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Summary

Immune cell function and fate is intimately linked to engagement of metabolic pathways. The
contribution of core metabolic pathways to immune cell bioenergetics has been vigorously
investigated in recent years. However, precisely how other peripheral metabolic pathways support
immune cells beyond energy generation is less well understood. Here we survey the literature and
highlight recent advances in our understanding of several ancillary metabolic pathways and how
they support processes beyond ATP production and ultimately contribute to protective immunity.

Introduction

In union there is strength - Aesop

The immune system protects the host against infection and cancer, and it does so by
coordinating cell activation and proliferation with effector functions such as cytokine
secretion and cell-mediated cytotoxicity. A key feature of the immune system is the
plasticity to an ongoing challenge that allows immune cells to adapt to changing
circumstances. Interacting metabolic pathways underlie this plasticity and have been the
focus of intense interest as therapeutic targets to harness the full potential of the immune
system. Cellular metabolism is often oversimplified to the mere production of ATP or the
maintenance of redox balance by controlling NADH and NAD™ levels. Glycolysis, fatty acid
oxidation (FAO) and amino acid oxidation feed carbons into the tricarboxylic acid (TCA)
cycle that in turn produces reducing equivalents in form of NADH (or FADH,). NADH
donates electrons to the mitochondrial electron transport chain that is ultimately coupled to
ATP production. However, the plasticity of the cell requires the metabolism to be flexible to
meet the cellular demands not only in terms of energy, but also in terms of biosynthesis.

The involvement of core metabolic pathways in defining various immune functions has been
extensively reviewed (O'Neill et al., 2016; Pearce and Pearce, 2013). We focus here on
several ‘peripheral’ pathways that are linked to core metabolism and shape the complexity of
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the immune response (Figure 1), but have been less explored in immune cells. Here we
highlight the immunological implications of pathways leading to the biosynthesis of
polyamines, cholesterol, hexosamines, and nucleotides, with a unifying theme that the
convergence of these pathways in immune cells establishes their plasticity, revealing that in
metabolism, where there is union there is strength.

Polyamine Biosynthesis

Polyamines are highly conserved small cationic metabolites ubiquitously present in all
eukaryotic cells. In mammals, polyamines comprise diamine putrescine, triamine spermidine
and tetraamine spermine. Ornithine, the precursor to polyamines, is synthesised as part of
the urea cycle where it is converted from arginine by arginase. Ornithine synthesis may also
receive input from glutamine via the production of carbamoyl phosphate that subsequently
feeds into the urea cycle, or from proline and glutamate through A1-Pyrroline 5-carboxylate
that ultimately forms ornithine by way of ornithine acetyltransferase (OAT) (Figure 2). For
polyamine synthesis, ornithine is converted to putrescine by ornithine decarboxylase (ODC),
after which spermidine and spermine may be synthesised by spermidine synthase and
spermine synthase, respectively (Figure 2). Positively charged at physiological pH,
polyamines bind to acidic sites on proteins and nucleic acids (Pegg, 2016). By binding DNA,
polyamines influence gene expression through multiple mechanisms (reviewed by (Childs et
al., 2003)), including by controlling the expression of transcription factors such as Myc
(Celano et al., 1989; Patel and Wang, 1997). Cellular uptake and efflux of polyamines is
poorly understood. In mammals, there are endocytic and caveolin-regulated pathways for
polyamine transport (Roy et al., 2008; Soulet et al., 2004) whilst members of the SLC
superfamily of membrane transporters have also been implicated in polyamine influx
(reviewed in (Abdulhussein and Wallace, 2014)). Proliferating cells synthesize polyamines
and inhibition of this process retards cell growth, however precisely how polyamines
promote cell growth remains unclear (Pegg, 2016). Intracellular polyamine levels are tightly
controlled by the expression of the catabolic enzymes spermidine-spermine acetyltransferase
(SAT1) and polyamine oxidase (PAO) while the biosynthetic enzymes face intricate
regulation that strictly dictates their expression and activity. This level of control facilitates
the highly inducible nature of the polyamine synthesis pathway that many immune cells
engage during cell activation and differentiation.

The bulk of polyamine research to date has been in cancer where upregulation of the
polyamine synthesis pathway is known to drive cell proliferation (Casero and Marton, 2007).
The requirement for polyamines in proliferating cells indicates that this pathway is likely to
be engaged during lymphocyte activation and clonal expansion. This idea is supported by
numerous older reports in T cells showing a direct link between polyamine synthesis and T
cell proliferation (Bowlin et al., 1987; Kay and Pegg, 1973; Schall et al., 1991; Scott et al.,
1985a). In naive T cells, the activity and production of polyamine synthesis enzymes are
maintained at low levels (Kay and Lindsay, 1973; Kay and Pegg, 1973), but this changes
with T cell activation as ODC and S-adenosylmethionine decarboxylase activity, the rate
limiting steps in polyamine synthesis, increase within hours of stimulation (Fidelus et al.,
1984; Kay and Lindsay, 1973; Kay and Pegg, 1973; Scott et al., 1985b). Although the
induction of this pathway early after T cell activation has been noted, few recent studies
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have tackled the role of polyamines in lymphocytes. Green and colleagues demonstrated
using modern mass spectrometry techniques that increased levels of polyamines can be
detected 24 hours post-activation in T cells and that ODC inhibition with
difluoromethylornithine (DFMO) is sufficient to inhibit activation-induced proliferation
(Wang et al., 2011). Together with previous observations, the kinetics of these data suggest
that polyamines are important in T cell clonal expansion. How these metabolites control this
process mechanistically requires further investigation. Regarding their production, reported
data suggest that the synthesis of polyamines in T cells is under the direction of Myc (Wang
etal., 2011). The ODC promoter is known to contain Myc consensus binding sequences
(Packham and Cleveland, 1997) and ODC gene expression is regulated by Myc (Wagner et
al., 1993). Indeed, Myc-deficient T cells fail to induce Odlc and other polyamine synthesis
genes leading to decreased polyamine production after activation (Wang et al., 2011).

