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Chapter 1
Metabolism in Immune Cell Differentiation
and Function

Nicole M. Chapman, Sharad Shrestha, and Hongbo Chi

Abstract The immune system is a central determinant of organismal health.
Functional immune responses require quiescent immune cells to rapidly grow, pro-
liferate, and acquire effector functions when they sense infectious agents or other
insults. Specialized metabolic programs are critical regulators of immune responses,
and alterations in immune metabolism can cause immunological disorders. There
has thus been growing interest in understanding how metabolic processes control
immune cell functions under normal and pathophysiological conditions. In this
chapter, we summarize how metabolic programs are tuned and what the physiologi-
cal consequences of metabolic reprogramming are as they relate to immune cell
homeostasis, differentiation, and function.

Keywords Metabolism ¢ T cells * Treg cells * NK cells ¢ B cells e mTOR « AMPK

1.1 Introduction

The immune system is comprised of the innate and adaptive immune cells, which
develop from bone marrow-derived progenitors cells. The response of the innate
immune cells is more rapid than adaptive immune cells. Innate immune cells are
activated by germ line-encoded receptors, including various pattern recognition
receptors and cytokine receptors. The engagement of these and other receptors
allows innate immune cells to engulf pathogens and other foreign antigens, to pro-
duce antimicrobial products, and to secrete cytokines and chemokines. Innate
immune cells, especially dendritic cells (DCs), can serve as antigen-presenting cells
(APCs), which process and present acquired antigens in the context of short pep-
tides on major histocompatibility complex (MHC) molecules. Trafficking of these
cells to secondary lymphoid tissues (e.g., spleen, lymph nodes) allows them to
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interact with adaptive immune cells. While the innate immune response is rapid,
adaptive immunity takes days to weeks to form. T and B cells make up the adaptive
immune system, and both of these cell populations express antigen receptors, called
the T cell antigen receptor (TCR) and the B cell antigen receptor (BCR). The TCR
must bind antigens expressed in the context of MHC molecules, whereas BCR
engagement is MHC independent. These antigen receptors ensure that the adaptive
immune response is selective and specific. Additionally, both T and B cells require
co-stimulatory receptor engagement for maximum activation, and cytokines further
shape their specific functions. The coordinated actions of the innate and adaptive
immune responses promote pathogen clearance and the formation of long-term
immunological memory, which allows for rapid immune responses following rein-
fection. However, dysregulated immune cell responses are connected to many dis-
eases, ranging from tumorigenesis to autoimmunity. Therefore, it is of interest to
understand how immune responses are regulated at the steady state and in various
disease states.

Metabolism is the net result of both the breaking down (catabolic) and de novo
synthesis (anabolic) of nutrients. In addition to providing the cell with energy, meta-
bolic by-products from one pathway can tune other metabolic programs. Metabolites
also serve as important regulators of gene transcription and protein translation,
localization, activity, and expression. Metabolism plays a crucial role in shaping
immune cell differentiation and function. In this chapter, we provide an overview of
metabolic processes used by immune cells and how metabolic reprogramming is
regulated at the molecular level (Figs. 1.1 and 1.2). We also summarize our current
understanding of how metabolism shapes immune cell differentiation and function,
with a particular emphasis being placed upon macrophages and DCs, natural killer
(NK) cells, conventional T cells, and regulatory T (Treg) cells (Figs. 1.3, 1.4, and
1.5). We conclude with a brief discussion on how metabolism regulates B cell
responses and future challenges facing the immunometabolism field.

1.2 Mechanistic Regulation of Cellular Metabolism

1.2.1 Overview of Catabolic Metabolism

Immune cells utilize adenosine triphosphate (ATP) derived from diverse nutrients as
an energy source to support their differentiation and specialized functions. Glucose
is one major source of ATP for both resting and activated immune cells. After it has
been taken up into the cell, glucose is converted into glucose-6-phosphate (G6P) by
hexokinase (HK), of which there are four isoforms: HK1, HK2, HK3, and glucoki-
nase (GCK; also called HK4). During glycolysis, several important intermediaries
are produced, including 3-phosphoglycerate (3PG), phosphoenolpyruvate (PEP),
and nicotinamide adenine dinucleotide (NADH) (Fig. 1.1). Glycolysis culminates
in the production of two molecules of ATP and pyruvate, a metabolite that can be
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Fig. 1.1 Overview of cellular metabolism

The major metabolic pathways of immune cells are glycolysis, glutaminolysis, fatty acid synthesis
(FAS), fatty acid oxidation (FAO), and oxidative phosphorylation (OXPHOS) fueled by the tricar-
boxylic acid (TCA) cycle. The pentose phosphate pathway (PPP) also controls select immune cell
functions. Glycolysis, FAS, and glutaminolysis reactions occur in the cytosol, while the TCA and
OXPHOS occur in the mitochondrial matrix. These pathways generate metabolites critical for
multiple cellular functions and also produce cellular energy in the form of adenosine triphosphate
(ATP). The reader is encouraged to visit Sect. 1.1 for a more detailed discussion of these pathways.
Abbreviations: G6P glucose-6-phosphate, F6P fructose-6-phosphate, F-1,6-BP fructose-1,
6-bisphosphate, G3P glyceraldehyde-3-phosphate, 3-PG 3-phosphoglycerate, PEP phosphoenol-
pyruvate, FA fatty acid, ROS reactive oxygen species, SLCs solute carrier family of amino acid
transporters, GLUTs glucose transporters

further processed into lactate via lactate dehydrogenase (LDH). Glycolysis is
favored under conditions where oxygen is limiting. However, seminal studies by
Otto Warburg demonstrated that highly proliferative cells convert glucose into lac-
tate in the presence of oxygen, a phenomenon termed the Warburg effect or aerobic
glycolysis. Roles for aerobic glycolysis for energy production and for providing
metabolic by-products that support immune cell functions have been recently
uncovered, which we discuss throughout this chapter.

Pyruvate derived from aerobic glycolysis can also be converted to ATP energy
via the tricarboxylic citric acid (TCA) cycle (also known as the citric acid cycle or
the Krebs cycle) and mitochondrial oxidative phosphorylation (OXPHOS) (Fig. 1.1).
To enter into the TCA cycle, pyruvate is transported into the mitochondria and oxi-
dized to generate acetyl coenzyme A (acetyl-CoA). Citrate synthase then combines
acetyl-CoA with oxaloacetate to generate citrate. During this multistep process,
NADH and flavin adenine dinucleotide (FADH,) are produced. These products are
critical electron donors for the electron transport chain (ETC) that generates ATP
via OXPHOS. The ETC is comprised of five protein complexes that shuttle electrons
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Fig. 1.2 Kinases and transcription factors cooperatively regulate immune cell metabolism
Immune cells receive immunological and environmental cues (growth factors, nutrients) that tune
metabolic pathways. The alterations in cellular metabolism are shaped by intracellular serine/
threonine kinases, including ERK1/2, AKT, mMTORC1, mTORC2, LKB1, and AMPK. Additionally,
the lipid kinase PI3K is a crucial regulator of immune responses, because it can modulate AKT,
mTORCI, and mTORC?2 activities, among many others. The mTORC1 pathway is a major deter-
minant of metabolic fitness in immune cells. Upon its activation, nTORC1 phosphorylates 4E-BP1
and S6K to influence protein translation. Additionally, it induces expression of key metabolic
enzymes, including c-MYC, HIF-1a, and SREBPs. The reader should refer to Sect. 1.2 for more
details about how these pathways are tuned

through the inner mitochondrial membrane. NADH donates an electron to complex
I; FADH, donates an electron to complex II and another electron to succinate to
generate fumarate to feed back into the TCA cycle. Electrons transferred to com-
plexes I and II are shuttled to complex III via coenzyme Q (also known as ubiqui-
none). Cytochrome c then transmits the electrons to complex IV. Electron movement
across complexes I, III, and IV is coupled to proton pumping from the inner mito-
chondrial membrane matrix into the intermembrane space and thus creates a gradi-
ent that enables complex V (also known as ATP synthase) to produce ATP [417].
How OXPHOS controls immune responses is discussed below.

Reactive oxygen species (ROS) are produced during the process of mitochon-
drial OXPHOS. Superoxide is generated when electrons are not efficiently passed
along the ETC and transferred to oxygen. Superoxide generated from complex I or
complex II is released into the mitochondrial matrix, while superoxide generated
from complex III can be present in either the matrix or intermembrane space.
Superoxide dismutase (SOD) localized in either the matrix (SOD2) or intermembrane
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space (SODI) can convert superoxide to hydrogen peroxide, which readily crosses
the inner and outer mitochondrial membranes and can participate in antimicrobial
responses or peroxisome metabolism. Alternatively, superoxide found in the inter-
membrane space can be exported into the cytosol via a voltage-dependent anion
exchange channel [417]. Metabolic and cellular stresses that accompany active
immune responses increase superoxide production, the biological consequences of
which are discussed below.

Pyruvate is also generated from fatty acids via the process of fatty acid p-oxidation
(FAO). This catabolic process occurs within the mitochondria. To begin FAO, free
fatty acids are modified by fatty acyl-CoA synthetase (FACS; also called fatty acyl-
CoA synthase) to form a fatty acyl-CoA. This product is not permeable to the mito-
chondrial membrane, so carnitine palmitoyltransferase 1 (CPT1) adds a carnitine
moiety onto the fatty acyl-CoA to generate fatty acylcarnitine. The carnitine trans-
locase (CAT) allows the fatty acylcarnitine to enter into the inner mitochondrial
membrane via carnitine exchange. Within the inner mitochondrial membrane, CPT2
converts the fatty acylcarnitine back into fatty acyl-CoA. FAO is complete when the
fatty acyl-CoA is converted into acetyl-CoA, which enters into the TCA cycle.
NADH and FADH, are also produced during this process to feed the ETC-OXPHOS
pathway and generate ATP (Fig. 1.1).

Dietary proteins can also be used as an energy source. Proteins are first hydro-
lyzed into individual amino acids, which can feed into various parts of the TCA
cycle to fuel ATP production. Alanine, glycine, threonine, cysteine, serine, and tryp-
tophan can be converted directly into pyruvate. Additionally, asparagine and aspar-
tate can be used to produce oxaloacetate, which is converted into PEP by the
mitochondrial enzyme phosphoenolpyruvate carboxykinase 2 (PCK2). PEP can
then be subsequently converted back into pyruvate to generate acetyl-
CoA. Catabolism of additional amino acids, including arginine, glutamine, and glu-
tamate, also produces TCA cycle intermediates. The breakdown of glutamine via
glutaminolysis is crucial for immune cell biology. During this process, glutamine is
converted into a-ketoglutarate (a-KG) via a two-step process requiring the activities
of glutaminase (GLS), which converts glutamine to glutamate, and glutamate dehy-
drogenase (GDH), which converts glutamate to a-KG [128, 404]. This TCA cycle
intermediate can then fuel OXPHOS for cellular energy. Because glutaminolysis
can produce TCA cycle intermediates, it can also promote anabolic processes by
serving as a carbon or nitrogen donor to support cell growth and proliferation. We
discuss how amino acids contribute to biosynthesis in more detail below.

1.2.2  Overview of Anabolic Metabolism

Anabolic processes are also important for immune cell fitness. Aside from entering
into glycolysis, G6P can also be shuttled into the cytosolic pentose phosphate path-
way (PPP) after its conversion into 6-phosphogluconolactone by G6P dehydroge-
nase (G6PD). NAD* and NADPH are two by-products of the PPP. NAD* is an
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important electron acceptor for catabolic processes driving OXPHOS, while
NADPH is utilized in reducing reactions important for the production of pentose
sugars, nuclear hormone receptor ligands, and fatty acids. Derivatives from the PPP
can also integrate back into glycolysis to feed ATP production and are also impor-
tant for generating nucleotides. We will discuss how the PPP influences immune
cell functions in this chapter. The glycolytic by-products 3PG and pyruvate are
important for serine, cysteine, glycine, and alanine biosynthesis. Moreover, oxalo-
acetate and a-KG generated via the TCA cycle are important for aspartate, aspara-
gine, proline, and arginine synthesis. Thus, glycolysis and TCA cycle intermediates
support cell growth and functions through both catabolic and anabolic processes.

Fatty acid and cholesterol synthesis are crucial anabolic processes supporting
cellular functions. To initiate fatty acid synthesis (FAS) in the cytosol, acetyl-CoA
is shuttled out of the mitochondria by citrate and subsequently converted into
malonyl-CoA via acetyl-CoA carboxylase (ACC) in a manner that requires biotin
(also called vitamin B;). Malonyl-CoA is then reduced by fatty acid synthase
(FASN) and its cofactor NADPH to generate palmitate, a 16-carbon fatty acid.
Among several functions, palmitate serves as the backbone for other long-chain
fatty acids and phospholipids and can also modify proteins, a process termed palmi-
toylation. Additionally, accumulation of palmitate perturbs FAS via the feedback
inhibition of ACC. Acetyl-CoA can also serve as a substrate for cholesterol biosyn-
thesis. The sequential activities of thiolase, 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) synthase (HMGCS), and HMG-CoA reductase (HMGCR) convert
acetyl-CoA into mevalonate, the metabolic precursor required for cholesterol syn-
thesis. Cholesterol biosynthesis is important for maintaining the plasma membrane
and for producing sterol hormones, vitamin D, and various oxysterols [e.g.,
25-hydroxycholesterol (25-HC)]. Mevalonate-derived isoprenoids produced during
cholesterol biogenesis also serve important cellular functions. For instance, isopren-
oids modify proteins in a process termed prenylation [85]. Statins are effective
inhibitors of HMGCR function and thus block cholesterol and isoprenoids-
dependent functions. How FAS and cholesterol biosynthesis control immune cell
fate is discussed throughout this chapter.

Serine metabolism is also crucial for anabolic processes supporting nucleotide
and lipid biosynthesis. Glucose-derived 3PG serves as a precursor for serine
biosynthesis, whose rate-limiting step is catalyzed by phosphoglycerate
dehydrogenase (PHGDH). In the presence of glutamine-derived glutamate,
3-phosphohydroxypyruvate is catalyzed into 3-phosphoserine via the enzymatic
activity of phosphoserine aminotransferase (PSAT). This reaction also generates
a-KG that can be used for other cellular purposes. Dephosphorylation of
3-phosphoserine generates serine, which is important for one-carbon metabolism
[306]. One-carbon metabolism is a process whereby a carbon unit derived from
serine or glycine is cycled through the folate and methionine cycles to fuel biosyn-
thetic pathways. This pathway aids in lipid, nucleotide, and protein biosynthesis and
the generation of products important for redox reactions (i.e., those that neutralize
ROS species) and methylation reactions (e.g., for epigenetic modifications like
DNA methylation) [232, 306]. Dietary folate (also called vitamin By) is essential for
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one-carbon metabolism. After entering the cell, folate is reduced to tetrahydrofolate
(THF). Then, a carbon unit from serine or glycine is donated to THF via the enzy-
matic activity of serine hydroxymethyl transferase (SHMT), forming methylene-
THF (me-THF) and glycine. In addition to folate, vitamins B,, B¢, and B, serve as
important cofactors for these reactions. How serine and one-carbon metabolism
regulate cancer and immune cell biology is under active investigation [232, 306].

1.2.3 Nutrient Transporters Regulate Catabolic Metabolism

To initiate catabolic or anabolic processes, nutrients must be made available to the
cells. Extracellular nutrients are delivered to cells via nutrient transporters. Glucose
transporters (GLUTSs) mediate glucose uptake into many cell types. GLUT1 is the
preferential transporter expressed by immune cells, but other GLUTSs can play
redundant or compensatory in the absence of GLUT1. Glucose diffusion via GLUTs
is a passive process, so the expression of GLUTs in the plasma membrane is tightly
controlled to regulate glucose import. In activated T cells, for example, strong TCR
or suboptimal TCR signals combined with CD28 co-stimulatory signals upregulate
GLUTI expression [121, 173]. Then, GLUT1 translocates from the cytosol to the
membrane viamechanisms requiring CD28 co-stimulation and phosphatidylinositol-
3-kinase (PI3K)-AKT activation [418]. The physiological consequences of altering
glucose transport into immune cells are discussed in this chapter.

Extracellular fatty acids must enter into the cytoplasm for transport into the mito-
chondria for FAO. Free fatty acids can readily diffuse across the plasma membrane
into the cytosol. However, most fatty acids require transport facilitated by protein
surface receptors. Fatty acid transport proteins (FATPs) are transmembrane proteins
involved in fatty acid uptake, but these proteins do not appear to be expressed at
high levels in immune cells [99]. Instead, fatty acid translocase (FAT or CD36)
facilitates long-chain fatty acid and oxidized fatty acid transport across the plasma
membrane [354]. Additionally, G protein-coupled receptors can recognize fatty
acids of different lengths and promote their transport into immune cells. GPR40
[also known as free fatty acid receptor 1 (FFA1)] and GPR120 bind long-chain fatty
acids; GPR84 recognizes medium-chain fatty acids; and short-chain fatty acids
(SCFAs) are ligands for GPR43 (also known as FFA2) and GPR41 (also known as
FFA3) [87]. The roles of these transporters as they relate to immunity are discussed
in later sections of this chapter.

Essential amino acids cannot be synthesized via intrinsic metabolic programs
and must therefore be obtained from dietary sources. There are nine essential amino
acids: histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine. Under conditions of cellular stress, glutamine and other
amino acid levels become limiting, so cells also utilize extracellular sources of these
amino acids for energy and biosynthetic processes. The system L amino acid trans-
porters allow neutral amino acids to enter into immune cells. LAT1 (also known as
Slc7a5) is an anti-porter that transports leucine into the cell and glutamine out of the
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cell and is a crucial regulator of immune cell responses as discussed below [312].
ASCT?2 (also known as Slcla5) transports glutamine into cells and also has reported
roles in immune responses [265]. Despite the importance of extracellular amino
acids, the breakdown of amino acids by various enzymes, including cytosolic
branched-chain aminotransferase (BCATc), indoleamine 2,3-dioxygenase (IDO),
and arginase (Arg), also plays crucial roles in controlling metabolic programs and
immune cell fates (Fig. 1.2).

