatory cytokine interleukin-1p (IL-1p) due to a
hypoxia response element on the IL-1p promoter (Tannahill et al., 2013; Zhang et al., 2006).
Adjusting succinate levels with cell permeant succinate analogs can also support a pro-
inflammatory function for the metabolite, as these decrease expression of the anti-
inflammatory IL-1RA and I1L-10 (Mills et al., 2016).

In addition to stabilization of prolyl hydroxylases, succinate can regulate cell signaling via
activation of extracellular receptors. It is an endogenous ligand for the G-protein coupled
receptor GPR91 (or SUCNRL1) (He et al., 2004). First identified in the kidney as a mediator
of hypertension (He et al., 2004), SUCNR1 is also expressed in DCs and BMDMs
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(Littlewood-Evans et al., 2016; Rubic et al., 2008). Its activation enhances the pro-
inflammatory effect of LPS, and cells from Gpr91~~mice have reduced HIF-1a and IL-1pB
production upon activation relative to wild-type controls (Littlewood-Evans et al., 2016).

Efflux of mitochondrially-derived citrate by the mitochondrial citrate carrier (CiC) is also
important for aspects of pro-inflammatory macrophage activation. Citrate released from
mitochondria is converted to malonyl CoA by first generating cytoplasmic acetyl CoA via
ATP citrate lyase (ACLY) and subsequent conversion of acetyl CoA to malonyl CoA by
acetyl CoA carboxylase (ACC). Inhibition of both the mitochondrial citrate carrier (CiC)
responsible for efflux as well as ACLY decrease markers of pro-inflammatory activation
such as NO production (Infantino et al., 2013, 2011). Malonyl CoA is primarily considered
as a building block for fatty acid synthesis, as well as an endogenous CPT-1 inhibitor that
slows fatty acid oxidation upon increased mitochondrial pyruvate metabolism (Hue and
Taegtmeyer, 2009; McGarry et al., 1978). However, recent work shows that the glycolytic
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) can be malonylated, and this
post-translational modification relieves GAPDH-mediated repression of TNFa mRNA
thereby enhancing translation (Galvan-Pefia et al., 2019). Regardless of the TCA cycle
metabolite, it appears as if the pronounced changes in abundance are dynamic, as the
increased levels of itaconate, succinate, and citrate observed during pro-inflammatory
activation are restored to basal levels after 48 hours (Seim et al., 2019).

ROS is also a well-established signal for mitochondrial control of macrophage activation,
and may be an additional, essential link between succinate levels and macrophage activation.
Production of superoxide is, of course, tightly associated with inflammatory macrophage
activation given the important role of the plasma membrane NADPH oxidase in pathogen
clearance (Cathcart, 2004). Mitochondrial superoxide and ROS production was initially
linked to macrophage activation through genetic studies with proteins indirectly associated
with oxidative stress (Arsenijevic et al., 2000; Kizaki et al., 2002; Tal et al., 2009), and
direct evidence came from studies linking cytokine signaling and TLR activation to
mitochondrial ROS production and microbial clearance (Sonoda et al., 2007; West et al.,
2011).

Succinate is strongly associated with mitochondrial ROS production through mitochondrial
reverse electron transport (RET) (Murphy, 2009). Under conditions of a high membrane
potential along with reduced NADH and quinone pools, succinate oxidation is associated
with RET (Robb et al., 2018). These conditions can push electrons in the ‘backwards’
direction through complex | and generate substantial superoxide (Chouchani et al., 2016).
This form of ROS production is thought to underlie much of the damage associated with
cardiac ischemia reperfusion injury — where succinate also increases upon ischemia and is
oxidized upon reperfusion (Chouchani et al., 2014) — and occurs at physiologically relevant
membrane potentials and quinone reduction states (Robb et al., 2018).