A study by Monticelli et al. reports a pivotal role for arginine metabolism in group 2 innate
lymphoid cells (ILC2s) (Monticelli et al., 2016). In the absence of Argl, lung ILC2s fail to
proliferate /n vivo during inflammation. Interestingly, a significant proportion of arginine is
metabolized to spermidine in ILC2s, hinting at a role for spermidine in driving ILC2
proliferation. Of note, the scavenging of arginine from extracellular environments by cells
such as myeloid-derived suppressor cells (MSDCs), macrophages and tumor cells limits T
cell proliferation. It would be interesting to explore the role of polyamines within this
paradigm and whether arginine scavenging is in fact a ploy to restrict polyamine synthesis
that appears to be an absolute requirement for T cell expansion. Therefore, while polyamine
inhibition has thus far failed as a chemotherapeutic, it might yield success in controlling
immune cell proliferation in the context of autoimmunity.

In macrophages, the functional importance of polyamines is also unclear. In the steady state,
polyamine levels are thought to be relatively low (Van den Bossche et al., 2012) but IL-4 is
likely to induce polyamine synthesis through its ability to augment Argl, suggesting that
polyamines might be particularly important for macrophage alternative activation (herein
referred to as M2). Reports that polyamines have anti-inflammatory effects on macrophages
may intimate that polyamine synthesis acts as a metabolic regulator of macrophage
differentiation, restraining classical activation (M1), while promoting M2 formation. In
support of this, LPS-induced expression of TNF, IL-1, IL-6 and CD80 is dampened by
polyamines (Yang et al., 2016a). Similarly, both spermine and spermidine can suppress LPS-
induced IL-12 production and nitric oxide formation in mouse macrophages (Bussiere et al.,
2005; Chaturvedi et al., 2010; Hasko et al., 2000; Szabo et al., 1994; Yang et al., 2016a). In
light of these findings, polyamine production in M1 cells might function to temper
inflammation and promote resolution. Hardbower et a/. have addressed this question using
OdcTlox/flox | ysp-Cre mice (Hardbower et al., 2017). During H.pyloriand C. rodentium
infection Odc0X/flox | ysp-Cre mice display increased gastritis and colitis, respectively, and
enhanced M1 activation. These observations add weight to the idea that ODC expression and
polyamine production restrain M1 responses during infection to limit inflammation. In M2
macrophages, arginase is upregulated along with ornithine production (Jha et al., 2015),
begging the question of functional relevance of polyamines in this subset. Pharmacological
depletion of polyamines /n vitro has a significant effect on the phenotype of IL-4-treated
macrophages (Van den Bossche et al., 2012) in which they fail to upregulate signature M2
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genes. /n vivo, spermidine treatment can alleviate experimental autoimmune
encephalomyelitis (EAE), a mouse model of multiple sclerosis, and this effect was partially
dependent on spermidine’s ability to promote Argl in macrophages, another prototypic M2
marker. Macrophages from spermidine-treated EAE mice could confer the protective effect
when adoptively transferred into new EAE mice (Yang et al., 2016a). However, bone
marrow-derived macrophages from Odc0X/f1ox | yspM-Cre mice stimulated with IL-4 show
enhanced expression of the M2 markers ArgZ and YmZ1 (Hardbower et al., 2017), leaving the
status of polyamines in alternative activation unclear.

In line with a generally suppressive role for polyamines in the myeloid lineage, recent work
from Grohman and colleagues reports an important function for spermidine in conferring
immunomodulatory properties to dendritic cells (DCs) (Mondanelli et al., 2017). Specific
subsets of immune cells express indoleamine 2,3-dioxygenase 1 (IDO1), an
immunosuppressive enzyme that degrades tryptophan, an amino acid essential for effective
T cell responses. In TGFp-stimulated DCs, IDO1 activity requires Argl-dependent synthesis
of spermidine that in turn induces the activation of Src kinase — a factor important for IDO1
function. Remarkably, MSDCs could confer an IDO1-dependent immunosuppressive
phenotype to DCs in a cell contact-independent manner through their release of polyamines
into the extracellular milieu (Mondanelli et al., 2017).

Polyamines are also critical for the replication of Zika and Chikungunya virus through their
contribution to viral RNA transcription and translation. A noteworthy observation of this
work was the induction of the polyamine degradation enzyme SAT1 by type | interferon as a
novel anti-viral response (Mounce et al., 2016). This raises the possibility that polyamine
metabolism in the immune system might be under cytokine control.

Cholesterol biosynthesis

Cholesterol is well-known for its role in the progression of cardiovascular disease, however,
cholesterol is also an essential component of biological membranes as it regulates fluidity
and allows organization of transmembrane proteins into signaling platforms named lipid
rafts (Lange et al., 1989). Cholesterol and the intermediates of its biosynthesis are key for
the generation of steroid hormones, vitamins, bile acids and for protein prenylation, a post-
translational modification that tethers proteins to biological membranes. Cholesterol is
synthesized starting from the precursor acetyl-CoA. The enzyme HMG-CoA reductase uses
acetyl-CoA and NADPH to generate mevalonate, the committing step of the pathway.
Mevalonate undergoes several phosphorylation steps that generate activated isoprenes, later
condensed to form the 30-carbon molecule squalene. A series of reactions allows cyclization
of squalene to form the four fused rings characteristic of cholesterol and other sterols
(Figure 3).