1.2.4 Intracellular Kinases Regulate Metabolic Programs

Four major kinase pathways cooperate to control metabolic reprogramming in
immune cells: PI3K, mechanistic target of rapamycin (mTOR), AMP-activated pro-
tein kinase (AMPK), and mitogen-activated protein kinases [MAPKs; including the
extracellular-related kinases (ERKs), the p38 kinases, and the c-Jun N-terminal
kinases (JNKs)]. Below, we review how these pathways are coupled to metabolic
reprogramming (Fig. 1.2).

1.24.1 PI3K

Phospholipids are important second messengers that control protein localization,
expression, and functions. The PI3K pathway is a major regulator of phospholipid
turnover. The class I PI3Ks proteins are a heterodimer containing a regulatory sub-
unit (p85a, p85p, and p55) and a catalytic subunit (p110a, p110p, p110J, or p110y).
To promote PI3K activity, the Src homology 2 (SH2) domain of the PI3K regulatory
subunit binds membrane-associated proteins containing a pY XXM motif, where pY
is a phosphotyrosine, M is a methionine, and X is any amino acid. Alternatively,
PI3K activity is triggered downstream of the membrane-anchored RAS GTPases
(HRAS, NRAS, and KRAS), which directly bind to the RAS-binding domain
(RBD) within the catalytic p110 subunit [61]. The p85 regulatory subunit also asso-
ciates with GAB, which can bind growth factor receptor bound 2 (Grb2) and be
indirectly recruited to membrane proteins containing pY XN motifs [61]. After bind-
ing the plasma membrane, the catalytic PI3K subunit converts phosphatidylinositol-
(4,5)-bisphosphate (PIP,) into phosphatidylinositol-(3,4,5)-trisphosphate (PIP;).
Among other functions, PIP; allows proteins containing pleckstrin homology (PH)
domains to bind the plasma membrane, which modulates their enzymatic activity.
Phosphatase and tensin homolog (PTEN) and SH2 domain-containing inositol
5’-phosphatase (SHIP) antagonize PI3K signaling by converting PIP; to PIP, and
PI-(3,4)-P,, respectively. These phospholipids and their by-products are also impor-
tant signaling molecules for immune cells [338, 408].

AGC kinases are important regulators of cell proliferation, cell growth, cytoskel-
etal rearrangements, survival, and cellular metabolism. The activation of these
kinases requires phosphorylation of both a residue in the activation segment of the
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kinase domain and a hydrophobic motif residue. PI3K-dependent mechanisms acti-
vate 3-phosphoinositide-dependent kinase 1 (PDK1). PDKI1 phosphorylates other
AGC kinases, including AKT, ribosomal S6 kinase (SOK, also called p705°%),
serum- and glucocorticoid-regulated kinase (SGK), and protein kinase C (PKC).
PDKI is constitutively active, because it trans-autophosphorylates its own activa-
tion loop residue. PDK1 is expressed throughout the cell and is made assessable to
its substrates via multiple mechanisms. The PH domain of PDK1 binds PIP; and, to
a lesser extent, PIP,, which helps localize PDK1 in proximity with its substrate AKT
(isoforms AKT1, AKT2, and AKT3). Further, PDK1 binds soluble inositol phos-
phates in the cytosol. This association, coupled with substrate interactions mediated
by its PIF (PDKl-interacting fragment) pocket, promotes the PDK1-dependent
phosphorylation of proteins like S6K and SGK. PDKI1-dependent functions are
linked to metabolic reprogramming and immune cell functions as discussed below.

Like PDK1, AKT is recruited to the plasma membrane via PH domain-PIP;
interactions. Binding of AKT to PIP; promotes a conformational change in AKT,
which enables the PDK1-dependent phosphorylation of AKT threonine 308. The
phosphorylation of AKT serine 473 by mTOR complex 2 (mTORC2) promotes
maximal AKT activity by allowing the PDK1-PIF pocket to bind AKT S473, driv-
ing the phosphorylation of AKT T308. Of note, the activity of mTORC?2 is also
regulated by PIP; [127], although the receptor-specific activation mechanisms of
mTORC?2 activation remain unclear. This model for AKT activation is, however,
context specific, as excess PIP; levels can drive AKT activation when mTORC2
activity is inhibited [166]. Glycogen synthase kinase 3 (GSK3), tuberous sclerosis
2 (TSC2), and forkhead box O (FOXO) proteins are substrates of AKT. Further,
AKT activity influences glucose metabolism, in part by regulating the expression of
GLUTI1 and mTORCI activity as discussed more below.

S6K and SGK do not have PH domains, but the phosphorylation of their activa-
tion loop and hydrophobic motif residues is linked to PI3K activity. The S6Ks are
phosphorylated on their hydrophobic motif residues by mTOR complex 1
(mTORCY). Phosphorylation of the hydrophobic domain residue of S6K allows the
PIF domain of PDKI1 to bind S6K and phosphorylate its activation segment residue.
Similarly, the mTORC2-dependent phosphorylation of the hydrophobic motif resi-
due of SGK promotes PDK1 binding to and subsequent activation of SGK. The S6K
signaling network influences mRNA processing, translation initiation and elonga-
tion, protein folding, and cell growth. The mTORC1-S6K axis also influences cel-
lular metabolism by modulating the expression of sterol regulation element-binding
proteins (SREBPs). SGK can influence cellular metabolism by phosphorylating
FOXO transcription factors [43]. We discuss how mTORCI, mTORC2, SREBPs,
and FOXOs govern metabolic processes below.
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1.24.2 mTOR

The conserved serine/threonine kinase mTOR is another crucial regulator of immu-
nometabolism. mTOR-induced signaling alters protein synthesis, lipid and energy
metabolism, and autophagy, which ultimately help shape the lineage fate and func-
tion of immune cells. In mammalian cells, the mTOR protein associates with differ-
ent proteins to form two multi-protein complexes, mMTORC1 and mTORC?2, defined
by the obligate adaptor proteins, regulatory-associated protein of mTOR (RAPTOR)
and rapamycin-insensitive companion of mTOR (RICTOR), respectively. The
PI3K-AKT axis is among the best-studied nodes by which mTORCI1 is activated,
which is achieved through at least three known mechanisms: (1) AKT phos-
phorylates and subsequently impairs TSC complex activity. TSC, a heterodimer
consisting of TSC1 and TSC2, is a key negative regulator of mMTORC1 and functions
as a GTPase-activating protein for Ras homolog enriched in brain (RHEB). GTP-
bound RHEB strongly activates mTORCI kinase activity; (2) AKT phosphorylates
PRAS40, a negative regulator of mTORCI, to promote its degradation; (3) AKT
directly phosphorylates RAPTOR, which stabilizes its association with mTOR.
Additionally, PI3K-dependent and AKT-independent mechanisms involving PDK1-
dependent mTORCI activation have been reported [117, 414]. Because PTEN
antagonizes PI3K signaling, it can inhibit mTOR activation. The LKB1-AMPK axis
also suppresses mTOR activation, which we detail more below. In addition to the
PIP;-dependent regulation of mTORC?2 discussed above, ribosome synthesis and
assembly induce mMTORC?2 activity [452]. The activities of mMTORC1 and mTORC2
themselves appear to be antagonistic, where loss of mTORCI activity enhances
mTORC?2 functions and vice versa. This observation is important to note, because
such regulation complicates interpretations as the relative roles mTORCI1 and
mTORC?2 play in different cellular systems.

Amino acids also influence mTORCI activation. In resting cells, mMTORCI is
localized to the cytosol, where it is inactive. Different amino acids activate mTORC1
via discrete mechanisms reviewed extensively elsewhere [177, 349, 350]. Briefly,
the vacuolar H*-adenosine triphosphatase (v-ATPase), which associates with the
RAGULATOR complex (comprised of LAMPTORI1-5) and the RAG heterodimers,
senses amino acids in the lysosome lumen. Leucine binds and activates the RAG
heterodimers, which are comprised of RAGA or RAGB bound to RAGC or
RAGD. In these complexes, RAGA/B is loaded with guanosine triphosphate (GTP),
and RAGC/D is bound with guanosine diphosphate (GDP). The RAGULATOR
complex is the guanine nucleotide exchange factor (GEF) for RAGA/B [334, 349,
350], while the GTPase-activating protein (GAP) for RAGC/D is the folliculin-
folliculin-interacting protein (FLCN-FNIP) complex [349, 350, 389]. The sestrin 2
(SESN2)-GATOR2-GATORI1 axis controls the GDP-bound status of RAGA/B [20,
302, 349, 350]. GATOR1 is the RAGA/B GAP, which is antagonized by GATOR2.
In the absence of leucine, SESN2 inhibits GATOR2, thus favoring the GDP-bound
state of RAGA/B. After the active RAG heterodimer binds mTORC1, it is recruited
to GTP-loaded RHEB binds and activates mTORC1 [177, 335, 349, 350]. Of note,
RAPTOR associates with the RAG complexes regardless of their guanine nucleotide
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binding status, albeit with different efficiencies [291]. In contrast to leucine, gluta-
mine-induced mTORCI1 activation occurs independently of the RAG or
RAGULATOR complex but requires the v-ATPase and ADP-ribosylation factor 1
(ARF1), a Golgi-associated GEF [177, 350]. Arginine activates mTORCI activity
via a mechanism that appears to involve the arginine transporter SLC38A9, which
associates with the v-ATPase [350, 406]. Interestingly, amino acids also activate
mTORC?2 via a mechanism that involves the PI3K-AKT pathway [382]. These data
may mechanistically explain, in part, how amino acids can directly promote
mTORCI activation in the absence of growth factor receptor-mediated TSC com-
plex inactivation [308].

The canonical substrates of mTORCI are S6K and the eIF4E-binding proteins
(4EBPs), which regulate protein translation and synthesis. mMTORCI coordinates cel-
lular metabolism by activating key transcription factors, such as hypoxia-inducible
factor-1ae (HIF-1a) and c-MYC, which primarily regulate glycolytic enzymes and
transporters [403, 414, 434]. Further, n"TORC1 promotes the synthesis of fatty acids,
cholesterol, and triglycerides by controlling the functions of the SREBPs. mTORCI1
also regulates lipid homeostasis through peroxisome proliferator-activated receptor y
(PPARY)-dependent mechanisms [215]. Inactivation of mTORCI leads to inhibition
of lipogenesis. The catabolic process of autophagy, a process wherein cytosolic con-
tents (e.g., organelles, proteins) are sequestered and degraded for nutrient use, is
sensitive to mTOR-dependent regulation [130, 195]. The role of autophagy in the
immune system is discussed in a later chapter of this book.

Compared to mTORCI, relatively less is known about mTORC?2, which is only
sensitive to high-dose or long-term treatments of rapamycin [69, 215]. By driving
AKT activity, mMTORC?2 inhibits the transcriptional activity of the FOXO transcription
factors, which are essential for the expression of genes involved in cell survival, pro-
liferation, and metabolism [54]. mMTORC?2 also influences cell cycle progression via
AKT, which phosphorylates the cell cycle regulatory protein p27 [351], and by indi-
rectly inhibiting the tumor suppressor p53 [400]. mMTORC2-mediated control of AKT
signaling can also modulate glucose uptake by regulating GLUT surface expression
[29, 39, 418]. Additionally, mMTORC2 influences cell survival, proliferation, growth,
differentiation, and trafficking by modulating cytoskeletal dynamics or ion transport
through the activation of PKC isoforms and SGK, respectively [69]. The roles of
mTOR signaling in immunometabolism are discussed throughout this chapter.

1.24.3 AMPK

AMPK is one critical sensor of nutrient and intracellular energy levels in eukaryotic
cells. The AMPK complex is comprised of one catalytic subunit (AMPKa) and two
regulatory subunits (AMPKf and AMPKYy). When intracellular ATP levels are low,
AMP or ADP binds AMPKYy, which subsequently drives a conformation change that
allows liver kinase B1 (LKB1; also known as STK11) to phosphorylate threonine
172 in the activation loop of the AMPK kinase domain. AMPK T172 phosphorylation
is also triggered by calcium-dependent activation calcium/calmodulin-dependent
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protein kinase 2 (CaMK?2; also known as CaMK§f) and by transforming growth fac-
tor beta-activated kinase 1 (TAKI; also known as MAP 3K7) in a manner that may
also require LKB1. AMPK is activated under conditions of hypoxia and glucose
deprivation and in response to inflammatory-inducing signals, such as antigen
receptor or toll-like receptor (TLR) stimulation, in immune cells [32, 203,212, 262,
370, 379]. Additionally, pharmacological agents like the glycolysis inhibitor
2-deoxyglucose (2-DG) and the AMP-mimic 5-aminoimidazole-4-carboxamide-1-
b-d-ribofuranoside (AICAR) activate AMPK, while metformin inhibits AMPK
function. Substrates of AMPK regulate pathways linked to transcription, cell polar-
ity, cell growth, autophagy, and lipid or glucose metabolism. The processes are dis-
cussed below and in other resources [254].

Because it is activated in response to cellular stress and nutrient deprivation,
catabolic metabolism is favored when AMPK activity is high. Fatty acid and choles-
terol biosynthesis are halted by the AMPK-dependent inhibitory phosphorylation of
ACC and HMGCR [123, 155]. Further, AMPK suppresses FAS by reducing the
transcription of ACC and FASN via the phosphorylation of the transcription factor
SREBP [225]. AMPK can also modulate metabolic gene expression at the epigen-
etic level of which readers are encouraged to explore in more detail elsewhere [254].
In other cell lineages, AMPK also promotes GLUT1 and GLUT4 surface expression
to augment glycolysis needed to support energy production [254, 425], but the role
of AMPK in glucose transport for immune cells is poorly defined. The
phosphorylation of TSC2 by AMPK stabilizes TSC2 expression, which inactivates
mTORCI1 [194]. AMPK activity also increases nutrient availability by inducing
autophagy [194]. We will describe how AMPK controls immunity throughout this
chapter.

1.2.44 MAPKs

The MAPKSs are also regulators of cellular metabolism. There are four subfamilies
of MAPKs: ERK1/2, ERKS5 (also known as BMK1 or MAPK7), the JNKs (JNKI1,
JNK2, and JNK3), and the p38 kinases (p38a, p38f, p38y, and p38d). MAPKSs are
activated downstream of many receptors in immune cells, including antigen recep-
tors, TLRs, and growth factor receptors. The activation of these kinases requires the
phosphorylation of the threonine and tyrosine residue within the TXY motif, where
T is threonine, Y is tyrosine, and X is glutamate, proline, or glycine [260]. MAPKSs
are activated via a signaling cascade: a MAPK kinase kinase (MAPKKK or
MAPK3) phosphorylates a MAPK kinase (MAPKK or MAPK?2), which then phos-
phorylates the MAPK itself. For example, after RAS is activated, the ERK1/2
kinases are activated by RAF (the MAPKKK) and MEK (the MAPKK).

The MAPKSs play crucial roles in immune cell functions and have been demon-
strated to influence metabolism under conditions of cellular stress [131]. The mech-
anisms linking MAPK activation and metabolic rewiring have not been extensively
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studied in immune cells. In nonimmune cells, the MAPK-dependent metabolic
rewiring is largely linked to changes in gene and protein expression. ERK1/2 can
also influence fatty acid uptake and FAO by controlling CD36 expression and medi-
ating the inhibitory phosphorylation of lipid synthesis-related enzymes, including
ACC [390]. The p38 kinases can regulate glucose uptake via poorly understood
mechanisms. By modulating the activity of FOXO proteins, JNK can control cell-
intrinsic metabolic responses. JNK signaling in immune cells also has implications
in controlling systemic metabolism. Of note, many of the mechanisms by which the
MAPKSs serve to promote metabolic reprogramming have also been attributed to
mTOR-related signaling [131], so it is likely that there are cell and context-
dependent requirements for these two pathways in metabolism. We discuss how
MAPKSs and metabolic programs intersect to control immune cell biology in sec-
tions below.

1.2.5 Transcription Factors Control Metabolic Programs
1.2.5.1 cMYC

¢-MYC (also known as MYC) is a basic helix-loop-helix leucine zipper (bHLP-LZ)
transcription factor. c-MYC-mediated transcription occurs when it heterodimerizes
with another bHLP-LZ transcription factor Myc-associated factor X (MAX), which
results in gene expression changes that tune cell proliferation, cell growth, apopto-
sis, metabolism, and biosynthesis. Aberrant function of c-MYC or its family mem-
bers (N-MYC and L-MYC) is strongly linked to tumorigenesis. Therefore, the
expression of c-MYC is tightly controlled, wherein quiescent or nonproliferating
cells express low levels of c-MYC and proliferating cells upregulate c-MYC expres-
sion. In immune cells, c-MYC expression is upregulated following engagement of
activating receptors, such as antigen receptors [403, 434]. The increase in expres-
sion is controlled at both the transcriptional and posttranscriptional levels. MYC
transcription is upregulated in response to signaling downstream of Janus kinase
(JAK), which subsequently activates signal transducer and activator of transcription
(STAT) transcription factors [204]. mTORCI1- and MAPK-dependent signaling
enhance MYC translation. c-MYC expression is also regulated at the posttransla-
tional level: the PI3K-mTORC2-AKT and RAS-MAPK pathways increase the pro-
tein stability of c-MYC [204].

As noted above, c-MYC is a crucial regulator of metabolic reprogramming.
¢-MYC regulates the expression of genes important for catabolism. For instance,
the genes encoding HK2 and LDH are upregulated by c-MYC-dependent transcrip-
tional programs. LAT1, ASCT2, and GLS expression are also induced by c-MYC,
which can increase glutaminolysis [403]. c-MYC transcriptional programs can also
influence OXPHOS by increasing mitochondrial biogenesis. Importantly, c-MYC-
dependent programs can feedback enhance mTOR-dependent signaling, such as via
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the suppression of TSC2 expression [323]. Anabolic processes, including FAS, are
also influenced by ¢-MYC function [204]. We will discuss the role of c-MYC-
related metabolic reprogramming in immune cell differentiation and function
throughout this chapter.