Indeed, the mitochondrial membrane potential increases upon inflammatory activation in a
subpopulation of macrophages (Mills et al., 2016), linking the bioenergetic phenotype
observed during inflammatory activation with increased succinate oxidation and RET.
Moreover, bacterial recognition causes a shift away from reliance on complex | and towards
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a phenotype with enhanced complex Il (succinate dehydrogenase) activity and sensitive to
blocking mitochondrial ROS production, further establishing the respiratory chain as a link
between TLR activation and enhanced mitochondrial ROS (Garaude et al., 2016). A
requirement for RET in the LPS-induced regulation of IL-1p production is given by blunting
the response with rotenone (a complex I inhibitor that will block RET-driven superoxide
from complex 1), FCCP (an uncoupler that will dissipate the pmf), and heterologous
expression of alternative oxidase [AltOx, an enzyme found in some plants that will re-oxide
the quinone pool (EI-Khoury et al., 2014)] (Mills et al., 2016). Remarkably, mice expressing
AltOx are resistant to LPS-induced toxicity, demonstrating the /n vivo relevance of
mitochondrial redox status in mediating the inflammatory response.

Recent work also suggests that ROS production by respiratory complex Il may play a role
in pro-inflammatory activation: the complex 1l inhibitor myxothiazol can blunt increases in
cell surface marker expression and cytokine release upon LPS + IFN-vy treatment (Cameron
et al., 2019). However, the exact links between enhanced mitochondrial superoxide
production and nuclear gene expression remain unclear. Release of oxidized mitochondrial
nucleic acids, though, is a likely mechanism (Shimada et al., 2012; West and Shadel, 2017;
Zhong et al., 2018).

3.3 Mitochondrial signaling in anti-inflammatory activation

Given the association between IL-4 polarization and increased oxidative metabolism, a role
for mitochondrial signaling has been somewhat overshadowed by bioenergetic function.
Nonetheless, mitochondrially derived metabolites can play important roles in regulating the
anti-inflammatory response, particularly via epigenetics. Glutamine-derived a-ketoglutarate
has been shown to be important as a co-factor for the histone demethylase Jumonji domain-
containing protein D3 (JmjD3) (Liu et al., 2017), which regulates epigenetic modification
during IL-4-driven activation. Similarly to pro-inflammatory macrophage activation, acetyl
CoA derived from mitochondrial citrate is also important for the IL-4 response. In addition
to its role in lipogenesis, genetic and pharmacologic evidence support a role for ACLY-
derived acetyl CoA in histone acetylation during alternative activation (Covarrubias et al.,
2016).

Unexpectedly, the metabolic co-factor coenzyme A (CoA) has also emerged as an essential
mediator of I1L-4-driven macrophage activation. CoA is a ubiquitous metabolite facilitating
acyl transfer reactions and is essential to a range of physiological processes, most notably
carbohydrate and lipid metabolism (Leonardi et al., 2005). Initial links between CoA and
alternative activation were discovered while exploring which of the many off-target effects
of etomoxir was responsible for its efficacy in blocking anti-inflammatory activation
(Divakaruni et al., 2018). Exogenous delivery of CoA to macrophages restored the etomoxir-
induced decrease in intracellular CoA levels, as well as the rescue the expression of IL-4-
associated cell surface markers, even in models with genetic disruption of long-chain fatty
acid oxidation. Importantly, exogenous supplementation of CoA to the assay medium
enhanced the IL-4-associated cell surface markers above IL-4-treatment alone. The result
suggests that intracellular CoA levels may be limiting, and therefore regulatory and
targetable, in anti-inflammatory polarization. However, the precise mechanism by which
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CoA affects alternative activation, and whether this involves mitochondrial metabolism,
remain unclear. A mechanism could be as straightforward as CoA abundance directly
affecting acetyl CoA levels and histone acetylation (Covarrubias et al., 2016), or rather CoA
levels could be limiting for a host of oxidative or biosynthetic metabolic reactions necessary
for the IL-4 response.

Similarly unclear is whether mitochondrial reactive oxygen species, a pro-inflammatory
trigger, plays any role in dampening the anti-inflammatory response. Supportive evidence at
the level of gene expression comes from the use of different mitochondrial inhibitors. For
example, complex | inhibition with rotenone, which blocks reverse electron transport and
IL-1B production upon LPS activation (Mills et al., 2016), remarkably increases some
markers of the IL-4 response (Divakaruni et al., 2018). Moreover, rotenone and the ATP
synthase inhibitor oligomycin both inhibit oxidative phosphorylation but can have markedly
different effects on anti-inflammatory activation, perhaps suggesting this may be due to
differential effects on the mitochondrial membrane potential and downstream redox triggers
(Divakaruni et al., 2018). Clearly, more work is needed to better understand the precise role
of mitochondria in anti-inflammatory activation, particularly in the discovery of signals that
reciprocally regulate pro- and anti-inflammatory markers and work within the graded,
spectral nature of macrophage activation.