Intracellular cholesterol levels are tightly controlled by the opposite action of two
transcription factors, sterol regulatory element-binding protein 2 (SREBP2) and liver-X
receptor (LXR). Low cholesterol levels activate SREBP2 that controls expression of HMG-
CoA reductase and the enzymes involved in cyclization of squalene (Jeon and Osborne,
2012). Conversely, high cholesterol levels activate LXR, which coordinates cholesterol
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efflux via ABC transporters, or cholesterol esterification for intracellular storage by acyl-
CoA cholesterol acyl transferases (ACATS).

The importance of cholesterol regulation is evident in activated T cells, which reprogram
their metabolism by simultaneously inducing SREBP2 and repressing LXR signalling
(Bensinger et al., 2008; Kidani et al., 2013). T cell progression into the cell cycle is
sustained by SREBP2 activation and cholesterol biosynthesis, whereas LXR signaling
inhibition is mediated by ST2B1 (encoded by Su/t2b1) that degrades LXR agonists. Down-
modulation of cholesterol biosynthesis leaves T cell activation unaffected, but compromises
cell cycle progression and metabolic reprogramming of activated T cells. Mice deficient for
the chaperone SCAP, which mediates processing and activation of SREBPs in the
endoplasmic reticulum (ER), fail to engage glycolysis and OXPHOS and are susceptible to
viral infection (Kidani et al., 2013). Modulation of T cell responses by cholesterol also
occurs at the level of T cell receptor (TCR) signaling. TCRs accumulate in lipid rafts where
they interact with cholesterol that keeps the TCRs in nanoclusters, enhancing avidity
(Molnar et al., 2012). At the same time, cholesterol maintains the TCR in an inactive status
that blocks downstream signal transduction (Swamy et al., 2016a). These seemingly
contrasting outcomes may be reconciled by the fact that cholesterol enhances TCR
nanoclustering and sensitivity to agonistic ligands, but restrains spontaneous signalling.
Memory T cells have more lipid rafts than naive T cells, and this feature may potentially
underlie the increased sensitivity of memory T cells upon antigen re-encounter. The
naturally occurring cholesterol sulphate instead represses TCR signaling by replacing
cholesterol and disrupting TCR nanoclustering. The level of cholesterol sulfate varies during
T cell development, suggesting that cholesterol metabolism may fine tune T cell
development by modulating TCR signalling (Wang et al., 2016). Pharmacological
manipulation of cholesterol metabolism can increase the anti-tumor potential of CD8 T cells.
Inhibition of ACAT1 and cholesterol esterification promotes accumulation of cholesterol in
the cell membrane, sustaining TCR clustering and signaling. In turn, CD8 T cells better
polarize cytotoxic granules to the immunological synapse and show enhanced anti-tumor
activity (Yang et al., 2016b). The importance of cholesterol metabolism in immune
responses is highlighted by the fact that tumors themselves use sterols to hi-jack the immune
response. Tumors secrete ligands of LXR that suppress dendritic cell migration to the lymph
nodes and the anti-tumor response (Villablanca et al., 2010).

The many intermediates and derivatives of cholesterol biosynthesis have different structural
features that allow them to have different functions. Intermediates of cholesterol
biosynthesis bind to the transcription factor RORyt to control differentiation of IL-17-
producing T helper cells (Th17) (Hu et al., 2015; Santori et al., 2015). In contrast, LXR
activation inhibits Th17 development via a mechanism involving competition between
SREBP1 and AhR, a transcription factor that is known to sustain Th17 differentiation (Cui et
al., 2011). The development of Th17 is tightly linked to the development of regulatory T
cells (Treg) and the engagement of metabolic pathways underlies this fate decision. mMTOR
activation supports glycolytic flux and together with de novo fatty acid synthesis promotes
the development of Th17 (Berod et al. 2014). Although being a negative regulator of de
novo Treg differentiation, mTOR signalling coordinates cholesterol and lipid metabolisms to
sustain the suppressive function of Treg (Zeng et al. 2013). The cholesterol derivative 7a.,25-
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hydroxycholesterol influences the spatial coordination of immune responses by binding to
the G protein-coupled receptor EBI2 and directly positioning B cells close to cognate T
cells, thus favoring their interaction and an effective response (Hannedouche et al., 2011)
(Liu et al., 2011).

The antiviral response further underscores the relationship between cholesterol homeostasis
and immune responses. Viral infection, as well as interferon stimulation, induces STAT1-
dependent transcription of CA25h, encoding cholesterol 25-hydroxylase that generates 25-
hydroxycholestrol (25-HC) (Blanc et al., 2013; 2011). The antiviral activity of 25-HC ranges
from the alteration of the membrane lipid composition to impair viral entry, to inhibition of
SREBP?2 processing and activity (Liu et al., 2013; Radhakrishnan et al., 2007). Since viruses
must rely on cellular metabolism to meet their needs, it was thought that alteration of
cholesterol biosynthesis and nutrient availability may affect viral life cycle. However recent
work suggests that reduction of cholesterol biosynthesis directly drives the anti-viral
response via the ER-bound signalling protein STING rather than decreasing nutrient
availability to the virus (York et al., 2015). Upon viral infection, reduction of de novo
cholesterol synthesis is indeed coupled to enhanced exogenous uptake, and total intracellular
levels are unaffected. However, despite being chemically identical, de novo-synthesized and
exogenous cholesterol follow different intracellular trafficking routes. Therefore, depletion
of endogenous cholesterol in the ER may drive the antiviral response, while import from the
extracellular space provides the cell with the cholesterol required for other functions.
Interestingly, 25-HC also inhibits inflammasome activation and IL-1 secretion. Mice
lacking Ch25h show an overall pro-inflammatory phenotype where they are more
susceptible to LPS-induced sepsis and EAE, while controlling pathogen burden better
(Reboldi et al., 2014). Could the concomitant dual role of 25-HC contribute to the
occurrence of bacterial co-infection during viral invasion?