1.2.5.2 HIF-1

Hypoxia-induced factor-1 (HIF-1) is a heterodimeric transcription factor consisting
of the constitutively expressed HIF-1f subunit and the inducible HIF-a (isoforms
HIF-1a, HIF-2a, or HIF-3a) subunit. HIF-1 transcriptional function is controlled at
the protein expression level and by two transactivation domains, which are bound
by p300/CBP. The protein expression of HIF-« is controlled by prolyl hydroxyl-
ation via proly-4-hydroxylase (PHD) and other members of the Fe(Il) and
2-oxoglutarate (2-OG)-dependent dioxygenase superfamily, which require molecu-
lar oxygen as a cofactor. When oxygen levels are sufficient, PHD phosphorylates
HIF-a, leading to its degradation. During this process, succinate is produced and
can feed into the TCA cycle. By contrast, insufficient oxygen levels or high levels
of ROS inactivate PHD and subsequently stabilize HIF-a expression. HIF-a is also
subjected to asparaginyl hydroxylation, which is mediated by factor inhibiting HIF
(FIH). This process suppresses the transcriptional activity of HIF-1, in part by
blocking the recruitment of the coactivators, p300/CBP. Other metabolites have
also modulate HIF-a expression or transcriptional function at the level of PHD as
discussed elsewhere [248].

In addition to oxygen-related regulation, other mechanisms modulate HIF-1
functions. The mTOR pathway induces expression of HIF-a by modulating its
protein translation. The mTORCI1-4E-BP-eIFAE and mTORC2-AKT pathways
cooperate to control HIF-1a expression, while HIF-2a expression appears to be
dependent upon mTORC2-AKT?2 signaling [386]. Interestingly, by modulating the
expression of regulated in development and DNA damage responses 1 (REDD1), an
activator of the TSC complex, HIF-1 feedback suppresses mTORCI activation.
These results suggest that AKT enhances HIF-a translation via mTORC]1-dependent
and mTORC1-independent mechanisms. The MAPKs have also been implicated in
controlling HIF-1 activity. For instance, MAPK-dependent phosphorylation of p300
was shown to stabilize p300/CBP-HIF-1 interactions to promote HIF-1 transactiva-
tion and transcriptional activity [336]. Lysine acetylation by p300/CBP potentiates
HIF-1-dependent functions, whereas sirtuin (SIRT)-1/3/6-mediated deacetylation
antagonizes HIF-1 functions.

HIF-1 is a critical regulator of metabolism [248]. Briefly, HIF-1-dependent tran-
scription drives expression of glycolysis-related genes, including the GLUTs, HK,
and the monocarboxylic acid transporters (MCT) that drive lactate efflux [248].
HIF-1-dependent programs also inhibit the TCA cycle and OXPHOS. For example,
HIF-1 inhibits the pyruvate dehydrogenase (PDH)-dependent conversion of
pyruvate to acetyl-CoA by increasing the expression of pyruvate dehydrogenase
kinase (PDHK) [197]. Additionally, HIF-1 suppresses the expression of acyl-CoA
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dehydrogenases to inhibit FAO [164]. It is important to note, however, that HIF-1-
dependent programs are subjected to feedback regulation, such as by ROS produced
due to inefficient OXPHOS. Moreover, hypoxia-driven HIF-1 activity is linked to
the upregulation of SREBP function and the subsequent upregulation of FAS
expression. We discuss these transcription factors in the next section.

1.2.5.3 SREBPs

The SREBP transcription factors (SREBP1a, SREBPI1c, and SREBP2) are major
regulators of lipid and cholesterol biosynthesis. These transcription factors are
anchored to the endoplasmic reticulum (ER) membrane. The N-terminus of SREBP
contains basic helix-loop-helix motifs found in the basic helix-loop-helix leucine
zipper family of transcription factors. To initiate the transcriptional activity of
SREBPs, the N-terminal domain must be cleaved in a process termed regulated
intramembrane proteolysis (RIP). SREBP cleavage-activating protein (SCAP)
senses changes in intracellular sterols, including cholesterol and its derivatives, to
regulate SREBP activity. SCAP is bound to the ER membrane in cholesterol-replete
cells, where it associates with insulin-induced gene (INSIG) and SREBP. The inter-
action between INSIG and the SCAP-SREBP complex sequesters SREBP in the
ER, where it is inactive. Upon cholesterol depletion, the SCAP-INSIG interaction is
disrupted. The SCAP-SREBP complex then associates with COPII-coated vesicles,
which transport the SCAP-SREBP complex from the ER to the Golgi. Here, Site-1
protease (S1P) and Site-2 protease (S2P) sequentially cleave the N-terminal cyto-
solic portion of SREBP, allowing it to translocate to the nucleus. The transcriptional
activity of SREBP drives expression of genes related to cholesterol biosynthesis.
The transcriptional activity of SREBP-1 (specifically SREBP-1c in mice and
SREBP-1a and SREBP-1c in humans) is also induced by oxysterols and unsaturated
fatty acids, known agonists of the nuclear hormone receptor liver X receptor (LXR)
that bind LXR response elements present in the Srebf! promoter region [346, 440].
Thus, SREBP-dependent functions can regulate both cholesterol and fatty acid
synthesis.

SREBP activity is also controlled by posttranscriptional mechanisms. The activ-
ity of mMTORCI is necessary and sufficient to stimulate SREBP-1 activity in multi-
ple cell types, including immune cells. Mechanistically, mTORC1 phosphorylates
lipin-1, a phosphatidic acid phosphatase that converts phosphatidic acid into diacyl-
glycerol. The phosphorylation of lipin-1 blocks its nuclear localization and activates
SREBP. The enzymatic activity of lipin-1 is required to suppress SREBP function,
suggesting that lipin-1 could modulate triacylglyceride or phospholipid concentra-
tions in the nucleus to control SREBP functions. The PI3K-AKT axis also induces
SREBP transcriptional activity by inactivating GSK3, which phosphorylates
SREBP and drives its subsequent proteasomal degradation. AMPK also directly
phosphorylates SREBP to limit lipid biosynthesis when nutrients are limiting.
Finally, the lysine acetyltransferases p300/CBP drive SREBP acetylation, which
stabilizes SREBP expression [133], whereas SREBPs are deacetylated by SIRT1
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and subsequently degraded. It is noteworthy that lysine acetyltransferases use
acetyl-CoA as a cofactor to acetylate proteins, and SIRT 1 requires NAD* as a cofac-
tor for its enzymatic function. Thus, other metabolites aside from cholesterol and
lipids influence SREBP expression and functions by regulating posttranslational
modifications. How metabolic pathways shape protein modifications is discussed in
other chapters of this book. We will discuss this topic briefly as it relates to macro-
phage and T cell functions below.

1.2.5.4 PPAR

The PPARs are ligand-inducible transcription factors belonging to the nuclear
receptor superfamily. Three isoforms [PPARa, PPARS (also called PPARP or
PPAR&/P), and PPARy] with overlapping functions exist in mammalian cells.
PPARs associate with their obligate heterodimer retinoid X receptor (RXR) and
bind PPAR-responsive elements in their responsive genes. The PPARs are receptors
for dietary fats, select lipid metabolites, and oxidize phospholipids. Not surpris-
ingly, PPAR activity is high in mice fed with high-fat diets (HFD) and is strongly
implicated in disease pathologies associated with human obesity [2]. The activation
of the PPARSs plays important roles in systemic and cell-specific metabolic responses.
PPARY activation is linked to adipogenesis, which contributes to the systemic avail-
ability of free fatty acids. In skeletal muscle and the liver, PPARa and PPARS activi-
ties are linked to FAO. Similarly, PPARy upregulates the transcription of genes
associated with fatty acid uptake and FAO, including CD36 and acetyl-CoA synthe-
tase (ACS). PPARY can also control glucose homeostasis by upregulating GLUT4
expression downstream of the insulin receptor and has thus been linked to insulin
sensitivity. Consistent with this idea, thiazolidinediones (TZDs) are a class of drugs
that activate the PPARY and induce insulin sensitivity [2, 401]. We discuss how
PPAR activation controls immune responses below.

As with other transcription factors, PPAR functions are tuned by posttransla-
tional modifications. The phosphorylation of PPAR by various serine/threonine
kinases modulates its activity. For instance, MAPK-dependent phosphorylation
inhibits PPAR activation [2]. Additionally, acetylation and sumoylation events
appear to positively and negatively regulate the transcriptional activity of PPAR,
respectively. mMTORCI1 can also regulate PPAR activity through several proposed
mechanisms: by increasing its expression, by inhibiting the activity of its coactiva-
tor lipin-1, and by altering the availability of its lipid ligands via the activation of the
SREBPs [214, 215]. Although inflammatory mediators that drive immune responses,
such as TLRs, modulate PPAR activity, the activation of PPAR in immune cells has
predominantly been linked to anti-inflammatory effects [2, 401]. This topic will be
discussed throughout this chapter.
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1.2.5.5 FOXO

The FOXO family of transcription factors regulates cell survival, proliferation, dif-
ferentiation, and migration but is also implicated in controlling metabolism [106,
156]. There are four FOXO family proteins, characterized by a distinct forkhead
DNA-binding domain: FOXOI1 (also called FKHR), FOXO3 (also known as
FKHRL1), FOXO4 (also termed AFX), and FOXO6. The FOXOs are shuttled out
of the nucleus to suppress their transcriptional activity, which is induced upon the
AKT-dependent phosphorylation of three consensus sites (threonine 24, serine 253,
and serine 316) [106]. The acetylation of FOXO appears to be mediated by the
reciprocal actions of p300/CBP and SIRT1, which inactivate and activate FOXO
transcriptional functions, respectively. The FOXOs are also subjected to ubiquitina-
tion, which controls FOXO function by incompletely understood mechanisms
[106]. Arginine methylation of the FOXO transcription factors by protein arginine
methyltransferase 1 (PRMT1) prevents the AKT-mediated phosphorylation of
FOXO to enhance its transcriptional activity [106, 430]. Thus, multiple posttran-
scriptional modifications control FOXO-dependent gene expression.

The ability of FOXOs to reprogram metabolism has been studied extensively in
insulin-sensitive tissues. In the liver, for instance, FOXO1-dependent functions are
linked to gluconeogenesis (i.e., the de novo production of glucose) [142]. By con-
trast, the FOXOs appear to antagonize glycolytic programs, an idea supported by the
observations that AKT-dependent programs favor glycolysis but inactivate FOXO
functions. Interestingly, mTORC?2 activation promotes FOXO1 and FOXO3 acetyla-
tion via the inactivation of class Ila histone deacetylases. This acetylation inactivates
FOXO1/3, which disrupts the transcription of the c-MYC targeting miR-34c
microRNA network. Thus, mTORC2 induces c-MYC activity and glycolytic upregu-
lation via an AKT-independent mechanism [249]. FOXO-dependent programs are
linked to OXPHOS. Peroxisome proliferator-activated receptor y coactivator-1
(PGC-1; isoforms PCG-1a and PGC-1p) is a transcriptional coactivator whose func-
tions favor mitochondrial biogenesis and respiration [114]. The promoter region of
the PGC-1 contains FOXO1 binding sites, and PGC-1a transcriptional activity is
inhibited by AKT signaling [114]. Thus, FOXO-dependent programs are also likely
linked to OXPHOS by modulating the expression of mitochondria-related proteins.
We discuss the implications of FOXO-dependent programs in immunity below.

1.3 Roles of Metabolism in Myeloid Cells

1.3.1 Overview of Myeloid Cells

The innate immune system is the first line of defense for host immunity. Innate
immune cells residing at barrier surfaces such as the skin, lung, and intestines play
crucial roles in antimicrobial responses. There are several classifications of innate
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immune cells, including granulocytes, mast cells, and neutrophils. Among the
innate immune cells, the metabolic requirements driving DC and macrophage acti-
vation and functions have been the best studied, so we will focus upon these cell
types in this section. However, others have more comprehensively reviewed how
innate immune cell metabolism is tuned [128, 305].

Macrophages and DCs are found in both lymphoid tissues and nonlymphoid tis-
sues. Macrophages engulf and degrade damaged cells and pathogens, whereas qui-
escent DCs have low phagocytic capacity. The sensing of these pathogen-associated
molecules via TLRs or danger signals via multiple intracellular senses causes both
macrophages and DCs to undergo morphological changes and upregulate their
capacity to migrate into distal tissues. Activated macrophages and DCs also produce
chemokines and cytokines to drive the recruitment and differentiation of other
immune cells, including T cells. Additionally, these activated cells increase their
capacity to capture, process, and present protein-derived peptides on MHC mole-
cules. The expression of various co-stimulatory ligands, including CD80 and CD86
(also called B7-1 and B7-2, respectively), is also increased. In vivo, there are several
specialized DC subsets that are distinguished based upon their expression of surface
molecules, anatomical location, and functions: plasmacytoid DCs, conventional
DCs (¢DCs; including CD8a* ¢cDCs, CD103* ¢cDCs, and CD11b* cDCs), Langerhans
cells, and monocyte-derived DCs [129]. Macrophages and DCs can also be gener-
ated in vitro from bone marrow cells in response to various cytokines and are called
bone marrow-derived macrophages (BMDMs) or bone marrow-derived DCs
(BMDCs), respectively. It is important to note that much of our knowledge of meta-
bolic reprogramming comes from work performed using BMDMs stimulated under
M1 or M2 conditions (see below) or BMDCs stimulated with lipopolysaccharide
(LPS), a TLR4 agonist (Fig. 1.3). Further work will elucidate how metabolic pro-
grams equip different DC subsets with their specialized phenotypes and functions.

1.3.2  Glycolysis Supports Pro-inflammatory Macrophage
and DC Functions

For nearly 50 years, it has been appreciated that macrophages undergo metabolic
reprogramming upon activation: glucose and glutamine consumption increases,
while oxygen utilization decreases [152, 269]. This metabolic shift facilitates the
upregulation of aerobic glycolysis and downregulation of OXPHOS [270]. Increased
glucose consumption and upregulated expression of HK2 and G6PD enhance aero-
bic glycolysis in macrophages [269]. The precise molecular mechanisms driving
metabolic reprogramming in different macrophage subsets, both in the context of
inflammation and immune suppression, are under active investigation. The upregu-
lation of glycolysis in macrophages is coupled to signaling induced by TLR ligation
and IFN-y sensing and the upregulation of GLUT1 expression and 6-phosphofructo-
2-kinase (PFK2) activity [122, 327]. Similarly, TLR signaling will increase glycoly-
sis in DCs to support their functional maturation [108, 109]. However, the induction
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Fig. 1.3 Metabolic control of dendritic cell and macrophages

(a) During DC activation, aerobic glycolysis is regulated early on by TLR and AKT signaling
which helps drive additional biosynthetic intermediates necessary for fatty acid, ER, and Golgi
synthesis, essential for DC maturation. Following activation, glycolytic program supported by
PI3BK-AKT-mTOR signaling pathway plays a major role in metabolic reprogramming. OXPHOS
fueled by mitochondrial activity is diminished by regulation of iNOS and NO. (b) M1 macro-
phages rely on the induction of glycolysis for energy, which also helps in lactate production and
intermediates necessary for TCA cycle. M1 macrophages have increased levels of iNOS, NO,
HIF-1a and ROS. Signals inducing M2 macrophages increase OXPHOS and lipid oxidation
orchestrated by STAT6 and PPARs. M2 macrophages express arginase (Argl) necessary for
production of urea, polyamines and ornithine upon arginine degradation. The reader should refer
to Sect. 1.3 for more details regarding macrophage metabolism

of glycolysis is temporally regulated by distinct signaling mechanisms in DCs. Early
after TLR stimulation, AKT activity is upregulated in a PI3K-independent and
TBK1- and IKKe-dependent manner. The early burst of PI3K-independent glycolysis
increases the levels of metabolites that can shuttle into the PPP and drive NADPH
production or enter into the TCA cycle to produce citrate necessary for FAS. The de
novo production of these fatty acids supports endoplasmic reticulum and Golgi
apparatus synthesis to facilitate cell growth and biomass accumulation [108]. The
role of the PPP in macrophage and DC activation is discussed more below.
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Pro-inflammatory signals driving PI3K activity continue to shape macrophage
and DC functions and metabolism after more prolonged stimulation [203].
Glycolysis becomes the dominant program of inflammatory macrophages (termed
M1 macrophages) and DCs, with OXPHOS being downregulated [109, 175, 203].
This metabolic balance is important for M1 macrophage differentiation, as treat-
ment with rotenone and antimycin A (i.e., ETC inhibition) favors M1 macrophage-
like functions [327, 396]. Similarly, 2-DG treatment suppresses DC maturation
[109]. One hallmark of M1 macrophages and activated DCs is the expression of
inducible nitric oxide synthase (iNOS), which generates nitric oxide (NO). The pro-
duction of NO inhibits OXPHOS by competing with oxygen for binding to cyto-
chrome c, the final electron donor of the ETC. In turn, this inhibition prevents
oxidation of NADH to NAD", requiring the upregulation of aerobic glycolysis to
drive NADH accumulation when pyruvate is converted into lactate [109, 279].
Indeed, iNOS expression is required for the full maturation of DCs and supports the
glycolytic program of these cells [109]. The attenuation of ETC activity is also cru-
cial to support M1 macrophage functions upon TLR stimulation, as the generation
of mitochondria-derived ROS plays an important role in bacterial killing [417].

Excessive NO and/or ROS production could also contribute to the HIF-la-
dependent regulation of glycolysis and M1 macrophage-related functions [36, 81,
197, 297, 310, 311, 377, 381]. LPS, IFN-y, and hypoxia have all been reported to
increase HIF-lo or HIF-2a expression in macrophages to facilitate the pro-
inflammatory phenotypes and functions [49, 171, 377, 378]. Further, the increased
activity of HIF-2a is positively correlated with tumor growth, in part by minimizing
macrophage recruitment into tumors [171, 187, 221, 250, 378]. ATP, ROS, and NO
production by macrophages appear to be independent of HIF-2a expression [171].
Thus, HIF-a isoforms appear to facilitate metabolic adaptions required for macro-
phage functions at sites of inflammation.

Pro-glycolytic transcriptional programs also modulate DC activation. Stimulation
of multiple TLRs induces HIF-1a expression in DCs [175, 296, 365], and HIF-1a-
deficient DCs express lower levels of CD80 and CD86, resulting in diminished T
cell activation [31, 175]. Although a role for MYC proteins in metabolic reprogram-
ming of DCs has not been reported, mature DCs selectively express the gene encod-
ing L-MYC (MyclI). L-MYC is important for the proliferation and survival of
several DC subsets, and it supports CD8a* DC-induced T cell priming [188]. Future
work will continue to elucidate how upstream signals regulate the balance of meta-
bolic reprogramming in different DC subsets.