4. Concluding Remarks

In addition to autoimmune diseases that may be expected to have a dysregulated balance in
the macrophage polarization state, it is now well accepted that an imbalance between pro-
and anti-inflammatory function can underlie a range of diseases as varied as diet-induced
obesity (Lumeng et al., 2008), insulin resistance (Olefsky and Glass, 2010), cardiovascular
disease (Bolego et al., 2013; Zhou and Tian, 2018), non-alcoholic steatotic hepatitis
(Kazankov et al., 2019), neurodegeneration (Baik et al., 2019), and cancer (Noy and Pollard,
2014). It therefore follows that ‘re-polarizing’ the macrophage population may be a
therapeutic strategy (Sica and Mantovani, 2012), and pre-clinical studies have investigated
pharmacologic and biologic means to repolarize macrophages to adjust disease progression
(Chen et al., 2018; Georgoudaki et al., 2016). Given the requisite metabolic changes that
occur during macrophage activation, and that mitochondrial changes may explain limitations
in reprogramming macrophages after initial polarization (Van den Bossche et al., 2016),
mitochondrial metabolism is an attractive therapeutic target (Murphy and Hartley, 2018).
Strategies could include not only repurposing existing drugs that target metabolic enzymes
and transcriptional programs, but also cell-permeant metabolite analogs (Martin et al., 2019;
E. A. Mills et al., 2018) given the dramatic effects of TCA cycle metabolites on macrophage
function. Indeed, application of these concepts to targeting macrophage metabolism is likely
to only further enhance our appreciation for the breadth of mitochondrial repurposing upon
macrophage activation.
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Figure 1 —. Overview of TCA cycle bioenergetics
The TCA cycle is a series of 8 reactions which, from a bioenergetic perspective, provide

electrons to the respiratory chain in the form of the reduced electron carriers NADH and
FADHo,. Isocitrate dehydrogenase, a-ketoglutarate dehydrogenase, and malate
dehydrogenase generate NADH when driven in the oxidative direction. Succinate
dehydrogenase (respiratory complex I1) oxidizes succinate to generate FADH>. CS, citrate
synthase; Aco., aconitase; CAD, cis-aconitate decarboxylase; /rgZ, immunoresponsive gene
1; IDH, isocitrate dehydrogenase; a-KGDH, a-ketoglutarate dehydrogenase; SCS, succinyl-
CoA synthetase; SDH, succinate dehydrogenase; FH, fumarate hydratase; MDH, malate
dehydrogenase.
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Figure 2 —. Overview of mitochondrial bioenergetics and membrane potential
A reservoir of potential energy exists across the mitochondrial inner membrane due to the H

* gradient across the inner membrane. This consists of both an electrical component (Aym),
due to disparate charge across the membrane, and a chemical component, due to the
differential pH (ApH). The resulting protonmotive force (pmf) can be used to drive a range
of energy-demanding reactions central to mitochondrial activity. I-V, mitochondrial
respiratory complexes I-1V and the ATP synthase (complex V); P;C, inorganic phosphate
carrier; ANT, adenine nucleotide translocase; NNT, nicotinamide nucleotide
transhydrogenase [also NAD(P) transhydrogenase]; UCP, uncoupling protein; MCU,
mitochondrial calcium uniporter; TIM, translocase of the inner membrane; SLC25, solute
carrier family 25; MPC, mitochondrial pyruvate carrier.
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Figure 3 —. Non-bioenergetic roles of TCA cycle metabolites
In addition to linking substrate oxidation to the respiratory chain, TCA cycle metabolites

also serve critical roles is regulating cell function independently of direct effects on energy
metabolism. These include post-translational modifications (e.g. hydroxylation, acetylation,
alkylation, etc.), epigenetic modifications, ligand-mediated alterations of protein activity,
and even direct functional effects. Red “X” symbols indicate ‘breaks’ in the TCA cycle at
IDH and SDH as detailed in the manuscript text. ACLY, ATP citrate lyase; DiC,
dicarboxylate carrier; OGC, oxoglutarate carrier; CiC, citrate carrier.
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