Signals through immune receptors such as Toll-like receptors (TLR) may interfere with the
crosstalk between SREBP2/LXR signals in innate immune cells. TLR engagement blocks
LXR signaling and reduces expression of the ABC transporters that control cholesterol
efflux (Castrillo et al., 2003). In a model of systemic inflammation, TLR agonists impaired
the reverse cholesterol transport, a system used to clear excess cholesterol from the tissues
(McGillicuddy et al., 2009). Of note, cholesterol crystals found in atherosclerotic lesions and
scavenged by macrophages activate the inflammasome and may underlie the ability of
macrophages to effect the inflammatory response in atherosclerosis (Duewell et al., 2010).
Furthermore, the cholesterol synthesis intermediate desmosterol accumulates in cholesterol-
loaded macrophages, binds LXR and exerts anti-inflammatory effects (Spann et al., 2012).
These data provide insight into the interplay between inflammation and cholesterol
metabolism during the development of atherosclerosis, and highlight the requirement for
exogenous cues to break homeostasis and drive the pro-inflammatory phenotype of
macrophages.

Hexosamine Biosynthesis

While most glucose that enters the cell is metabolized through glycolysis, this sugar is also
used in an essential off-shoot of the glycolysis pathway known as the hexosamine
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biosynthesis pathway (HBP). The HBP diverges from glycolysis when fructose 6-phosphate
is converted to glucosamine 6-phosphate by the HBP rate-limiting enzyme glutamine
fructose-6-phophate amidotransferase (GFAT) (Ferrer et al., 2016). Following incorporation
of nitrogen from glutamine, nucleotides and acetyl-CoA, the primary product of the HBP is
the amino sugar uridine diphosphate N-acetylglucosamine (UDP-GIcNAc). UDP-GIcNAC is
utilised by cells to mediate the reversible addition of O-linked p-N-acetyl glucosamine (O-
GIcNAC) — a protein modification known as O-GIcNAcylation (Bond and Hanover, 2015)
(Bond and Hanover, 2015) (Figure 4). As many as 4,000 proteins are thought to be targets
for O-GIcNAcylation (Ma and Hart, 2014), but remarkably this modification is mediated by
a single enzyme, O-GIcNAc transferase (OGT), that catalyzes O-GIcNAc addition to serine
and threonine residues using UDP-GIcNAC as a substrate. In parallel, O-GIcNAc is removed
by the action of O-GIcNAcase (OGA). While O-GlcNacylation occurs independently on
many proteins, there is extensive cross-talk with protein phosphorylation. O-GlcNAcylation
often occurs at the site of, or proximal to, the same serine and threonine residues modified
by kinases (Hart et al., 2011) and this competition permits a dynamic interplay that can alter
signaling and protein function (Bond and Hanover, 2015). Although the implications of O-
GlIcNAcylation in immunity are only just emerging, its biological significance is highlighted
in the embryonic and perinatal lethality of OGT and OGA deletion in mice (Shafi et al.,
2000; Yang et al., 2012). High expression levels of these enzymes observed in immune cells
(Bond and Hanover, 2015) likely reflects their potential to rapidly modify protein activity
during cellular activation and differentiation. One such example of this is the O-
GlcNAcylation of NF-xB subunit c-Rel that is required for its DNA binding activity and
subsequent cytokine expression in activated T cells (Ramakrishnan et al., 2013). O-
GlcNAcylation inhibition in this context is sufficient to repress /L2and /FNG expression
following TCR stimulation. O-GIcNAcylation of STAT3 exerts an inhibitory effect on
STAT3 phosphorylation resulting in loss of IL-10 production in macrophages (Li et al.,
2017), showing how O-GIcNAc modifications can control important transcriptional
programs in immune cells.

In T cells, glucose and glutamine are essential for T cell activation. However, these
metabolites also contribute to UDP-GIcNAc formation that is required throughout T cell
development and activation. An increase in O-GIcNAc is an early event in T cell activation
that supports proliferation and differentiation as genetic or pharmacological ablation of OGT
blunts these processes (Lund et al., 2016; Swamy et al., 2016b). Interestingly, accumulation
of OGT has been observed at the immunological synapse suggesting the O-GIcNAcylation
machinery is polarised to the TCR during activation to augment signaling during priming
(Lund et al., 2016). This is supported by a global analysis of the O-GIcNAc glycoproteome
in activated human T cells that found key downstream components of the TCR, such as Lck
and ZAP-70, O-GIcNAc-modified (Lund et al., 2016). O-GlycNAcylation in activated cells
is controlled by Myc as Myc™= T cells fail to increase protein O-GlycNAcylation. This
regulation functions in a feedback loop as O-GIlcNAcylation of Myc inhibits its
phosphorylation thereby preventing proteolytic degradation (Swamy et al., 2016b). How O-
GlycNAcylation impacts T cells at later stages of differentiation requires further exploration,
although O-GIcNAcylation can modulate mTOR and autophagy (Ferrer et al., 2016), both of

Cell Metab. Author manuscript; available in PMC 2018 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Puleston et al.