1.3.3 OXPHOS Supports Anti-inflammatory Functions
of Macrophages and DCs

Macrophages can also adopt an alternative fate, termed alternatively activated or
M2 macrophages. M2 macrophages promote tissue repair and wound healing and
are activated by type 2 cytokines, including IL-4 and IL-13; thus, these cells have
important roles in antiparasitic immune reactions. M2 macrophages also express
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high levels of scavenger, mannose, and galactose receptors, express high levels of
Argl and its downstream metabolites, and produce high levels of IL-10 [126]. The
metabolic program of M2 macrophages is shifted in favor of OXPHOS over gly-
colysis [396]. In contrast to pro-inflammatory DCs that activate T cells, tolerogenic
DCs promote T cell tolerance. These cells are phenotypically distinct from pro-
inflammatory DCs, expressing lower levels of MHC class II molecules and co-
stimulatory ligands. They also express anti-inflammatory mediators, including IDO,
IL-10, and TGF-f [224]. These DCs also have different metabolic signatures than
pro-inflammatory DCs. It was demonstrated that human tolerogenic DCs have high
mitochondrial function and produce more cellular ROS and mitochondria-derived
superoxide than inflammatory DCs. Further, human tolerogenic DCs have elevated
levels of OXPHOS fueled by mitochondrial FAO and, to a lesser extent, glycolysis
[243]. Of note, our understanding of tolerogenic DCs is limited, but these cells are
of great therapeutic interest [355], so future studies will continue to explore the
molecular mechanisms driving DC tolerance.

The AMPK axis is a crucial regulator of OXPHOS and the acquisition of anti-
inflammatory functions of macrophages and DCs. AMPK activity also regulates
metabolic programs and fate decisions of macrophages and DCs. AMPK activity
suppresses the upregulation of glycolysis and supports mitochondrial biogenesis
and FAO in TLR-primed DCs [60, 203]. AMPK signals positively regulate the M2
macrophage program, and loss of AMPK activity reduces M2 macrophage function
and enhances M1 macrophage-related functions, including pro-inflammatory cyto-
kine production [261, 332]. Upstream signals such as LPS and TNF-a reduce
AMPK activity to limit fatty acid metabolism and upregulate glycolysis [125, 368,
439]. It is noteworthy, however, that while many studies have demonstrated that
AMPK agonists can limit macrophage-mediated inflammation [125, 178, 455],
some of these effects are independent of AMPK activity [332]. To promote FAO and
OXPHOS, AMPK phosphorylates ACC, and mice bearing a knock-in mutation
where the AMPK phosphorylation site of ACC is mutated have reduced rates of
FAO and increased FAS [123]. Similarly, AMPK-deficient macrophages have a cor-
related decrease of both ACC1 phosphorylation and FAO [125]. Of note, although
macrophages preferentially express ACC1, ACC1 and ACC2 play redundant func-
tions for FAO in macrophages [261]. AMPK also reduces the levels of mitochondria
available for OXPHOS by inducing mitochondrial autophagy, also called mitoph-
agy [105]. Consistent with this role, defective mitochondria with reduced OXPHOS
capacity accumulate upon AMPK inactivation [277].

PGC-1a and PGC-1p are crucial regulators of M2 macrophage and tolerogenic
DC differentiation downstream of AMPK. AMPK-mediated inhibition of glycolysis
and upregulation of mitochondrial respiration is mediated by PGC-1a activity [60,
203]. Indeed, the upregulation of PGC-la antagonizes DC functions [201, 304].
Similarly, PGC-18 is required for IL-4R-STAT6-induced fatty acid uptake and oxi-
dative metabolism that increases M2 macrophage differentiation [396].
Mechanistically, STAT6 and PGC-1p can directly bind to the promoters of M2
macrophage-associated genes, including Arg/ [396]. However IFN-y-induced
STAT1 activation can induce ROS production via estrogen-related receptor-o
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(ERRa), which is also positively regulated by PGC-1p [362]. Thus, PGC-1f coacti-
vates different downstream transcriptional programs to direct macrophage fates.

PGC-1a and PGC-1f are important coactivators of PPARy, which controls M2
macrophage differentiation in selected contexts, such as in adipose tissue [38, 259,
283, 453]. Moreover, the PPARs are complex regulators of DC biology. PPARy
agonists suppress IL-6, IL-12, IL-15, and TNF-a production, reduce CD80 expres-
sion, and induce CD86 expression in DCs [112, 139, 268, 375]. The migration of
select DC subsets is also impaired in the presence of PPARY agonists [7, 9, 268].
These results indicate that PPARy plays an anti-inflammatory role in DCs, although
it is controversial as to the effects of PPARY activation in the DC-mediated priming
of T cells [201, 268, 375]. PPARY activation blocks DC activation via mechanisms
involving MAPK and nuclear factor kB (NF-kB) transcription factor activation [9].
Of note, a recent report suggests that the upregulation of PPARa-dependent FAO
supports pDC but not ¢cDC functions as discussed more fully below [423]. Thus,
there are context-dependent requirements for FAO as it relates to the differentiation
of anti-inflammatory versus pro-inflammatory DC responses.

1.3.4 The AKT-TSC Axis Is a Crucial Regulator
of Macrophages and DCs

The PI3K-AKT pathway is one major determinant of M1 versus M2 macrophage
polarization. Both IL-4R and TLR4 engagement activate PI3K-AKT-mTOR signal-
ing but via distinct mechanisms [52, 388]. The activation of AKT appears to pro-
mote M2 macrophage differentiation [52, 326]. However, AKT1 appears to be the
dominant isoform for inducing M2 macrophage skewing, because loss of AKT1
enhances the differentiation of M1 macrophages, but AKT?2 deletion drives increased
M2 macrophage skewing [12]. AKT may mediate its effects on macrophage differ-
entiation via control of the transcription factors, FOXO1, C/EBPf, or NF-«xB [12,
80, 110]. Future studies are needed to further explore how the precise activation of
AKT isoforms differentially impacts macrophage polarization, and if these differ-
ences impact macrophage functions in the context of different diseases.

Because TSC2 is a point of convergence for both AMPK and AKT signals, sev-
eral groups have investigated the role of the TSC complex in macrophage and DC
fate decisions. Although rapamycin studies have suggested an important role of
mTORCI in DC function and survival [5, 37, 55, 150, 167, 287], the hyperactiva-
tion of mTORCI in TSC1-deficient DCs impairs their development and functions
[410]. The TSC complex is under complex control in macrophages. The expression
of TSC1 is upregulated in macrophages upon IL-4 stimulation, but not LPS stimula-
tion. However, TSC complex activity is downregulated via the phosphorylation of
TSC2 upon both LPS and IL-4 stimulation, which in turn upregulates mTORCI
activity [451]. It has been demonstrated that TSC1-deficient BMDMs are hyperre-
sponsive to M1 macrophage polarizing stimuli, leading to increased production of
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inflammatory cytokines and iNOS expression [111, 451]. By contrast, IL-4-induced
M2 differentiation is impaired in the absence of TSC1 [52, 451]. TSC1 deficiency
influences the activation of different downstream signaling pathways in M1 and M2
BMDMs. In the former, the RAS-RAF1-MEK-ERK cascade is hyperactivated in an
mTORC]1-independent manner. Additionally, TSC1 deficiency augments JNK acti-
vation. In M2 macrophages, mTORCI activity is upregulated, which appears to be
independent of increased AKT activity [451]. In fact, mTORCI hyperactivation
activity appears to inhibit AKT activation downstream of IL-4R stimulation [52].
Thus, in the context of in vitro M2 polarization, excess mTORCI signaling is
detrimental to the PI3K-AKT-driven polarization of these cells. However, a recent
study suggested that TSC1-deficient peritoneal macrophages acquire both M1 and
M2 signatures [111].

What could account for the apparent discrepancies in studies analyzing how
TSCI1 affects macrophage differentiation? One potential answer lies in the differ-
ences between BMDMs and peritoneal macrophages. Another possibility is that
TSC1-deficient macrophages have increased mTORCI activity at the expense of
mTORC?2 activity [410, 433]. The specific deletion of Rpfor in macrophages dimin-
ishes inflammation in murine models of obesity and atherosclerosis [3, 179].
Consistent with these studies, HIF-1a-deficient macrophages also have impaired
M1 -related macrophage functions [377]. By contrast, Rictor-deficient macrophages
have exaggerated M1 phenotypes, and its deletion in macrophages renders mice
more susceptible to sepsis [42, 115]. Mechanistically, mMTORC?2 appears to inhibit
the TLR4-induced activation of FOXO1 [42]. A loss of mTORC2 activity in TSC1-
deficient BMDMs could also account for the reduction of AKT activation essential
for M2 macrophage polarization [52]. Future studies will explore how the timing
and strength of mTOR signaling influences site or tissue-specific macrophage
differentiation and function.

Given that it influences mTOR, MAPK, and AKT activation, it is not surprising
that TSC1 deficiency also affects metabolism. TSC1-deficient DCs have augmented
levels of glycolysis and OXPHOS [410]. It was demonstrated that IL-4-induced
FAO is reduced in TSC1-deficient BMDMs [52]. Of note, TSC1-deficient peritoneal
macrophages have increased levels of ROS [111], but whether this is derived from
the mitochondria is unknown. Cell growth and the expression of nutrient transport-
ers are increased in an mTORC]1-dependent manner in TSC1-deficient peritoneal
macrophages, while cell survival is impaired [111]. Intriguingly, however, the loss
of TSC1 did not affect the gene expression of Hk2, Ldha, Tpil, or Hifla in perito-
neal macrophages [111]. While these results seem incongruent with an increase of
M1 macrophage differentiation in the absence of TSCI, glycolysis could still be
upregulated by stabilizing HIF-1a expression. In this regard, the increased expres-
sion of amino acid transporters could support glutaminolysis, which in turn would
produce a-KG. The conversion of a-KG into succinate could then inhibit PHD
activity and stabilize HIF-1a expression [381]. PHD activity may also be inhibited
by excessive ROS production in TSCI-deficient macrophages [111, 272]. Future
studies will continue to investigate how alterations in the TSC1-AKT-mTOR axis
influence macrophage and DC fates and functions in different diseases and tissues.
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1.3.5 The PPP and TCA Cycle Intermediates in Macrophage
and DC Functions

Glucose shuttling can increase PPP activation, which is important for purine and
pyrimidine synthesis supporting cell growth [279]. Additionally, upregulation of
PPP activity generates NADPH for NADPH oxidase (NOX) activation, a protein
complex whose function is linked to the generation of superoxide species important
for antimicrobial responses [295]. NADPH generation also maintains glutathione in
a reduced state, which limits ROS-induced cell damage in M1 macrophages [279].
M1 macrophages have thus adopted several strategies to upregulate NADPH.
For instance, they express high levels of the PPP enzymes, G6PD, and
6-phosphogluconate dehydrogenase [271, 279]. Relative to M2 macrophages, M1
macrophages express lower levels of carbohydrate kinase-like protein (CARKL)
[154], an enzyme that catalyzes the formation of sedoheptulose-7-phosphate to sup-
press PPP cycling [279]. Indeed, overexpression of CARKL limits and promotes
M1 and M2 macrophage functions, respectively, while repressing its gene expres-
sion has the opposite effect [154]. Finally, the expression of glutamate dehydroge-
nase is upregulated in LPS-stimulated macrophages, which can increase glutamine
metabolism to support NADPH production [271, 279].

The upregulation of glycolysis in M1 macrophages is associated with reduced
TCA cycle activity [203, 381]. While this acts as an effective means to generate
mitochondrial-derived ROS that can contribute to microbial killing, certain TCA
cycle intermediates are crucial for macrophage functions. For instance, citrate can
be broken down into acetyl-CoA via the activity of ATP-citrate lyase (ACL), which
then provides the cell with a source of cytoplasmic acetyl-CoA that can be used for
lipid and phospholipid synthesis [279]. The generation of acetyl-CoA via ACL
activity is also linked to histone acetylation reactions that enhance the expression of
genes associated with glycolysis, including Hk2 [416]. Additionally, oxaloacetate
generated during the ACL-mediated breakdown of citrate can subsequently be
converted into malate, pyruvate, and lactate via the activities of malate dehydroge-
nase, the malic enzyme, and LDH, respectively. Each of these chemical reactions
also converts NADP* to NADPH and regulates the balance between glycolysis
and OXPHOS [279]. How do macrophages increase cytoplasmic citrate levels to
promote these processes? Upon LPS stimulation, the expression of mitochondrial-
associated solute carrier family 25 member 1 (Slc25al; also called mitochondrial
citrate carrier CIC) is upregulated, which in turn promotes citrate transport from the
mitochondria into the cytosol [172]. Inhibition of Slc25al expression or function
is correlated with reduced LPS-triggered inflammatory responses, including the
production of phospholipid-derived prostaglandins, ROS, and NO [172]. Thus,
mitochondrial-derived citrate tunes LPS-induced macrophage responses.

Succinate levels are also increased in LPS-stimulated macrophages [381]. The
intracellular concentration of succinate increases due to glutaminolysis, where
a-KG can serve as an upstream intermediate for succinate production [294, 327].
Glutamine can also enter into the y-aminobutyric acid (GABA) shunt to form
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succinate [381]. Interestingly, an inhibitor of the GABA shunt enzyme GABA
transaminase is protective in an LPS-induced model of septic shock [381], suggest-
ing that this pathway contributes to pro-inflammatory functions of innate immune
cells. Succinate derived from these pathways can then be catalyzed into malate and
subsequently help augment NADPH levels necessary for M1 macrophage func-
tions. Succinate also regulates pro-inflammatory macrophage functions by inhibit-
ing PHD enzyme activity, which stabilizes HIF-1a expression [381]. Extracellular
succinate has also been demonstrated to augment TLR3/7-induced TNF-a produc-
tion by DCs [330], but this role has not been explored in macrophages. Finally,
succinyl groups can be added to lysine residues of certain proteins, including many
enzymes related to glycolysis [381]; however, the functions of these succinate-
dependent posttranslational modifications are unknown.

1.3.6 Cholesterol and Lipid Metabolism in Macrophages
and DCs

Cholesterol and lipid metabolism also control macrophage and DC responses. Upon
M-CSF stimulation, SREBP-1c-dependent and SREBP-2-dependent gene expres-
sion are upregulated and downregulated in human monocytes, respectively. These
changes are associated with increased FAS gene expression and decreased choles-
terol synthesis gene expression [104]. Indeed, cholesterol levels diminish during
M-CSF-induced differentiation, while fatty acid and phospholipid synthesis increase.
When FAS-related pathways are inhibited during monocyte to macrophage differen-
tiation, the resulting macrophages are smaller, have fewer organelles, and are less
phagocytic [104]. Thus, cholesterol and lipid biosynthesis support organelle and
membrane biogenesis, hence promoting cell growth and macrophage maturation.
Lipid or cholesterol homeostasis also affects mature macrophage responses.
Bensinger and colleagues demonstrated that cholesterol and long-chain fatty acid
pools are diminished upon TLR3 or type [ interferon (IFN-I) stimulation of BMDMs
[442]. These effects are mediated by reduced expression of SREBP2, SOQLE, and
FASN [34, 442]. However, the total lipid and cholesterol pool is enhanced upon
TLR3 or IFN-I signaling, because CD36 and macrophage scavenger receptor
(MSR)-dependent lipid uptake increases [442]. Limiting cholesterol flux via
suppression of the SCAP-SREBP2-inducible mevalonate pathway engages IFN-I
signaling, which promotes macrophage resistance to viral infection. It is important
to note that while SCAP-deficient macrophages have no apparent changes in the
total cellular cholesterol or lipid pools, culturing SCAP or SREBP2-deficient
macrophages with excess, cell-permeable cholesterol restores their function [442].
Mechanistically, changes in cholesterol synthesis in the ER are linked to the stimulator
of cyclic GMP-AMP (cGAS)-stimulator of interferon genes (STING)-TBK 1-interferon
regulatory factor 3 (IRF3) pathway. STING localizes to the ER membrane and is
activated by cyclic dinucleotides that are generated via cGAS activity. Activated
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STING promotes TBK1 phosphorylation and allows IRF3 to enter into the nucleus,
where it drives IFN-I and IFN-I-responsive gene expression. SCAP-deficient mac-
rophages are more sensitive to dicyclic nucleotide-induced STING activation,
which is mitigated when free cholesterol is available to the cells. Thus, ER-associated
STING senses changes in ER cholesterol synthesis to shape the IFN-I response of
macrophages.

Cholesterol degradation also modulates macrophage functions. IFN-I treatment
drives production and secretion of the cholesterol derivative, 25-HC, via the
STAT 1-dependent induction of Ch25h; in turn, 25-HC has potent antiviral effects by
limiting viral replication and viral fusion [33, 231]. Ch25h-deficient mice are more
susceptible to viral infections, LPS-induced septic shock, and experimental autoim-
mune encephalomyelitis (EAE; an autoimmune model of multiple sclerosis) but
display enhanced clearance of bacterial infections [231, 325]. These phenotypes are
linked, in part, to hyperproduction of IL-18 by Ch25h-deficient macrophages, but
altered T cell and neutrophil responses also contribute to these disease alterations.
The CH25H-dependent production of 25-HC suppresses SREBP2, but not LXR,
functions [33, 325]. Of note, 25-HC is catalyzed into 25-HC-3-sulfate (25-HC-3-S),
which antagonizes the 25-HC-induced upregulation of LXR activity [238]. These
data suggest that 25-HC conversion into 25-HC-3-S may account for the LXR-
independent functions of 25-HC in antiviral responses of macrophages [33].
25-HC-3-S antagonizes LXR and SREBP-1-dependent lipid synthesis gene expres-
sion, such as ACC and FAS, which increases and decreases cell proliferation and
apoptosis, respectively [238]. However, the role of SREBP-1 in macrophages is
complex: SREBP-1a is more highly expressed in BMDMs than SREBP-Ic, and
SREBP-1a deficiency compromises the production of IL-1p upon LPS stimulation
[170]. Future studies will continue to uncover the context-specific roles of lipid and
cholesterol biosynthesis in macrophage function.

In addition to controlling cholesterol biosynthesis, the mevalonate pathway pro-
duces isoprenoids, such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyro-
phosphate (GGPP), which serve as protein posttranslational modifications. Statin
drugs, including lovastatin, inhibit HMGCR activity and thus block not only choles-
terol synthesis but also mevalonate-dependent protein prenylation. It was demon-
strated that lovastatin treatment impairs macrophage viability due to reduced protein
prenylation [226]. These defects were linked to defective activation of the GTPases,
Cdc42, and Rac, as well as defective JNK-c-Jun activity [226]. The production of
25-HC by M1 macrophages impairs protein prenylation, which potentiates antiviral
effects by preventing viral entry into the cells [33]. Recent reports also demonstrate
that mevalonate-dependent protein prenylation is linked to IFN-I responses in mac-
rophages. In the absence of protein geranylgeranyl transferase-1p (GGTase I;
encoded by the gene Pggt/b), macrophages hyperproduce inflammatory cytokines
downstream of TLR stimulation [4]. Of note, this hyperactivation appears to require
myeloid differentiation factor D88 (MyD88) adaptor protein-dependent signaling,
as MyD88-independent TLR3 stimulation does not augment pro-inflammatory
cytokine production from Pggtl/b-deficient macrophages [4, 278]. It was demon-
strated that the GGTase I-dependent protein geranylgeranylation of KRAS mediates
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its interaction with the p11038 catalytic subunit of PI3K to promote PI3K activity
and suppress IFN-I signaling. Consistent with this idea, PggtIb- or p1105-deficient
macrophages produce excessive amounts of pro-inflammatory cytokines upon TLR
activation due to the spontaneous activation of the pyrin inflammasome [4]. Pyrin
inflammasome activation-dependent IFN-I signaling is also inhibited downstream
of the RhoA, whose activation is also shaped by protein geranylgeranylation or
farnesylation [301]. Thus, the mevalonate pathway regulates protein prenylation to
ensure proper macrophage function.

As we discussed in detail above, the FAS program supports DC maturation,
whereas FAO inhibits their pro-inflammatory functions. However, a recent study
demonstrated that pDC cells favor FAO over FAS. TLR7 and TLR9 agonists acti-
vate the pDC subset, which causes them to produce pro-inflammatory cytokines like
IFN-a and IFN-f [423]. Wu et al. demonstrated that TLR9-induced IFN-I acts in
autocrine manner to signal via the IFN-a receptor (IFNAR) to enhance FAO in
pDCs. In contrast to cDCs, the upregulation of these metabolic programs support
pDC activation and energy production. Mechanistically, IFN-I signaling in pDCs
induces pyruvate uptake into the mitochondria, which can subsequently serve as a
substrate for FAS. Then, these de novo fatty acids can serve as a substrate for
FAO. The pyruvate used to fuel FAS and subsequent FAO is derived from glycoly-
sis. The divergent metabolic programs of pDCs and ¢cDCs appear to be influenced
by the PPARa network: pDCs express PPARa, while cDCs express low levels of
this transcription factor. The induction of FAO and OXPHOS in pDCs is at least
partially dependent upon PPAR«a [423]. Further exploration is required to dissect
how TLR7/9-induced autocrine IFNAR signaling alters the metabolic programs of
pDCs; however, it is reasonable to hypothesize that the histidine solute carrier
SLCI15A4 plays a role in this process. This protein is an important regulator of pDC
cell activation, promotes endolysosomal acidification, and drives the mTOR-
dependent upregulation of IFN-I production downstream of TLR7/9 [35, 202].
Thus, by regulating mTORCI1 activation at the lysosome, SLC15A4 may induce the
metabolic programs necessary to drive pDC activation [304, 306, 454].

1.4 Roles of Metabolism in Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are immune cells enriched at mucosal surfaces, includ-
ing the lung, skin, and intestines. ILCs express the common gamma chain (yc,
CD132), IL-7Ra (CD127), IL-2Ra (CD25), and Thy1 (CD90) and are morphologi-
cally similar to lymphocytes, but they lack expression of molecules associated with
T cells, B cells, myeloid cells, or granulocytes. Similar to innate immune cells, ILCs
produce pro- and anti-inflammatory cytokines in response to other cytokines and
microbial-derived signals. The ILC family is divided into two separate lineages: the
cytotoxic ILCs and the noncytotoxic ILCs. NK cells are the only known cytotoxic
ILC, whereas the noncytotoxic ILCs are further divided into group 1 (ILC1), group
2 (ILC2), or group 3 (ILC3) ILCs based on differences in transcription factor
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expression, cytokine profiles, and effector functions as discussed briefly below [13,
361]. Of these populations, the roles of cellular and systemic metabolism in noncy-
totoxic ILC cells is only just beginning to be understood [40, 153, 258]. Therefore,
we limit our discussion below to NK cells.

Cytotoxic NK cells play roles in antiviral and antitumor responses by producing
perforin, granzymes, and cytokines (e.g., IFN-y) that can influence the activity of
other immune cells. The expression of various activating and inhibitory receptors
and cytokines promote degranulation and cytokine production by NK cells. Further,
NK cells can lyse cells via CD16 binding to the Fc portions of antibody-bound
targeted cells, a process called antibody-dependent cellular cytotoxicity (ADCC).
Recent studies have investigated how metabolic programs contribute to NK cell
functions. The cells are activated in response to surface receptors, such as NK1.1,
NKG2D, Ly49D, and TLRs, and cytokines, including IL-15, IL-12, and IL-18. The
resting metabolic activity of quiescent NK cells is low [190, 245], and they appear
to preferentially utilize OXPHOS over aerobic glycolysis [190]. FAO does not
appear to fuel OXPHOS in resting NK cells, because treating NK cells with eto-
moxir (CPT1 inhibitor) does not reduce ATP production [190]. The basal metabolic
profile of NK cells is not altered upon short-term stimulation with various cytokines
(IL-12 + IL-18; IL-12 + IL-15; IL-15 alone) or with agonistic antibodies (anti-
NKI1.1; anti-Ly49D) for activating receptors. However, the basal levels of OXPHOS
and glycolysis are both required for NK1.1-induced IFN-y production in vitro,
whereas cytokine-dependent upregulation of IFN-y is transcriptionally regulated
and does require either OXPHOS or glycolysis when analyzed early (<6 h) after
stimulation [190]. Thus, the resting metabolic state of NK cells is relatively low and
can transiently support limited, stimuli-induced effector functions.

After extended activation, NK cells must undergo metabolic reprogramming to
support their effector functions. Marcais et al. demonstrated that NK cells activated
with IL-15 in vitro, with poly(I:C) (TLR3 and RIG-I ligand) in vivo, or with influ-
enza A virus in vivo displayed increased cell size, granularity, expression of trans-
ferrin receptor (CD71) and CD98 (a component of the LAT 1 amino acid transporter),
and glucose uptake. Moreover, activated NK cells express higher levels of genes
associated with protein and lipid biosynthesis and glucose catabolism [245].
Consequently, activated NK cells upregulate both glycolysis and OXPHOS after
extended activation, with the balance shifted in favor of glycolytic metabolism [100,
245]. Inhibition of glycolysis reduces activation stimuli-induced upregulation of
CD69, granzyme B, and IFN-y. Mechanistically, mMTORCI activity increases gly-
colysis to support NK cell effector functions [100, 245]. NK cell functions may also
be regulated by mTORC2-dependent inhibition of FOXOT1 activity [95].

NK cells have been reported to have memory-like responses under certain condi-
tions, displaying enhanced effector functions upon secondary antigen challenge [79,
276, 372]. Activated NK cells must balance proapoptotic and prosurvival pathways
to become memory-like NK cells. Using a model of murine cytomegalovirus
(MCMYV) infection, O’Sullivan et al. found that activated NK cells accumulate
defective mitochondria, characterized by lower membrane potentials and higher



1 Metabolism in Immune Cell Differentiation and Function 29

production of ROS. At the contraction-to-memory phase transition, these dysfunc-
tional mitochondria are cleared via mitophagy [282]. NK cells require mitophagy to
survive and form memory, as Azg3~~ NK cells undergo more extension contraction
and generate fewer memory-like cells following MCMV challenge [282].
AMPK activity activates and mTORCI activity suppresses autophagy induced by
MCMYV infection [282]. Moreover, FOXO1 colocalizes with Atg7 and is required
for the induction of autophagy in NK cells [407]. These data suggest that metabolic
reprogramming also supports NK cell survival and differentiation into memory-like
NK cells.

It is reasonable to hypothesize that memory NK cells require FAO, because
AMPK activation and mTORCI inhibition augment both memory NK cell and
memory CD8* T cell (Ty) differentiation [10, 282, 307, 321]. Indeed, AMPK-
triggered autophagy could degrade intracellular lipid stores as an energy source for
FAO [307, 358]. However, it is also feasible that memory NK cell and Ty cell
differentiation require distinct metabolic programs. In support of this view, mito-
chondrial mass is lower, and mitochondrial membrane potential is higher in mem-
ory-like NK cells than effector or contraction-phase NK cells, whereas Ty, cells
have increased mitochondrial mass and function [393]. The microenvironment is a
critical regulator of NK cell responses, so it will be important to determine how both
cell-intrinsic and cell-extrinsic metabolites regulate NK cell responses in different
pathological conditions. How NK cell responses are shaped in different microenvi-
ronments is a topic covered elsewhere [16].

Nutrient deprivation also influences NK cell functions. Tumor microenviron-
ments and sites of inflammation are hypoxic. This state causes quiescent and acti-
vated NK cells to express lower levels of activating receptors, such as NKp46,
NKp30, NKp44, and NKG2D [19]. NK cells cultured under hypoxic conditions are
less cytotoxic, despite expressing normal levels of perforin and granzyme B; how-
ever, ADCC is retained in hypoxic states, consistent with the observation that CD16
expression is not inhibited by hypoxia [19, 337]. It has been reported that IL-2 treat-
ment can restore NK cell function induced by hypoxia [337]. NK cells upregulate
HIF-1a expression to survive under states of hypoxia [19]. Moreover, RNAI target-
ing of HIF-1a in the T-cell lymphoma tumor microenvironment promotes the NK
cell-dependent regression of the tumor [373], suggesting that HIF-1a may impede
NK cell functions in certain cancers. How local changes in metabolism influence
site-specific NK cell responses is unknown.

1.5 Roles of Metabolism in Conventional T Cells

T cells originate from hematopoietic stem cell progenitors in the bone marrow and
complete their development in the thymus. Upon maturation and egress from the
thymus as naive, single-positive CD4* or CD8* T cells, these T cells recirculate
between secondary lymphoid organs via the blood and lymphatic systems. These
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naive T cells are quiescent. Only upon receiving TCR and co-stimulatory activation
signals from APC in the presence of cytokines will these cells undergo extensive
proliferation and differentiate into effector T cells, known as CD4* T helper (Ty)
and effector CD8" cytotoxic T lymphocytes [CTLs; also called effector CD8" T
cells (Tg) in this chapter]. T cells play a vital role in cell-mediated immunity.
Specifically, CD4* T cells are involved in serving other immune cells, such as B
cells for antibody production and activation of macrophages to promote clearance
of infectious agents. CD8" T cells directly kill infected host cells. A network of
transcriptional and metabolic programs coordinates T cell quiescence, activation,
and differentiation, which we discuss further below. For brevity, our discussion is
primarily limited to mature T cells, but other references are available describing
how metabolic reprogramming contributes to conventional T cell development [46,
242]. The reader should refer to Fig. 1.4 for a model summarizing the information

below.
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Fig. 1.4 Metabolic changes are associated with T cell activation and CD4+ T cell differentiation
The metabolic requirements of T cells vary depending upon their activation or differentiation state.
This figure compares the metabolic and molecular signatures (kinases, transcription factors) of (a)
quiescent, naive T cells versus activated T cells or (b) various effector CD4* T cell populations.
The reader is encouraged to visit Sect. 1.5 of this chapter for more information
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1.5.1 Quiescent T Cells

Naive T cells are actively maintained in a quiescent state. Quiescent T cells are
characterized by smaller cell size and lower metabolic rates than activated T cells.
Energy is required for naive T cell survival, which is fueled by OXPHOS. Pyruvate
feeding into this catabolic pathway can be generated from glucose, FAO, or amino
acids. Tonic TCR (i.e., low-level signaling in response to self-peptide/MHC mole-
cules) and IL-7-IL-7 receptor (IL-7R) signals control glucose uptake to mediate
naive T cell survival. Consistent with this idea, without TCR engagement, GLUT1
expression and glucose uptake are reduced, ultimately causing naive T cell death
and atrophy [322]. IL-7R signaling through STATS mediates AKT activation to pro-
mote glucose uptake and prevent cell death [420]. Tonic TCR signals also suppress
the transcriptional activity of the FOXO family, Foxpl, and KLF2 to maintain T cell
quiescence [57, 113, 144, 191, 207, 292, 413]. Foxpl deletion disrupts quiescence
by inhibiting IL-7Ra expression and negatively regulating ERK, thereby simultane-
ously repressing key pathways in both cellular metabolism and cell cycle progres-
sion [113]. FOXO- and KLF2-dependent programs also regulate IL-7Ra expression,
as well as the expression of trafficking molecules to maintain the quiescent, periph-
eral T cell pool [57, 144, 191, 292]. KLF2 overexpression causes T cells to exit from
the cell cycle, in part by decreasing Myc mRNA expression [47]. How metabolism
links into the homeostatic properties of naive T cells is unknown.

The proper balance of mTORC1 and mTORC?2 signals also controls the meta-
bolic demands of naive T cells. In the absence of TSCI, there is an increase of
mTORCI activity and a concomitant decrease of mTORC?2 activity. This imbalance
of mTOR signaling, especially excessive mMTORC1 signaling, drives metabolic dys-
regulation that promotes spontaneous cell growth, proliferation, loss of quiescence,
and ultimately cell death [275, 313, 426, 433, 446]. Similarly, TSC2-deficient
peripheral T cells display a hyperactivated phenotype indicative of defective quies-
cence, although the survival of TSC2-deficient T cells appears to be intact [313].
These differences appear to reflect changes in mTORC2 activity and TSC1 expres-
sion, since only TSCI deficiency diminishes both [275, 313, 426, 433]. LKBI is
another upstream inhibitor of mTOR whose function is linked to T cell development
and peripheral homeostasis. LKB1 deficiency limits thymocyte development [56,
241], and the peripheral T cells that arise in the absence of LKB1 have an activated
phenotype [241]. Further, LKB1-deficient T cells have an increased glycolytic pro-
file, displaying elevated glucose uptake and expression of GLUT1 and HK2 [241].
Of note, these phenotypes may be the consequence of lymphopenia-driven prolif-
eration, but the metabolic alterations are similar in AMPKa-deficient T cells, which
do not have developmental defects [241]. Because PI3K signaling induces mTOR
activity and indirectly suppresses FOXO functions, one could predict that PTEN
deficiency also impairs T cell quiescence. However, PTEN-deficient T cells undergo
tumorigenesis but remain quiescent until tumor formation [118, 148]. It is possible
that the mTORC2-AKT axis is able to suppress FOXO in the context of PTEN defi-
ciency, thus maintaining quiescence.
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1.5.2 T Cell Activation and Proliferation
1.5.2.1 Mitochondrial Respiration Is Essential for T Cell Activation

Upon activation, naive T cells proliferate and differentiate into effector CD4* T cells
or CD8" T cells, and this is associated with a shift in their metabolic programs. T
cell activation is marked by changes in cell size, increased expression of activation-
associated molecules (e.g., CD44, CD25, CD154), and proliferation. While naive T
cells are more catabolic, activated T cells adopt a more anabolic program to support
cell growth and proliferation. The changes in metabolic programs are associated
with shifts in intracellular metabolites that enable cell growth and proliferation,
including amino acids, polyamines, lipids, and nucleotides [403]. OXPHOS pro-
grams increase in activated T cells [46, 64, 242]. OXPHOS supports T cell activa-
tion, as inhibition of the ETC diminishes proliferation and activation molecule
expression [23, 64]. Moreover, in the absence of Ugcrfs (a gene encoding a subunit
of complex III), T cells produce less IL-2 and are unable to proliferate in response
to antigen stimulation, although lymphopenia-driven proliferation is retained [345].
The observation that FAO diminishes after T cell activation suggests that fatty acids
do not fuel OXPHOS [403]. Interestingly, mitochondrial-derived ROS produced
during OXPHOS activates nuclear factor of activated T cells (NFAT) to promote T
cell functions [345]. Of note, exogenous ROS, especially those derived from phago-
cytic cells, have been demonstrated to negatively impact T cell survival and func-
tions [24]. Deletion of Tfam, a protein that regulates mitochondrial DNA dynamics
and hence OXPHOS, impairs peripheral T cell homeostasis and reduces activation-
induced proliferation [17]. In this model, defects in mitochondrial respiration were
also demonstrated to impair lysosome function, endolysosomal trafficking, and
autophagy; these cells also accumulate NAD* which impairs their functions [17].
Thus, mitochondria respiration controls T cell activation on multiple levels.

1.5.2.2 Glycolysis and Glutaminolysis Are Essential for T Cell Activation

Glucose uptake and glycolysis are rapidly upregulated after TCR and CD28
stimulation, which supports T cell proliferation and survival during the early stages
of activation [64, 121, 403]. Additionally, glutamine consumption increases in
activated T cells [403]. Carbon-tracing experiments have demonstrated that glu-
cose-derived carbons can enter into the TCA cycle to support OXPHOS [64, 403].
However, glucose-derived pyruvate is primarily catabolized into lactate [64, 403],
with approximately 10% of glucose entering into the TCA cycle [280]. Interestingly,
despite this low rate of glucose-derived pyruvate entering into the TCA cycle and
the observation that FAO is diminished upon T cell activation [403], Roos et al.
demonstrated that nearly 85% of ATP was derived from OXPHOS [329]. The
conclusion that OXPHOS supports ATP production by T cells was also recently
confirmed using apoptosis-inducing factor (AIF)-deficient T cells [255]. Therefore,
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other nutrients appear to contribute to ATP generation through OXPHOS. It has also
been demonstrated that glutaminolysis increases after T cell activation due to the
c-MYC-dependent upregulation of GLS2 and other glutaminolytic enzymes and
transporters [403]. This process provides cells with a-KG that feeds back into the
TCA cycle, which can fuel OXPHOS and also provide intermediates for protein,
nucleotide, and membrane synthesis required to rapidly proliferate and grow. Of
note, carbon-tracing experiments demonstrated that glucose and glutamine-derived
carbons only account for approximately 25% of labeled carbons in activated pri-
mary mouse T cells [161], suggesting that other nutrient sources largely contribute
to biomass accumulation upon T cell activation. Given that both activated T cells
and cancer cell lines use Warburg metabolism [306], it is likely that the remaining
carbon sources are from other amino acids, including valine and serine [161]. We
discuss how amino acid metabolism influences T cell fates in more detail below.