Page 8

which regulate memory T cell formation (Araki et al., 2009; Puleston et al., 2014; Xu et al.,
2014; Schlie et al., 2015).

HBP-derived UDP-GIcNAC can also provide a substrate for the branching of N-glycans - a
post-translational modification found on surface glycoproteins. Most transmembrane
receptors on mammalian cells are modified by N-glycosylation en routeto the cell surface.
GIcNAc-branching of N-glycans is mediated by the N-acetylglucosaminyltransferases I, Il,
IV and V (also known as Mgat1, 2, 4a/b, and 5) through the sequential transfer of GICNAc
from UDP-GIcNAc. Once at the cell surface, glycoproteins bind galectins through their N-
glycan modifications to form a molecular lattice that negatively regulates lateral movement
and endocytosis of surface receptors. The affinity of N-glycans on glycoproteins for surface
galectins is directly proportional to the level of GIcNAc branching and the number of
attached N-glycans (Chen et al., 2009).

In macrophages, high levels of UDP-GIcNACc are linked to upregulation of N-glycan
synthesis enzymes during M2 polarisation (Jha et al., 2015). Although inhibition of N-
glycosylation only mildly affects M1 polarization, it is sufficient to significantly impede the
M2 program, further highlighting the functional importance of the HBP in macrophages. In
T cells, large variations in N-glycan branching are observed throughout thymic development
(Zhou et al., 2014). Deleting Mgat1, and thus N-glycan branching, was found to influence
positive selection at both the lower and upper affinity boundaries through differential
regulation of the TCR and CD4 and CD8 coreceptors. CD4 and CD8 N-glycan branching
enhances their surface retention and recruitment of Lck to the TCR, increasing the
sensitivity of the TCR to low-affinity peptide-MHC. In parallel, branching limits negative
selection driven by Ca2* flux in response to high affinity peptide-MHC (Zhou et al., 2014).
In peripheral T cells, N-glycan branching is induced by signals from the TCR and regulates
T cell activation and expansion (Chen et al., 2009). The TCR contains a relatively high
number of N-glycan modifications that in resting cells promotes strong interactions with
galectins that preclude spontaneous TCR oligomerization in the absence of antigen (Chen et
al., 2007). During clonal expansion branching increases, enhancing the affinity of the
inhibitory receptor CTLA-4 for galectins, thereby stabilising it at the cell surface and
reducing receptor endocytosis (Lau et al., 2007). Thus, N-glycan branching regulates T cell
responses by modulating the threshold for activation in resting cells and the activity of
CTLA-4 in proliferating cells.

Induction of aerobic glycolysis and fatty acid oxidation (FAO) are needed for /n vitro Th17
and Treg formation, respectively. During Th17 differentiation, T cells will polarise toward
Tregs if glycolysis is inhibited, but inhibiting FAO blocks Treg induction and favors Th17
cells (Michalek et al., 2011; Shi et al., 2011). While the balance between Th17 and Treg
cells is metabolically linked, a comprehensive understanding of this paradigm is lacking. A
recent study by Demetriou and colleagues has implicated UDP-GIcNAc and N-glycan
branching in this process (Araujo et al., 2017). During Th17 differentiation, the engagement
of aerobic glycolysis and glutaminolysis starves the HBP of substrates resulting in a drop in
GIcNAc branching of N-glycans. Reduced branching decreases CD25 expression and
concomitant IL-2R signalling through STAT5 — an inhibitory event for Th17 bias, but one
required for Treg formation. Remarkably, exogenous GIcNAc or overexpression of the
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branching enzyme Mgat5 biased polarisation toward FoxP3* Treg formation even in the
presence of Th17-differentiating cytokines. These observations place the HBP at the fulcrum
of Th17/Treg balance and provide mechanistic insight into the metabolic relationship
between Th17 and Treg cells.

The pentose phosphate pathway, NADPH and nucleotide biosynthesis

Immune cells rapidly activate in response to breakdown of tissue homeostasis. Cell
activation results in proliferation and acquisition of effector functions that require
nucleotides to synthesize RNA and DNA, or to coordinate intracellular and extracellular
signaling. Biosynthesis of nucleotides requires ribose-5-phosphate, produced upon shunting
of glucose from glycolysis to the pentose phosphate pathway (PPP). The PPP is divided into
oxidative and non-oxidative arms (Stincone et al., 2015). Oxidative reactions produce
ribose-5-phosphate, oxidized from glucose-6-phosphate generated during glycolysis.
Ribose-5-phosphate can then be used in nucleotide biosynthesis or in the non-oxidative arm
of the PPP. The oxidative PPP also reduces NADP* to NADPH, which is critical for the
biosynthesis of lipids and cholesterol as well as the regeneration of the antioxidant
glutathione, and is also used as an electron carrier in folate metabolism that eventually feeds
into nucleotide and polyamine biosynthesis. On the other hand, the non-oxidative PPP
consists of a series of enzymatic reactions that convert the pentose phosphates produced by
the oxidative reactions to hexose phosphates that can recycle back into the oxidative PPP,
forming a loop that sustains NADPH production. Thus the PPP generates reducing
equivalents in form of NADPH, in addition to generating ribose-5-phosphate moieties
(Figure 5).