To upregulate glycolysis and glutaminolysis, activated T cells increase GLUT1
expression, which is linked to effective T cell activation. Indeed, GLUT1 defi-
ciency impairs T cell clonal expansion, growth, and survival during activation
[240], while overexpression of GLUT1 increases cell size and activation molecule
expression [173]. Initial studies suggested that TCR- and CD28-driven PI3K acti-
vation increases GLUT1 expression to enhance glucose uptake [121, 173, 420].
However, PI3K-deficient T cells have minor growth and proliferation defects as
compared to c-MYC-deficient T cells [288, 289, 403]. Of note, those initial studies
characterizing the role of PI3K used the inhibitor LY294002, which targets the
activity of not only PI3K but also mMTORCI1 and the Pim family kinases [116]. The
use of more selective pharmacological inhibitors does not impair glucose uptake
[239]. Similarly, T cells expressing a mutant PDK1 that cannot effectively bind
PIP; and activate AKT display normal proliferation and growth [411]. Finally,
deletion of Rictor impairs T cell survival but not proliferation [434]. Thus, investi-
gators have suggested that PI3K-AKT activation might not be critical for initiating
T cell activation [116].

What other kinases could account for T cell activation-related metabolic repro-
gramming? The inhibition of mTORCI1 diminishes TCR- and CD28-induced
¢-MYC upregulation [403, 434], suggesting that mMTORCI is a critical regulator of
T cell responses. In support of this idea, metabolic reprogramming is compromised
in RAPTOR-deficient T cells [434], and Mror and Rptor deletion suppresses TCR-
and CD28-induced proliferation and growth [92, 434]. Interestingly, there is a tem-
poral requirement for mTORC1-dependent signals driving proliferation, where
mTORCT activity is more important during T cell priming (i.e., during initial TCR/
CD28 stimulation) than 24—72 h after activation [434]. Additionally, glucose utiliza-
tion by activated T cells is enhanced by ERK-dependent signals, where ERK helps
initiate transcription of metabolic genes. ERK inhibition also impairs HK2 activity,
which limits glycolysis [59]. The MAPKs also promote signaling that augments the
expression of the sodium-dependent neutral amino acid transporters 1 and 2 (SNAT1
and SNAT?2), which subsequently increases glutamine uptake [246]. However, these
receptors may only play a role in T cell function in select contexts, as ASCT2
appears to be the dominant glutamine transporter for T cells [265]. How the
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mTORC]1 and MAPK pathways intersect to control metabolic reprogramming and
whether there is a temporal requirement for ERK signaling for engaging glycolysis
and glutaminolysis during T cell activation remain unexplored.

The activation of c-MYC and mTORC1 may also induce metabolic reprogram-
ming via ERRa [84]. It was demonstrated recently that ERRa-deficient T cells have
reduced growth and proliferation [253]. Mechanistically, these defects are linked to
impaired GLUT1 expression, limited glucose uptake, and reduced expression of
many glycolytic genes. While this study largely linked the ERRa-deficient T cell
defects to alterations in glycolysis, this transcription factor also induces gene
expression related to mitochondrial biogenesis [256], so reduced glucose-derived
pyruvate shuttling into the mitochondria may account for some of these defects.
Indeed, addition of free fatty acids restores ATP production and proliferation upon
ERRa suppression, which is likely mediated by increased expression of CPTla;
however, free fatty acids are not sufficient to restore maximum cytokine effector
responses [253]. We will discuss how metabolic pathways influence cytokine pro-
duction below.

In vivo, T cell activation occurs in the context of oxygen tension [251]. T cells
activated under hypoxic conditions in vitro display reduced T cell proliferation and
cytokine production; interestingly, the metabolic profiles of T cells activated under
hypoxic conditions are more similar to those activated in vivo [14, 15, 53, 216, 251,
387]. TCR stimulation induces HIF-1a expression, which is further enhanced by
hypoxia [53]. Because mTORCI activity promotes HIF-1a expression in naive T
cells [434], it has been of interest to characterize how HIF-1a controls T cell
responses. Although HIF-1a activity promotes glycolysis, HIF-1a is dispensable for
early glycolytic reprogramming in T cells [403]. Instead, HIF-1a has reported nega-
tive roles for controlling T cell responses [25, 210, 235, 384]. As noted above, mito-
chondrial ROS supports T cell activation [345], but whether ROS-dependent control
of HIF-1a expression contributes to this control is unknown. We further discuss the
roles of HIF-1a in effector T cell differentiation in the next subsection.

1.5.2.3 Cholesterol and Lipid Metabolism Influence Early T Cell
Responses

The biosynthetic demands of T cells are also met via the cholesterol and lipid bio-
synthesis programs. Lipid synthesis increases while oxidation decreases in activated
T cells [403]. How is this metabolic shift achieved? The expression of CPTla is
rapidly downregulated upon T cell activation [403]. Additionally, glucose and glu-
tamine sensing inhibits FAO by attenuating AMPK activation in favor of mTORC1
activation [32, 252, 328]. However, studies have suggested that AMPK activation
and FAO support T cell functions when glycolysis is limiting [32, 253]. Moreover,
AMPK-dependent FAO promotes effective antitumor immune responses and
supports T cell effector functions during infection [32, 319, 370], scenarios when
T cells are in competition for nutrients. The activation of AMPK in these contexts
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could be supported by TCR-driven calcium flux activating CaMK2 [379].
Additionally, LKB I-mediated upregulation of CD98 could also support the survival
of proliferating T cells when nutrients become limiting [380], although it is not clear
if LKB1 acts via AMPK in this context. Interestingly, aberrant upregulation of FAO
and CPTla expression is linked to excessive T cell responses in graft-versus-host
disease and systemic lupus erythematosus (SLE) disease models and SLE patients
[51, 441]. Moreover, despite playing inhibitory roles in T cell activation [75, 97,
159, 437], PPARY is required for the development of graft-versus-host disease and
for CD4* T cell-mediated, lymphopenia-driven autoimmunity [162]. Thus, FAO can
play both beneficial and detrimental roles in T cell functions.

In cells using Warburg metabolism, glucose-derived citrate from the TCA cycle
is exported into the mitochondria and converted back into acetyl-CoA via the activ-
ity of mitochondrial ACLY [22]. This acetyl-CoA can then serve as a precursor for
lipid and cholesterol biosynthesis. How, then, does fatty acid or cholesterol synthe-
sis affect T cell activation? The inhibition of ACC1 limits both homeostatic and
activation-induced proliferation of T cells [30, 217]. However, it has been suggested
that FAS is not required to induce but sustain T cell activation, as ACC1 deficiency
only reduces the survival of proliferating T cells [217]. Of note, ACC2 is dispens-
able for CD8* T cell responses [218]. In contrast, cholesterol synthesis programs are
important for enforcing cell growth and proliferation during the exit from quies-
cence. Indeed, TCR triggering is sufficient to upregulate HMGCS and HMGCR
expression to enforce cholesterol synthesis, and statin drugs profoundly impair T
cell activation [62, 141, 193, 385]. Statins primarily suppress isoprenoid generation
in T cells [103, 141, 385], so more work is needed to ascertain how these products
mechanistically contribute to T cell immunity.

The mTORC1-dependent upregulation of the SREBPs induces lipid and choles-
terol synthesis to support CD8" T cell growth and proliferation [193, 434].
Additionally, SREBP acts independently of c-MYC, HIF-1a, or AMPK to increase
glycolysis and glutaminolysis upon T cell activation [193]. The loss of SREBP
activity in SCAP-deficient T cells is correlated with a reduction of intracellular lipid
and cholesterol pools, and exogenous cholesterol restores the growth and prolifera-
tion of SCAP-deficient T cells [193]. Thus, cellular cholesterol homeostasis is an
important determinant of T cell activation. Bensinger et al. demonstrated that the
enzyme SULT2B1, which modifies oxysterols with sulfur groups, regulates intra-
cellular cholesterol homeostasis. This SULT2B 1-mediated cholesterol modification
drives oxysterol export from the cell through the ABCCI1 cholesterol transporter and
also reduces the availability of oxysterols that can activate LXR activity, an antago-
nist of TCR-mediated cell cycle progression [28]. The depletion of the cholesterol
pool can then drive the SCAP-dependent activation of SREBP1 and SREBP2 to
promote cholesterol and lipid biosynthesis [28, 193]. Recent studies have also
suggested that cholesterol and its derivatives modulate TCR signaling [374, 402,
435], but TCR signaling appears to be intact in SCAP-deficient T cells [193]. How
SCAP deficiency precisely impacts T cell responses awaits further exploration.
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1.5.2.4 Amino Acids Impact T Cell Activation

Within hours of activation, naive T cells upregulate the expression of multiple amino
acid transporters, including LAT1-CD98, ASCT2, SNAT1, and SNAT?2, among oth-
ers [59, 356, 403]. Therefore, the influence of amino acids on T cell activation has
been explored. Arginine depletion blocks T cell proliferation and glycolytic activity,
but not OXPHOS [119]. Localized arginine depletion impairs T cell activation in
the context of infections and cancers and can be mediated by both pathogens and
APCs [41, 77]. Mechanistically, arginine depletion may inhibit T cell activation by
limiting mTORCI1 function [350, 406]. Similarly to Argl-mediated arginine deple-
tion, the tryptophan-catabolizing enzyme IDO arrests T cell proliferation and pro-
motes anergy if expressed at high levels by APCs or tumor cells [77, 263].
Mechanistically, this is linked to increased activity of nonderepressible 2 (GCN2) in
responding T cells, resulting in translational repression [263]. TCR triggering pro-
motes BCATc expression, which catabolizes branched-chain amino acids (e.g., leu-
cine, isoleucine, and valine). This process inhibits mMTORC1-dependent glycolytic
reprogramming [6, 448].

Several groups have also investigated how amino acid transporters regulate T cell
activation. As one would predict given the role of glutaminolysis for T cell activa-
tion, deletion of glutamine transporters impairs proliferation [59, 356]. It has been
shown that deficiency in the leucine/glutamine anti-porter complex LAT1-CD98
impairs clonal expansion [209, 356]. Of note, T cells lacking the CD98 heavy chain
have impaired proliferation, but this might be attributed to the ability of this mole-
cule to associate with integrins [209]. Interestingly, however, ASCT2-deficient T
cells have no defects in activation-induced expansion, survival, or IL-2 production
[265]. Thus, different amino acid transporters appear to have different effects on T
cell activation and function. Below, we discuss how metabolism further governs the
differentiation of T cells into unique functional subsets.

Although there is a clear correlation between amino acid uptake and increased
mTORCI activation, the mechanisms governing this activation in T cells remain
unclear. As we mentioned above, the TSC1/2-RHEB-RAGA/B axis is a conserved
pathway driving mTORCI activity in response to different amino acids [334, 349,
350], while the GAP for RAGC/D is the FNIP-FLCN complex [349, 350, 389].
Consistent with this idea, TSC1/2-deficient T cells have elevated mTORC1
activation [313, 434]. Further, RHEB-deficient T cells display reduced mTORCI
activation; however, this inactivation is incomplete and transient, whereas RAPTOR-
deficient T cells have sustained mTORCI activation [434]. Interestingly, while
amino acids can upregulate mTORCI activation independently of TCR engage-
ment, mMTORCI activation is only sustained in the presence of TCR stimulation and
amino acids [265, 356]. Because TCR engagement is required for T cell activation,
it is conceivable that amino acid signals prime mTORCI activation in T cells but
that these signals are rapidly downregulated to prevent inappropriate T cell activa-
tion. If and when appropriate TCR engagement occurs, signaling activated down-
stream of the TCR and accessory receptors increase amino acid flux and/or cooperate
with the RHEB-mediated activation of mTORCI to sustain mTORC]1 activation
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necessary to exit quiescence and acquire effector phenotypes as discussed below.
Indeed, mTORCI activation can be induced by multiple AKT-independent path-
ways in T cells [117, 136, 137, 151], and the CARMA1-BCL10-MALT1 complex
promotes ASCT?2 function to increase glutamine and leucine uptake, allowing for
maximum mTORCI activity [265]. Future studies will continue to explore how
amino acids influence the molecular programs of T cells to ultimately shape their
functions.

1.5.3 Effector CD4* T Cell Differentiation
1.5.3.1 Overview of Effector CD4* T Cells

After receiving appropriate TCR and co-stimulatory signals, activated T cells fur-
ther differentiate into effector T cell lineages. The subset differentiation process for
activated CD4* T cells is dictated by the coordinated actions of transcription factors,
signature cytokine profiles, and immune signals. In the presence of appropriate
cytokines, CD4* T cells differentiate into T helper 1 (Ty1), Ty2, Tyl7, and T follicu-
lar helper (Tgy) cells. Functionally, these subsets play discrete roles in the clearance
of infectious pathogens. Ty 1 cells that express the transcription factor T-bet (encoded
by Thx21) and produce large amounts of IFN-y aid in the eradication of intracellular
pathogens. Ty;2 cells (defined by the expression of GATA3) produce IL-4, IL-5, and
IL-13 and promote clearance of parasites. RORyt* Ty17 cells produce cytokines of
the IL-17 family (predominantly IL-17A and IL-17F), IL-21, and IL-23 and are
important for the clearance of extracellular pathogens, such as fungi. Finally, Tgy
cells expressing the transcription factor Bcl6 are present in the lymphoid follicle,
where they interact with B cells to promote germinal center reactions that facilitate
high-affinity, class-switched antibody production. Dysregulated CD4* effector T
cell responses are also linked to autoimmunity or inflammatory disease [185]. IL-9-
producing Ty9 and IL-22-producing Ty22 subsets that play a role in allergic dis-
eases in the lung and skin have also been described [186]. However, little is known
about the metabolic programs driving Ty22 differentiation. We discuss how meta-
bolic programs control CD4+ effector T cell differentiation below.

1.5.3.2 Tyl and T2 Cells

Glycolysis is the dominant metabolic program of Tyl and Ty2 cells. Compared to
naive T cells, in vitro-differentiated Ty 1 and Ty?2 cells express high levels of GLUTI,
with Ty2 cells expressing the highest levels of this glucose transporter [252].
Glycolysis inhibition via 2-DG treatment suppresses Tyl proliferation and survival
[132]. Further, T-bet expression is not efficiently upregulated under Ty1-skewing
conditions, which diminishes their ability to produce IFN-y [132, 448]. These data
are similar to results showing that 2-DG treatment or culture with galactose
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diminishes IFN-y production by CD4* T cells [64, 448]. The AKT-mTOR axis con-
trols metabolic rewiring to support T 1 and Ty2 differentiation. Loss of either RHEB
or RAPTOR diminishes Tyl differentiation [93, 324, 434], demonstrating that
mTORCI directs Tyl differentiation, while the role of mMTORC?2 signaling remains
controversial [93, 220]. T2 differentiation also requires mMTORC1 and mTORC2
activity [93, 220, 434], but because mTORC1 promotes T cell activation, its inhibi-
tion more potently suppresses Ty2 differentiation. Moreover, mTORCI appears to
regulate at least two phases of Ty2 differentiation: exit from quiescence and commit-
ment to the Ty2 effector program [434]. Precisely how mTORC]1 promotes Ty2 sub-
set commitment is unclear, but metabolic genes or metabolites induced by mTORC1
activation may influence Ty2 programs analogous to glycolysis-regulated IFN-y pro-
duction [64, 158]. While mTORC1-dependent signaling transcriptionally influences
metabolic reprogramming when T cells are exiting from quiescence [434], it is also
possible that mMTORCI via its control of metabolism and translation influences pro-
tein expression and function at the translational and posttranslational levels. Indeed,
a recent report demonstrated that mMTORCI can influence metabolic gene expression
in activated CD8* T cells [166]. How mTORC?2 regulates T2 and/or Ty 1 differentia-
tion is also not clear. However, mTORC2-mediated control of AKT is also likely
important for this process, since AKT supports glycolytic metabolism in T cells
[121]. Further, mMTORC2 may promote c-MYC and SREBP activity by increasing
RAPTOR-mTORCT activity via AKT [434]. Finally, the mTORC2-dependent regu-
lation of FOXO1/3a could influence this process. Future studies will continue to
extrapolate how mTOR signaling drives Ty1 and Ty2 differentiation.

Recent investigations have helped answer how glycolysis supports Tyl effector
functions. When in vitro-activated CD4* T cells or in vivo-polarized Tyl cells
receive secondary TCR signals under glucose-limiting conditions, they produce less
IFN-y [64, 158]. Pearce and colleagues demonstrated that aerobic glycolysis is
linked to the translation of Ifng mRINA. Mechanistically, the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) binds Ifng mRNA when
aerobic glycolysis is not permissive (e.g., when T cells are activated in the presence
of galactose), blocking Ifng translation [64]. The reduction of Ifng mRNA transla-
tion could also be linked to reduce AKT and mTORCI activities or increase AMPK
activity [32, 158, 370], but this remains to be addressed. Glycolytic metabolites also
impact TCR signaling via the Ca*-NFAT axis [158]. Specifically, the glycolytic
metabolite PEP enables intracellular Ca** from ER stores to accumulate in the cyto-
sol, drive extracellular Ca?* flux, and activate NFAT transcriptional activity upon
secondary TCR engagement. Interestingly, TCR signaling appears to be hardwired
to facilitate PEP accumulation. PEP is converted into pyruvate via the activities of
PKM, of which PKM1 is more active than PKM2. Because TCR signaling selec-
tively upregulates PKM2 expression [403], PEP can accumulate more readily [394],
thus promoting appropriate Ca**-NFAT activation.