T cells proliferate in response to activating stimuli to expand their effector potential. T cell
expansion requires de novo generation of biomass and, indeed, activated T cells shunt
carbon equivalents toward the PPP. Inhibition of glucose-6-phosphate dehydrogenase
(G6PD), the rate-limiting enzyme of the PPP, blocks T cell proliferation (Wang et al., 2011).
The transcription factor Myc is partially responsible of this effect as Myc deletion reduces
carbon flux toward the PPP, reduces accumulation of nucleotides and impairs up-regulation
of the PPP enzymes G6PD and transketolase. mTORCL contributes to the metabolic
reprogramming driving PPP engagement since it activates the transcription factors SREBP1
and 2 that control expression of G6PD (Duvel et al., 2010). Of note, mMTORC1 links the
activation of the PPP to cholesterol biosynthesis via the induction of SREBPs, while the PPP
provides reducing equivalents in the form of NADPH for cholesterol biosynthesis. The
reduced form of glutathione (GSH), regenerated during the oxidative PPP, has recently
emerged to be essential for T cell effector function. Deficiency of GSH does not affect early
T cell activation. However, GSH buffers the reactive oxygen species produced during T cell
activation, supports mTOR and NFAT activity and regulates Myc-dependent metabolic
reprogramming of activated T cells (Mak et al. 2017).

A study investigating the metabolic reprogramming of macrophage polarization found that
CARKL, the sedoheptulose kinase, is a rheostat modulating carbon flux into the PPP
(Haschemi et al., 2012). CARKL phosphorylates sedoheptulose to sedoheptulose-7-
phosphate (an intermediate of the non-oxidative PPP) and by a simple mass-action limits the
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carbon flux through the PPP, favoring its utilization toward pyruvate oxidation and entry into
the TCA cycle. LPS-driven M1 activation, known to promote glycolysis rather than
oxidative phosphorylation, blunts CARKL expression and induces carbon flux toward the
PPP. PPP engagement was also highlighted by integrative analysis of RNA and metabolic
profiles in LPS-polarized macrophages, further supporting the role of the PPP in defining the
M1 polarization (Jha et al., 2015; Tannahill et al., 2013). Similarly to macrophages, LPS-
activated DCs engage the PPP to regenerate NADPH and support fatty acid synthesis that in
turn sustains the anabolic demands of cell activation (Everts et al., 2014).

Pyruvate kinase M2 (PKM2) is important in the metabolic control of immune cell
differentiation, by regulating the carbon flux toward the PPP. The highly active tetrameric
form of PKM2 converts phosphoenolpyruvate (PEP) to pyruvate and directs carbons to the
TCA cycle. Instead, LPS-activated macrophages and proliferating cells, amongst which
include activated lymphocytes and cancer cells, present PKM2 in a dimeric form with low
affinity for PEP. The lower rate of conversion of PEP to pyruvate leads to accumulation of
glycolytic and PPP metabolites, thus favoring PPP engagement and biosynthetic processes.
Moreover, dimeric PKMZ2 can also translocate to the nucleus to control, in concert with
HIF-1a, the expression of glycolysis-related enzymes (Luo et al., 2011; Palsson-McDermott
etal., 2015).

Instead of being recycled between the non-oxidative and the oxidative PPP to sustain
NADPH production, Ribose-5-phosphate can also exit the PPP and funnel into nucleotide
biosynthesis (Figure 5). Ribose-5-phosphate is phosphorylated to phosphoribosyl-
pyrophosphate that is used together with amino groups (NH4*) from glutamine, and amino
acids to generate nucleotides. This de novo pathway is complex and energy-expensive and
used by actively proliferating cells, such as T cells; resting cells instead use the salvage
pathway that recycles free bases and nucleosides released from nucleic acid breakdown
(Fairbanks et al., 1995). Nucleotide biosynthesis inhibition has obvious effects on cell
proliferation and effector functions (Turka et al., 1991), however the underlying mechanisms
are often unexpected. For instance, pyrimidine nucleoside deoxythymidine triphosphate
(dTTP) levels, recycled via the salvage pathway, must be tightly controlled to allow
development of haematological lineages in the bone marrow. Elevated levels of dTTP arrest
cell cycle progression by allosteric inhibition of ribonucleotide reductase that impairs
generation of deoxyribonucleotides and eventually DNA synthesis (Austin et al., 2012).
Glutaminolysis catabolizes glutamine to feed the TCA cycle and support several
biosynthetic pathways, among which are polyamines and hexosamines. Of note,
glutaminolysis provides amino groups to de novo nucleotide biosynthesis, and is coupled to
Myec transcriptional activity. Myc deficiency affects carbon flux through glutaminolysis and
polyamine and nucleotide accumulation upon T cell activation (Wang and Green, 2012).

Intermediates of the one-carbon metabolism are major carbon sources that support the
biosynthesis of purines and pyrimidines (Ducker and Rabinowitz, 2017). The core of the
one-carbon metabolism consists of two interconnected cycles, the tetrahydrofolate (THF)
cycle and the methionine cycle. The THF cycle is centred around three active molecules
with distinct redox states and bioactivities. 5,10-methylene-THF regulates the balance
between the pyrimidines deoxyuridine monophosphate (dUMP) and deoxythymidine
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monophosphate (dTMP) and it is the entry point for the non-essential amino acid serine, a
major carbon donor to the pathway. 10-formyl-THF is the most oxidized form of folate and
is required for de novo synthesis of purines. In proliferating cells, the demand of purines
pushes the THF cycle to funnel carbon equivalent into 10-formyl-THF that feeds the
purinosome, an enzymatic complex containing all the enzymes required to support purine
synthesis. 5-methyl-THF is the most reduced form of folate and links the THF cycle to the
methionine cycle. 5-methyl-THF is used to methylate homocysteine to methionine that is the
substrate of S-adenosyl-methionine (SAM) synthetase. SAM is the most important methyl
carrier in mammalian cells and has a role in DNA methylation, phospholipid biogenesis and
polyamine synthesis. The efficiency of the THF cycle is strongly coupled to cellular redox
balance. The THF cycle runs both in the cytosol and in the mitochondria where, respectively,
NADP*/NADPH and NAD*/NADH ratios are used to balance the amount of 5,10-
methylene-THF, 10-formyl-THF and 5-methyl-THF to drive distinct biosynthetic processes
(Figure 5).