Although glycolysis supports Tyl and Ty2 differentiation, analysis of Tfam-
deficient mice suggests that OXPHOS antagonizes the differentiation of Ty1 cells
[17]. When Tfam-deficient T cells are differentiated in vitro toward the Ty1 lineage,
they express increased levels of IFN-y and T-bet. Interestingly, similar elevations in
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IFN-y and T-bet expression are observed when cells are polarized under Ty2 condi-
tions, suggesting that the balance of OXPHOS in differentiating cells may tune
T-bet expression and thus determine the lineage commitment of Tyl versus Ty2
cells. Indeed, Tfam deficiency attenuates IL-4 production by in vitro-derived Ty2
cells. How does mitochondrial dysfunction exacerbate Tyl differentiation? Due to
reduced levels of NAD*, Tfam-deficient T cells accumulate dysfunctional lyso-
somes, leading to increased levels of sphingomyelin and triacylglycerides. Indeed,
naive T cells activated in the presence of a lysosome inhibitor of sphingomyelin
produce excessive levels of IFN-y, and increasing the levels of NAD* available to
Tfam-deficient T cells restores their Ty1 profile. Future work will uncover whether
additional mitochondrion-regulated processes also contribute to aberrant Tyl
differentiation.

Amino acid uptake and metabolism also influence Tyl and Ty2 differentiation.
Naive T cells cultured in glutamine-free media fail to become IFN-y-producing Ty1
cells. The uptake of glutamine is partially mediated by ASCT2, which promotes Ty1
cell expansion [265]. By contrast, ASCT2-deficient T2 cells express higher levels
of GATA3 and IL-4, suggesting that ASCT2-dependent glutamine uptake sup-
presses Ty2 differentiation in favor of Tyl differentiation. ASCT?2 facilitates maxi-
mum glutamine uptake by activated T cells and also contributes to glucose and
leucine uptake. ASCT2-related nutrient uptake is linked to increased TCR- and
CD28-induced mTORC1 activation, which enhances c-MYC expression to support
aerobic glycolysis in activated T cells. However, OXPHOS activity is only tempo-
rarily impaired in ASCT2-deficient T cells, which could help explain why activation-
induced proliferation and IL-2 production are not halted in its absence. It is note-
worthy, however, that there appears to be a temporal or differentiation-related
requirement for ASCT?2 in driving mTORCI activity in Tyl cells. Despite having
reduced frequencies of Tyl cells in its absence, ASCT2-deficient Ty1 cells appear
to have normal levels of phosphorylated S6 (indicative of mTORCI signaling) and
glutamine uptake. Moreover, only excess glutamine can rescue IFN-y production
when naive T cells are cultured under Tyl-polarizing conditions, whereas excess
leucine inhibits Ty1 differentiation in both ASCT2-deficient and ASCT2-sufficient
T cells. The mechanisms underlying the leucine-mediated inhibition of Tyl polar-
ization require further investigation.

1.5.3.3 Tyul7 Cells

In vitro-differentiated Ty 17 cells are also highly glycolytic relative to naive T cells,
and IL-17-producing cells express high levels of GLUT1 during EAE [132, 252,
348]. Glycolysis is functionally important for Ty17 differentiation in vitro and
in vivo, because it supports Ty 17 cell proliferation, survival, and the upregulation of
RORyt expression [132, 348]. Mechanistically, the differentiation of T;17 from naive
T cells is regulated by mTORC1 [92, 93, 348]. In the absence of mTOR activity, IL-6-
induced STAT3 phosphorylation is impaired, which in turn limits the upregulation of
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STAT3-dependent genes encoding IL-21 and RORyt [92]. Further, mTOR-deficient
T cells do not upregulate IL-23R expression, which stabilizes the phenotype of
Ty17 cells. These effects appear to be attributed to mTORCI activity, because Ty 17
differentiation is normal in the absence of RICTOR [93, 220]. The upregulation of
IL-23R enhances mTORCT activation in Ty17 cells [66]. Additional signals like the
cytokine IL-1 and short-chain fatty acids can also maintain high levels of mMTORC1
activity in Ty17 cells [66, 145, 169, 208, 299]. Of note, mMTORC2-mediated activa-
tion of SGK1 downstream of IL-23R could also regulate the pathogenicity of Ty 17
cells [200, 422], but this remains to be formally tested.

If glycolysis and mTORCI activity are important for Ty1, Ty2, and Ty 17 differ-
entiation, what molecular and metabolic signatures determine which fate CD4* T
cell adopt? Tyl7 cells express higher levels of HIF-la than Tyl or Ty2 cells.
Moreover, HIF-1a-deficient T cells do not efficiently upregulate Ty17-related cyto-
kines, IL-23R expression, and glycolysis-related genes under Ty17 conditions [86,
348], whereas Tyl or T2 differentiation does not require HIF-1a [86]. HIF-1-
dependent functions are also involved in maintaining the human Ty17 cell popula-
tion [205]. Mechanistically, HIF-1a not only increases the expression of RORyt at
the transcriptional level but also activates RORyt transcriptional activity by recruit-
ing p300 to the RORyt-bound //17a promoter [86]. In addition to increasing gly-
colysis, HIF-la supports the Tyl7 program by promoting the proteasomal
degradation of forkhead box P3 (FoxP3), a transcription factor that promotes Treg
cell differentiation [86, 120, 160, 192]. We discuss Treg cells in the next subsection.
HIF-1a expression is markedly upregulated in an mTORC]1-dependent fashion in
Ty17 cells [348], but how is it so potently increased in Ty 17 cells and not Ty1 or T2
cells? Activated STAT3 binds directly to the Hifla gene promoter, suggesting that
mTOR-dependent regulation of IL-6-induced STAT3 activation increases HIF-1a
expression in Ty17 cells. Metabolic programs induced by mMTORC1 activation could
also influence HIF-1a stability through the actions of succinate or ROS-mediated
inhibition of PHD [86]. In support of this view, Ty17 differentiation is enhanced
under hypoxic conditions, where PHD activity is likely inhibited [86]. Pyruvate and
lactate also influence HIF-1a activity in the absence of hypoxia [90, 234, 363].
Rathmell and colleagues demonstrated that Ty;17 cells produce higher levels of both
pyruvate and lactate than Ty 1 cells, likely due to the increased expression of PDHK 1
[132]. Indeed, PDHKI1 activity is crucial for Tyl17 but not Tyl differentiation.
Recent reports demonstrated that exogenous sodium lactate induces RORyt and
IL-17A production by CD4* T cells and that T;17 responses are positively correlated
with increased serum lactate levels in humans [147, 347]. Whether Ty;17 cell-derived
lactate is important for their differentiation remains unexplored.

Although glycolysis is essential for their differentiation and function, Ty17 cells
also upregulate FAO more efficiently than Tyl or T2 cells [252]; however, exoge-
nous free fatty acids suppress Ty17 differentiation in vitro by impairing their sur-
vival [252]. Further, AICAR-induced AMPK activation is correlated with enhanced
fatty acid uptake and FAO, and this chemical agent suppresses Ty;17 differentiation
[143]. This effect may be mediated by AMPK-dependent inhibition of mTORC1
activity [32, 252]. However, the role of AMPK in Ty17 differentiation is complex.
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AMPK signaling suppresses Ty17 responses and hence is protective in EAE [266,
267]. These alterations appear to be cell extrinsic, however, because AMPK-
deficient CD4" T cells do not have impaired Ty17 differentiation [241]. Of note,
deletion of LKB1, which activates AMPK, enhances Ty17 differentiation in vitro
[241], although it is conceivable that these effects are AMPK independent. Despite
the controversial role of AMPK in directing Ty17 differentiation and function, the
induction of PPARy downstream of AMPK does appear to inhibit Ty17 develop-
ment. PPARY activity is inversely correlated with the development of EAE, which
is attributed to the inhibition of Ty17 differentiation through the antagonism of
STAT3 transcriptional activity [201, 318, 438]. One question to address is, if FAO
appears to antagonize Ty 17 cell responses, why do they upregulate FAO programs?
Tul7 cells may upregulate FAO as a consequence of increased fatty acid uptake.
Indeed, Ty17 cells upregulate their expression of the epidermal fatty acid-binding
protein (E-FABP) that can sequester fatty acids and hydrophobic molecules in the
cytosol, and E-FABP-deficient T cells have defects in differentiating into Ty;17 cells
[223]. Functionally, E-FABP antagonizes PPARY to increase Ty17 differentiation.
By serving as inhibitors of HDACs, short-chain fatty acids augment Ty17 differen-
tiation in vitro and in vivo [299]. Moreover, recent work suggests that short-chain
and long-chain fatty acid sensing in the intestines shapes Ty17 responses in the
peripheral tissues, including the central nervous system [149]. Future work will
continue to dissect how fatty acid sensing impacts Tyl7 differentiation and
function.

As noted above, FAS and cholesterol biosynthesis are crucial regulators of naive
T cell activation. How do FAS and cholesterol biosynthesis-related molecular pro-
grams influence Ty17 differentiation? LXR increases SREBP-1 expression, which
antagonizes Ty 17 development [82]. Mechanistically, SREBP-1 binds to the 1//7a
promoter, blocking its transcriptional upregulation by the aryl hydrocarbon receptor
(AHR) [82, 198, 397]. As noted above, studies have suggested that AMPK might
antagonize Ty17 differentiation. The AMPK-dependent phosphorylation of ACCI
activity disrupts de novo FAS. AMPK can also inhibit ACC2 activity, whose conver-
sion of mitochondrial acetyl-CoA into malonyl-CoA is important for the allosteric
inhibition of CPT1a; thus, ACC2 can suppress FAO. It was found that naive T cells
cultured under Ty17 conditions upregulate the expression of ACC1/2 [30]. This
upregulation is important for Ty 17 differentiation, as ACC1 inhibition reduces Ty17
differentiation [30, 107]. Intriguingly, ACC1 inhibition impairs aerobic glycolysis
and limits glucose shuttling into the TCA cycle for energy generation, and FAS not
only suppresses FAO but also impairs the upregulation of aerobic glycolysis [30].
Of note, Ty1 and Ty2 differentiation are also impaired in the absence of ACC1 [30],
suggesting that ACCl-related metabolic programs are important for effector CD4*
T cell functions. Interestingly, a recent study demonstrated that ACC1 also controls
Ty 17 differentiation in the context of obesity by modulating RORyt recruitment to
and function at the //17a locus [107].

Amino acid sensing also contributes to Ty17 responses. Neither ASCT2- or
LAT1-deficient T cells efficiently differentiate into Ty17 cells in vitro [149, 265,
356]. As noted above, these observations are due in part to glutamine-dependent
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uptake of leucine that controls mTORCI activation to induce glycolysis in naive
CD4* T cells [265]. Interestingly, in contrast to Tyl cells, ASCT2-deficient Ty17
cells have impaired mTORCI activity, suggesting that glutamine and/or leucine
uptake via ASCT?2 helps maintain mTORCI activity required to sustain the Ty17
program [265]. In support of this, exogenous leucine potentiates Ty17 differentia-
tion in vitro and can restore Ty;17 cell responses in the context of ASCT2 deficiency
[265]. Because lysosomal-associated mTORCI1 can be activated by amino acids
[454], these results could indicate a differential requirement for lysosomal function
in Tyl7 and Ty1 differentiation. In support of this view, Tfam-deficient T cells lose
lysosomal function, which is associated with a reduction of Ty;17 cell-derived IL-17
production and increase of Ty 1 differentiation and function [17]. Whether mMTORCI
sensing of lysosomal nutrients, including amino acids, contributes to Ty17 cell
functions is currently unknown.

1.5.3.4 Tgy Cells

The metabolic programs of Tgy cells were recently demonstrated to be divergent
from Ty1 cells in the context of a systemic viral infection [324, 427]. LCM V-specific
Try cells are less metabolically active than Ty1 cells [324]. Moreover, Tgy cells use
more mitochondrial metabolism over glycolysis [324]. How is glycolysis inhibited
in Tgy cells compared to Ty 1 cells? IL-2 signals inhibit the Tgy program by modulat-
ing AKT and mTOR activities [18, 284, 324]. Indeed, Try cells display lower levels
of AKT and mTOR signaling than Tyl cells, which is important to suppress gly-
colysis and support Ty differentiation over Tyl polarization [324]. The transcrip-
tion factor Bcl6 is essential for Tgy differentiation [180, 273], and it suppresses
glycolysis driven by IL-2 signaling in Tyl cells [285], suggesting that Bcl6 and its
regulatory proteins may inhibit the glycolytic program of Tgy cells. Consistent with
this idea, T cell factor 1 (TCF1, encoded by the Tcf7 gene) is inhibited by IL-2 sig-
nals and promotes Bcl6 expression and subsequent Ty differentiation [71, 427,
429]. Tcf7 deletion in Tgy cells reduces mitochondrial function and the expression
of genes associated with multiple branches of metabolism, including branched-
chain amino acid degradation, the PPP, fatty acid metabolism, and the TCA cycle
[427]. IL-2 signals have also been shown to differentially modulate FOXO1/3a
binding to the Bcl6 locus, in that low IL-2 signals are correlated with higher levels
of FOXO1/3a binding [284]; thus, IL-2 signaling might also modulate Bcl6 expres-
sion and glycolysis via the FOXOs. However, FOXO1 and its downstream target
KLF2 actually antagonize Ty differentiation, in part by suppressing the ICOS-
mediated induction of Bcl6 [219, 369, 412, 428]. Recent work has indeed demon-
strated that ICOS can control the metabolic reprogramming of Tgy cells in an
mTOR-dependent manner [443]. Therefore, cross talk between different upstream
signals may differentially influence how signaling, transcriptional, and metabolic
networks influence Tgy differentiation and function in different contexts.
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1.5.3.5 Ty9 Cells

Ty9 cells were first characterized as a subset of Ty2 cells capable of producing I1L-9
when cultured in the presence of TGF-f, but observations that cells cultured under
these conditions rarely co-express GATA3 and IL-9 suggest that Ty9 cells are a
unique subset [367, 398]. The differentiation program of these cells is dependent
upon the transcription factors, STAT6, interferon-responsive factor 4 (IRF4), and
PU.1, and the canonical and noncanonical NF-kB networks [342]. IL-2 signals are
indispensable for inducing IL-9 production by CD4* T cells, with IL-4 and TGF-§
potentiating these effects [341]. However, IL-4 is not necessary for Ty9 differentia-
tion if IFN-y is neutralized [264, 341]. IL-2 induces STATS5 activation, which
enhances IL-9 production by CD4* T cells, via three known mechanisms. First,
phosphorylated STATS5 can directly bind to the 719 locus [135, 436]. Second, STAT5
induces Ty9 differentiation by increasing IRF4 expression [135]. Third, IL-2 signal-
ing activates Itk, which is important for Ty9 differentiation [135]. However, it
should be noted that Itk signaling appears to be more important in the context of
limiting TCR-CD28 and/or IL-2R signaling, because excess IL-2 can largely rescue
the defective Ty9 differentiation of Itk-deficient T cells [135].

TGF-f induces PU.1 expression, which can subsequently bind the 7/9 locus and
also upregulate the acetylation of histone H3 by recruiting histone acetyltransfer-
ases to the 719 locus [65, 140]. Additionally, the kinase TAK1 inhibits the activity of
SIRT1 upon TGF-f stimulation [409]. Thus, TGF-p signaling appears to be an
important modulator of epigenetic modifications at the /19 locus. How might TGF-f
influence the epigenetic landscape of the /9 locus to impact Ty9 differentiation? A
recent report suggests that SIRT1 antagonizes the mTOR-HIF-1a axis driving gly-
colysis to suppress Ty9 differentiation [409]. In response to TGF-f and IL-4 stimu-
lation, SIRT1 expression is downregulated. Then, the glycolytic program increases
in a mTORCI1-HIF-1a-dependent fashion. Consistent with this idea, Ty9 differen-
tiation is enhanced in the absence of SIRT1, but this differentiation is attenuated
when glycolysis is inhibited or when mTOR or HIF-1a is deleted. It appears that
SIRT1 activity opposes the ability of HIF-1a to bind the /19 promoter region. Thus,
when SIRT1 activity is antagonized, HIF-1a binds to regions that are also enriched
for primed histones (e.g., trimethyl K4 H3). Given that HIF-1a associates with
p300/CBP in CD4* T cells [86], it may cooperate with PU.1 to promote the acetyla-
tion of histones at the 719 locus. Of note, Ty9 differentiation is not inhibited in the
absence of HIF-1a or mTOR [409]. Similarly, Ty9 differentiation is resistant to
rapamycin treatment [244]. Thus, future studies will be needed to determine pre-
cisely when and how the TAK1-mTOR-HIF-1a controls Ty9 differentiation, but
Itk-dependent activation of mTORCI1 downstream of IL-2 might help determine the
requirements for mTORCTI signaling driving Ty9 differentiation [135].
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1.5.4 CD8* T Cell Differentiation

CDS8* T cell fates are also critically important for the clearance of acute infections
and cancers. After encountering antigen and co-stimulatory signals, naive CD8" T
cells exit quiescence and rapidly proliferate. During this expansion phase, activated
T cells integrate environmental antigen, co-stimulatory, and cytokine signals and
subsequently become either short-lived effector cells (SLEC) or memory precursor
effector cells (MPEC). Over time, antigen-specific CD8* T cells expand, but most
die in a process termed contraction. The remaining memory CD8* T cells (Ty) are
long-lived and have the capacity to rapidly re-expand and acquire effector functions
if antigen is reencountered. Ty, cells are further subdivided into central memory
(Tew), effector memory (Tgy), and tissue-resident memory (Tgy) cells based upon
their expression of different trafficking receptors and functional properties. Several
models have been proposed to explain how CD8* T cells acquire an effector or
memory fate [183]. Below, we discuss how metabolic reprogramming contributes to
these fate decisions.

Several groups have investigated how metabolic programs differ between Ty and
Ty cells (Fig. 1.5a). Tk, cells favor glycolysis and glutaminolysis over FAO, whereas
Ty cells favor FAO and OXPHOS [63, 370, 393]. Interestingly, although both cell
populations have similar cytokine profiles, glucose and glutamine consumption
appears higher in, in vitro-derived T cells than Ty1 cells [166]. Glycolysis increases
in T, cells because glycolytic enzymes, including aldolase C, a-enolase, and HK2,
increase in expression [63, 370], while genes associated with mitochondrial metab-
olism and FAO are downregulated [370]. Consistent with an important role of gly-
colysis in Ty function, 2-DG-treated CD8* T cells produce less IFN-y and express
lower levels of Prfl (encodes perforin) and GzmB (encodes granzyme B) mRNA
than untreated cells [63, 370]. As we discussed above, SCAP-SREBP and/or ACC1-
dependent FAS are crucial for CD8* T cell growth and activation [193, 217]; hence,
they support T, differentiation. Of note, long-chain fatty acid uptake is higher in Ty
than naive T cells or Ty cells due to increased expression of CD36. These lipids are
subsequently stored as neutral lipids, such as triacylglycerol or cholesterol esters.
Because T, cells express higher levels of lysosomal acid lipase (LAL) than Ty cells,
they can break down these neutral lipids in the lysosome, thus providing Ty, cells
with an intrinsic substrate for FAO [281]. In addition to increased FAO, Ty cells
have enhanced mitochondrial content and have higher spare respiratory capacity
(SRC; also called reserve respiratory capacity). Thus, Ty, cells have an enhanced
capacity to rapidly produce energy via OXPHOS than Ty, cells.