Recent work highlights the central role of one-carbon metabolism for nucleotide
biosynthesis in T cells. Activated T cells increase serine uptake that is metabolized through
the THF cycle to generate purines. Tracing experiments show that the THF and the
methionine cycles are not interconnected in activated T cells as serine-derived carbons do
not enter the methionine cycle but they are only used to feed the purine pool. T cell
proliferation is reduced upon serine starvation, whereas cytokine production and the overall
bioenergetic output are unaffected. Bypassing serine deficiency by feeding cells with
formate and glycine, by-products of serine metabolism through the THF cycle, rescues the
proliferation defect (Ma et al., 2017). Furthermore, the work of Ron-Harel et a/. points out
that the mitochondrial branch of the THF cycle modulates T cell activation. Activated T cells
rewire the mitochondrial proteome to augment the flux through the THF cycle. Failure to
engage the mitochondrial THF cycle impairs the purine pool and mitochondrial redox
balance. Failure to regenerate NADP* to NADPH depletes the reserve of reduced
glutathione and results in DNA damage and increased cell death that is rescued by providing
cells with formate and the anti-oxidant N-acetyl cysteine (Ron-Harel et al., 2016). Cell
activation licenses mTORCL to drive accumulation of both pyrimidines and purines.
mTORC1 controls pyrimidine synthesis via the S6K1-dependent phosphorylation of the rate
limiting multi-domain enzyme of pyrimidine biosynthesis, CAD (carbamoyl-phosphate
synthetase 2, aspartate transcarbamylase, and dihydroorotase) (Ben-Sahra et al., 2013). On
the other hand mTORC1 modulates the purine pool by directly affecting the flux through the
THF cycle; indeed, mTORCL1 controls expression of MTHFD2 that keeps the balance
between 10-formyl-THF and 5,10-methylene-THF (Ben-Sahra et al., 2016).

Metabolic plasticity allows cells to adapt to the surrounding environment and the available
nutrients. Carmeliet and colleagues showed that fatty acid oxidation (FAO), a core metabolic
pathway involved in energy production, provides carbon equivalents to nucleotide
biosynthesis. The rate-limiting enzyme of FAQ is carnitine palmitoyltransferase 1 (encoded
by CPT14), whose deficiency in endothelial cells impairs levels of TCA intermediates and
TCA cycle-derived amino acids. Among these, aspartate and glutamate are involved in
purine and pyrimidine synthesis, and CPT1a-deficient cells show a reduced pool of
nucleotides and defective proliferation (Schoors et al., 2015). Although FAO has not been
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shown to feed nucleotide biosynthesis in T cells /n vitro, it is feasible that immune cells may
remodel their metabolism in response to the changing environment and use fatty acids as a
rich carbon source to synthetize nucleotides /n vivo.

Conclusion

The field of immunometabolism has elucidated many of the ways in which specific
metabolic pathways are linked to fate and function in immune subsets. Understandably,
much of the focus has been on the major pathways that drive energy production in cells,
such as glycolysis and fatty acid oxidation. The aim of this review is to bring attention to the
wider metabolic networks that operate in the immune system. Although the metabolic
demand of these pathways may be small in terms of energy supply, they have a significant
impact on cell function. However, many questions remain on the importance of these
‘peripheral’ networks in immunity (Box 1). There are many ancillary pathways, such as the
urea cycle, branched chain amino acids catabolism, and ammonia metabolism, which we
have not described here and have yet to be fully explored in immune cells. Finally,
elucidating precisely why cells engage particular metabolic pathways, be it for energy, redox
balance, biosynthesis, or protein modification, will be a focus of ongoing work.
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Box 1

Outstanding questions in ancillary immunometabolism

How are polyamines integrated into the metabolic and gene expression
network of immune cells?

The spermidine-dependent translation factor elF5a is one of the most
expressed proteins in activated T cells (Hukelmann et al., 2015). What is its
role in immunity?

Intermediates of cholesterol biosynthesis can bind nuclear receptors like
RORyt, can other metabolites moonlight as ligands or modulators for other
immunologically relevant receptors and transcription factors?

Key metabolic regulators such as AMPK and Myc can be O-GIcNAcylated
but how O-GIcNAc modifications facilitate dynamic changes in immune cell
metabolism is yet to be fully explored.

How do pathogens hi-jack immune cell metabolism to evade the immune
response?
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In this review article, Puleston et al. highlight the role of auxiliary metabolic pathways in
immune cell function. The biosynthesis of polyamines, cholesterol, hexosamines, and
nucleotides not only supports core metabolism, but also critically influences the immune
response.
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Figure 1. Ancillary metabolic pathways are intimately intertwined with core metabolism
Core metabolic pathways (grey shaded) use most of the carbon equivalents derived from

nutrients for the production of energy, to control redox balance and to generate biomass. The
‘peripheral’ pathways we describe in this review are also intertwined with core metabolism.
In this figure we focus our attention on some of the documented interactions between
‘peripheral’ and core metabolic pathways. The pentose phosphate pathway (PPP, purple
shaded) branches off glycolysis, feeds ribose-5-phosphate (ribose-5-P) to nucleotide
synthesis and represents a source of reducing equivalents in the form of NADPH. NADPH is
involved in fatty acid and cholesterol synthesis, and also enters the 1-carbon (1-C)
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metabolism to balance redox state. The 1-C metabolism (red shaded), together with amino
acids and ribose-5-P, supports de novo nucleotide biosynthesis. Furthermore, the 1-C
metabolism is the key source of S-adenosylmethionine required for spermidine and spermine
synthesis (green shaded). The polyamine pathway also utilizes the amino acids arginine,
glutamine and ornithine as precursors for polyamine synthesis. The production of
hexosamines (blue shaded) integrates fructose-6-P, glutamine, nucleotides and acetyl-CoA to
generate the amino sugar UDP-GIcNAc, involved in the post-transcriptional modification of
proteins. Finally, acetyl-CoA is used to synthesize cholesterol (orange shaded) that together
with its intermediates and derivatives coordinates intracellular signaling.

ETC: electron transport chain; F-6-P: fructose-6-phosphate; G-3-P: glycerol-3-phosphate;
G-6-P: glucose-6-phosphate; Met: methionine; Non-ox PPP: non-oxidative branch of PPP;
Ox PPP: oxidative branch of PPP; TCA: tricarboxylic acid; THF: tetrahydrofolate; UDP-
GIcNAc: uridine diphosphate A-actetylglucosamine.
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Figure 2. The polyamine biosynthesis pathway
Polyamine synthesis proceeds with the decarboxylation of ornithine to form putrescine via

the action of ornithine decarboxylase (ODC). Spermidine and spermine are then formed in
step-wise fashion by spermidine synthase (SPDS) and spermine synthase (SPMS). Both
SPDS and SPMS utilize decarboxylated S-adenosylmethionine, a product of S-
adenosylmethionine decarboxylase (AdoMetDC), as a substrate for spermidine and
spermine synthesis. Together with ODC, AdoMetDC comprise the rate-limiting steps of
polyamine synthesis. During catabolism, spermine can be directly oxidized to spermidine by

e\

Cell Metab. Author manuscript; available in PMC 2018 July 05.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Puleston et al.

Page 23

spermine oxidase (SMO). Induction of Spermidine/Spermine N1-acetyltransferase (SSAT),
the rate-limiting step of polyamine catabolism, results in N1-acetylated forms of spermine
and spermidine. Through the subsequent activity of polyamine oxidase (PAO) spermine can
be converted to spermidine and spermidine to putrescine. The precursor to polyamine
synthesis, ornithine, is synthesised by multiple routes. As an intermediate of the urea cycle,
ornithine is synthesised from arginine by arginase. The urea cycle may also act as a vehicle
to link the TCA cycle to polyamine synthesis as aspartate is used to form argininosuccinate
that is subsequently combined with fumarate to make arginine. Arginine may also be taken
up as a substrate and synthesised directly to ornithine. Both proline and glutamate can feed
into ornithine synthesis through Al-Pyrroline 5-carboxylate that once catalyzed to
Glutamate- y-semialdehyde can be converted to ornithine by ornithine acetyltransferase
(OAT). Finally, glutamine can also feed into the urea cycle via carbamoyl phosphate that
enters the cycle at citrulline (not shown).
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Figure 3. The cholesterol biosynthesis pathway
HMG-CoA reductase combines 3 molecules of acetyl-CoA with NADPH to synthesize

mevalonate, the precursor of cholesterol biosynthesis. Several steps of phosphorylation
generate activated isoprenes, later condensed to form squalene. Cyclization of squalene
occurs in several steps that finally generate the four fused rings characteristic of cholesterol
and other sterols. Intermediates of cholesterol biosynthesis, such as farnesyl pyrophosphate
are used to post-translational modify proteins (ie: protein prenylation). Similarly, many
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cholesterol derivatives such as cholesterol esters, hydroxycholesterols and cholesterol
sulfates play important roles in modulating the immune function.
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Figure 4. The hexosamines biosynthesis pathway

The hexosamine biosynthesis pathway is an off-shoot of glycolysis that starts with the
conversion of fructose-6-phosphate and the amino group donor glutamine to glucosamine-6-
phosphate. Glucosamine-6-phosphate is then linked to the nucleotide UTP and A-acetylated
to form the bioactive molecule UDP-A-acetylglucosamine. The enzymes O-GIcNAc
transferase (OGT) and O-GIcNAcase (OGA) catalyse addition or removal of the post-
translational modification O-GIcNAcylation. O-GlcNAcylation and phosphorylation often
compete for the same amino acid residues and their competition influence protein stability
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and function. On the other hand, the enzymes MGATSs use UDP-A+acetylglucosamine to
modify the branching of N-glycans, a post-translational modification of surface proteins that
regulates cell membrane dynamics.
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Figure 5. The pentose phosphate pathway, nucleotide biosynthesis and one-carbon metabolism
The pentose phosphate pathway (PPP) is divided into an oxidative and a non-oxidative arm.

In the former, the glycolytic intermediate glucose-6-phosphate is oxidized to ribose-5-
phosphate that can then feed the non-oxidative PPP. The non-oxidative PPP converts
ribose-5-phosphate to glucose-6-phosphate that re-enters the oxidative PPP and sustains a
cycle aimed at regenerating NADP* to NADPH. Ribose-5-phosphate can otherwise fuel the
de novo pathway of nucleotide biosynthesis to generate the building blocks for DNA
replication and RNA transcription. Quiescent cells mostly use the salvage pathway of
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nucleotide regeneration that recycles senescent DNA and RNA to feed the nucleotide pool.
The one-carbon metabolism is compartmentalized between cytosol and mitochondria and
provided essential carbon equivalents for purine and pyrimidine biosynthesis. The THF
cycle is the entry point of the essential amino acid serine to sustain proliferation of activate
T cells.
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