The mTOR signaling axis facilitates Ty differentiation and function. Ty cells
have high levels of mMTORC1 and mTORC?2 signaling [166], which is induced by
antigenic, co-stimulatory receptor, and IL-12 signals [69, 320, 321]. The activation
of mTORCI positively regulates the transcriptional and metabolic network of Tg
cells [10, 321]. How does mTORCI signaling positively influence Ty differentia-
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Fig. 1.5 Comparison of the metabolic requirements of CD8* Ty cells and Ty cells versus tTreg
cells and iTreg cells

(a) CD8* T, cells and Ty cells utilize distinct and overlapping metabolic pathways to fuel their
specific fates and functions. Glucose and glutaminolysis are the major metabolic programs of Tg
cells, wherein these products contribute to a-ketoglutarate (a-KG) production, which is used to
generate cholesterol and lipid products that support cell growth and proliferation. a-KG can also
enter into the TCA to support OXPHOS, but T, cells have fragmented mitochondria that are not
efficient for OXPHOS. The mTORCI pathway is a crucial regulator of metabolic reprogramming
of Tg cells, in part by upregulating the expression of the transcription factors AP4 and HIF-1a. In
contrast, Ty cells upregulate AMPK-dependent FAO programs to support their energy metabolism.
Mitochondrial biogenesis is also increased downstream of PGC-1a, resulting in more fused mito-
chondrial networks that support OXPHOS. Ty, cells can take up fatty acids to support FAO, but
primarily break down de novo-synthesized fatty acids derived from glucose to support their meta-
bolic needs. The reader is referred to Sect. 1.5 for more information related to this topic. (b)
Several studies have suggested that thymic-derived Treg (1Treg) cells and in vitro-derived Treg
(iTreg) cells use similar metabolic programs as Tg cells and Ty cells, respectively. The mTORC1
pathway is a crucial regulator of tTreg cell functions, and it controls glycolysis and cholesterol and
fatty acid synthesis from these cells. The cells also display high levels of AMPK activity that might
support fatty acid uptake and FAO under select contexts. Of interest, excessive glycolysis induced
by too much PI3K-mTORC?2 signaling or mTORC1-HIF-1a or -c-MYC signaling can destabilize
tTreg cells, as indicated by the loss of FoxP3 expression (not depicted). Like Ty, cells, AMPK-
dependent FAO and glycolysis support the differentiation and function of these cells. By contrast,
mTORC1 and mTORC2-dependent signals antagonize iTreg cell differentiation and function. The
reader should refer to Sect. 1.6 for more information related to these cells
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tion? First, mMTORCI] signaling is linked to the upregulation of T-bet and EOMES
by mechanisms that are not completely understood [313, 321] but may involve epi-
genetic regulation linked to metabolic programs. Additionally, the mTORCI-c-
MYC axis supports the glycolytic program of Ty, cells, in part, by upregulating AP4
expression; the expression of this transcription factor increases after c-MYC expres-
sion declines to facilitate prolonged proliferation and growth [72]. Of note, AP4
expression is also posttranscriptionally regulated, and MEK and p38 inhibitors sup-
press IL-2-dependent AP4 expression [72]. These data suggest that the mTORC1-c-
MYC network is crucial for early metabolic programming events, whereas the
MAPKSs-AP4 axis sustain metabolic programs to support T cell expansion. Finally,
the activation of HIF-1a can also functionally regulate the Tg program downstream
of mTOR. Hifla-deficient T cells express less perforin and granzyme B than con-
trol T, cells, whereas increased HIF-1 function is linked to the elevated expression
of these molecules [76, 98, 117]. However, the terminal differentiation of Ty cells is
impaired in the absence of the von-Hippel-Lindau complex (VHL), which drives
HIF-1 degradation. This process may be caused by lactate production induced by
the HIF-1a-dependent aerobic glycolysis [117]. These data indicate that the mTOR
pathway support Ty differentiation and function by modulating the metabolic
programs.

In contrast to its positive role in Ty differentiation, mTOR inhibits and AMPK
promotes Ty cell formation, respectively [10, 307, 321]. Ahmed and colleagues
demonstrated that mMTORC1 antagonizes Ty, differentiation at several levels. First,
in vivo rapamycin treatment during the expansion phase increases the quantity of
Ty cells by increasing MPEC generation. Second, rapamycin treatment at the
expansion-contraction transition phase improves the survival of the clonal CD8* T
cell pool. Finally, mTORCI inhibition during the contraction phase improves the
quality of the Ty, response without affecting the number of cells [10]. Consistent
with a role for mTORCI1 as an inhibitor of Ty differentiation, RHEB-deficient T
cells have defective Ty differentiation but efficiently differentiate into Ty cells in
response to a systemic bacterial infection [313]. Given these data, it is not surprising
that T cells lacking TSC1 or TSC2 have elevated levels of mMTORCI activity and
have impaired Ty, cell differentiation [313, 353]. Powell and colleagues recently
demonstrated that mMTORC2 signaling is also a crucial regulator of Ty, differentiation.
While RICTOR-deficient T cells display normal Ty differentiation and function,
they more efficiently differentiate into Ty cells with enhanced function. Under
culture conditions that drive Tg (IL-2) or Ty (IL-7 or IL-15) differentiation,
mTORC?2 inhibition increases glycolytic metabolism in vitro. However, RICTOR-
deficient T cells are resistant to IL-2-induced downregulation of SRC, a metabolic
feature of Ty cells [313, 393]. These findings are consistent with observations that
FOXO1-deficient T cells fail to downregulate T cell-related programs and acquire
Ty cell phenotypic features [157, 383]. It has also been reported that TRAF6-
deficient T cells cannot efficiently differentiate into Ty cells despite having normal
T cell responses [307]. This defect is coupled to inefficient upregulation of FAO
programs, which are rescued by AMPK activation. Because APMK can increase the
uptake of fatty acids [254], it is possible that, in the absence of TRAF®6, lipid uptake
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or accumulation is impaired. The mechanism by which TRAF6 regulates Ty
responses still requires further investigation.

How is mTORCI signaling tuned to influence Ty versus Ty cell fate decisions?
Under selective activating conditions, T cells can undergo asymmetric cell division,
wherein the APC-proximal daughter cell is more likely to differentiate into a Tk, cell,
and the APC-distal daughter cell is more likely to become a Ty, cell [67]. During the
first round of cell division, the metabolic machinery is asymmetrically segregated,
wherein the proximal daughter cell acquires higher levels of mMTORC1-c-MYC sig-
naling than the distal daughter cell. CD25 and the LAT1-CD98 complex also polar-
ize asymmetrically, and amino acid sensing and glutaminolysis sustain high c-MYC
expression in the proximal daughter cell [314, 399]. By contrast, the distal daughter
cell has lower levels of mTORCI activation, higher mitochondrial content, and
increased levels of FAO which is likely attributed to increased AMPK activity in the
absence of sufficient levels of glucose and/or glutamine [32, 314]. Along with these
metabolic features, the distal daughter cell upregulates pro-survival factors that
ultimately allow for their long-term survival [314]. While the precise mechanisms
contributing to asymmetric mTORCI partitioning are not completely known, after
TCR stimulation, RAGC transiently dissociates from the lysosome and localizes
within the cytoplasm before it is redistributed to the lysosome of the proximal
daughter cell [314]. This change is accompanied by a rapid, kinase-independent
recruitment of mTOR to the lysosome, which is facilitated by LATI-CD98-
dependent amino acid sensing [314]. Then, mTORCI segregation influences c-MYC
expression in the proximal and distal daughter cells to ultimately influence T cell
proliferation, metabolism, and differentiation [399].

Pearce and colleagues recently demonstrated that the mitochondria of Ty, cells
are fused, whereas mitochondrial fission is associated with Ty differentiation [45].
Moreover, CD8" T cells that have a high content of fused mitochondria display
elevated OXPHOS and SRC, signatures of Ty cells [45, 393], whereas CD8* T cells
presenting more discrete or “fissed” mitochondria are more glycolytic [45]. The
inner mitochondrial membrane protein Opal and the outer mitochondrial mem-
brane proteins, Mfnl and Mfn2, induce mitochondrial fusion; conversely, the outer
mitochondrial protein Drpl induces fission [392]. The authors found that mitochon-
drial fusion via Opal increases mitochondrial cristae (i.e., inner membrane folding)
to support ETC chain activity and increase OXPHOS, whereas mitochondrial
fission via Drpl disrupts the efficiency of the ETC and hence favors glycolysis.
Consistent with a role of fusion in Ty cell formation, overexpression of Opal in Tg
cells increases mitochondrial content, OXPHOS, and Ty, cell molecule expression,
while Opal deletion decreases these parameters. Similarly, inhibiting Drpl activity
diminishes glycolysis. While not investigated in T cells, PI3K-AKT-mTOR signaling
has been reported to increase Opal expression downstream of the insulin receptor
[303], suggesting another potential layer of regulation by mTORC1 in CD8* T cell
differentiation. Interestingly, these fission and fusion events driving differences
appears to be independent of cell division, because macrophages and DCs that do
not divide display similar differences in mitochondrial morphology [45]. If and how
this links to asymmetric mTORCI1 signaling and cell division are not known.
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It is important to note that the model wherein the loss of mTOR signaling drives
Ty differentiation may be overly simplified. In support of this view, it was recently
demonstrated that, during chronic viral infections, CD8* T cells become functionally
impaired, or exhausted, due to the loss of PI3K-AKT-mTOR and FOXO1 activity
[366]. Further, recent studies have suggested that mTORCI signaling is also
involved in controlling Ty cell tissue distribution. When mice are treated with
rapamycin, Ty cell formation is enhanced in the peripheral lymphoid tissues [10,
321, 364], but Ty cells fail to accumulate in mucosal tissues (e.g., the intestines,
lung, and vagina) due to decreased cellular trafficking [364]. These phenotypes may
be linked to the mTORC]1-dependent increase of mevalonate-derived isoprenoids,
which can regulate T cell trafficking [385, 434]. The activation of mMTORC?2 appears
to induce Tyy differentiation, as these cells express lower levels of the FOXO1-
regulated genes, KIf2 and Sipri. Indeed, these proteins are downregulated in
response to cytokines in a PI3K-AKT-dependent manner [359]. Future studies will
dissect the precise contributions of mTORC1 and mTORC?2 signaling to tissue-
infiltrating Ty; and Tgy differentiation and function and how metabolic programs
contribute to the differentiation of these cells.

1.6 Role of Metabolism in Nonconventional T Cells

1.6.1 Overview of Nonconventional T Cells

In addition to conventional aff T cells that differentiate into effector and memory
lineages, several subsets of nonconventional T cells also arise during neonatal
development. These include FoxP3-expressing Treg cells, yd T cells, natural killer
T cells (NKT), Trl cells, and Th3 cells. These populations serve critical roles in
supporting immune and tissue homeostasis, in the resolution of inflammation asso-
ciated with infections, and can have deleterious roles in autoimmunity or tumor
development. Among these populations, the role of cellular and host metabolism is
best defined in Treg cells and will hence be discussed below. However, we point our
readers to recent studies highlighting roles for metabolic regulators and metabolism
in other nonconventional T cells [48, 83, 134, 165, 237, 247, 298, 415, 424, 445].
Treg cells support immune homeostasis and regulate ongoing immune responses
in the context of antitumor immunity, autoimmunity, allergic responses, graft-
versus-host disease, and pathogen-induced immune responses. Treg cells control
immune reactions by suppressing the proliferation, activation, and effector functions
of other immune cells. Because it is indispensable for their development and func-
tion, mutations in the human and mouse genes encoding FoxP3 drive Treg cell dys-
function and an X-linked lymphoproliferative disease [27, 44, 68, 120, 160, 192,
419]. Most Treg cells arise from the thymus (tTreg cells) but can also be induced in
the periphery from naive T cells (pTreg cells). tTreg cells are essential for immune
tolerance and prevent autoimmunity, whereas pTreg cells are locally induced to
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maintain tissue tolerance, especially at mucosal sites. Activated tTreg cells (also
called effector Treg cells) are characterized by low expression of CD62L and high
expression of CD44 and are enriched in nonlymphoid tissues, including in the skin,
intestines, lung, liver, and adipose tissue [230]. The Treg cells found in tissues
express different chemokine receptors and transcription factors and have a different
TCR repertoire than Treg cells found in peripheral lymphoid tissues. There is grow-
ing emphasis to address what molecular and metabolic requirements tune Treg cell
responses in different microenvironments.

The development, homeostasis, and functions of Treg cells are controlled by
TCR, CD28, IL-2, and TGF-f signals [70, 146, 181, 196, 222, 227, 340, 344, 447].
TCR recognition of MHC class II-bound peptides and CD28 co-stimulation is
essential for tTreg generation [163, 181, 447]. By contrast, low levels of TCR-CD28
signaling combined with IL-2, TGF-f, and all-trans-retinoic acid (RA) is required
for pTreg induction [181]. Naive T cells can also be differentiated into in vitro-
derived Treg (iTreg) when activated in the presence TGF-P and IL-2. These iTreg
cells are more similar to pTreg but do not completely mimic in vivo pTreg cell
phenotypes [1]. Mechanistically, these signals drive Treg development or differen-
tiation by inducing or stabilizing FoxP3 expression, in part by promoting epigenetic
changes in conversed noncoding DNA sequences (CNS) of the murine Foxp3 or
human FOXP3 gene. DNA methylation plays an important role in Treg differentia-
tion, where the Treg-specific demethylation region (TSDR) region of the Foxp3
gene is demethylated in endogenous Treg cells (i.e., already committed to the
CD4+*CD25*FoxP3* T cell lineage) from humans and mice [286, 449]. By contrast,
iTreg cells have predominately methylated regions. Epigenetic modifications like
DNA methylation are linked to metabolites [174, 233]. Therefore, the metabolic
pathways discussed below likely influence Treg cell development and functions on
multiple levels. Figure 1.5b summarizes how metabolic programs regulate Treg cell
biology.

1.6.2 FAO and Glycolysis Tune Treg Cell Differentiation
and Function

Mitochondrial mass and function are higher in Treg cells than conventional CD4* T
cells ex vivo, and iTreg cells have increased mitochondrial function than other Ty
cell subsets in vitro [23, 252, 444]. This increase in respiratory function is important
for Treg cell suppressive activity, as it is inhibited upon rotenone treatment [23].
Consistent with this role, deletion of PGC-1a or Tfam impairs selective Treg cell
functions, such as their ability to suppress inflammation-triggered immune responses
and produce IL-10 [17, 23]. The upregulation of AMPK-dependent FAO driven by
TCR-CD28 signals induces FoxP3 expression in the presence of TGF-f. Indeed, the
CTPla inhibitor etomoxir limits murine iTreg cell differentiation, whereas
metformin-induced AMPK activation enhances iTreg cell differentiation in vitro
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and in vivo [252]. Mechanistically, FAO appears to be coupled to IL-2R signaling,
because both CD25 expression and STATS activation are lower in human iTreg cells
generated in the presence of etomoxir [88]. However, despite having reduced CD25
expression on a population level, those Treg cells that upregulate CD25 expression
in the presence of etomoxir have higher expression of FoxP3 and increased in vitro
suppressive activity than iTreg cells generated in its absence. These data are consis-
tent with observations that the homeostatic functions of Treg cells are independent
of AMPKal [319]. Thus, the elevated levels of FAO and AMPK activity in ex vivo-
isolated Treg cells and iTreg cells only partially accounts for mitochondrial function
supporting Treg cell functions [252].

Recent works have also highlighted a role for glycolysis in Treg cell fate deci-
sions and fitness. Human Treg cells express more genes associated with glycolysis
than FAO ex vivo. Moreover, upon activation, these ex vivo Treg cells upregulate
both FAO and glycolysis, with similar observations made in human iTreg cells.
Studies have demonstrated that both glycolysis and FAO are essential to maintain
OXPHOS, that iTreg upregulate both glycolysis and FAO programs during their
differentiation, and that both FAO and glycolysis contribute to the upregulation of
OXPHOS in these cells [88]. Similarly, when human Treg cells are activated ex vivo,
they upregulate both FAO- and glycolysis-related enzymes, and human Treg cells
analyzed directly ex vivo express more genes associated with glycolysis than FAO
[315]. This upregulation of both glycolysis and FAO maintains OXPHOS that sup-
ports Treg cell functions [132, 315]. To determine the functional contribution of
FAO and glycolysis, the Matarese laboratory compared the differentiation and sup-
pressive activity of human iTreg cells differentiated in the presence or absence of
2-DG or etomoxir. Similar to those generated in the presence of etomoxir, iTreg
cells generated in the presence of 2-DG express less CD25 than controls. In contrast
to the etomoxir-treated iTreg cells, the CD25" iTreg cells present in the 2-DG cul-
tures also express lower levels of FoxP3 and activated STATS and are hence less
suppressive. Similar inhibition of iTreg cell differentiation is observed when ERR«,
a transcription factor necessary for glycolytic reprogramming, activity is dimin-
ished, although free fatty acids can restore these defects [253]. This observation
might be linked to the fact that either glucose or fatty acid-derived a-KG increases
the expression Treg cell signature genes via epigenetic regulation. How does gly-
colysis control iTreg cell differentiation? It was recently demonstrated that, when
glycolysis is inhibited, the glycolytic enzyme enolase-1 binds to the CNS2 pro-
moter region of the FOXP3 exon 2 splice variant (FOXP3-E2) in human iTreg cells.
This binding suppresses FOXP3-E2 expression, which is important for the suppres-
sive activity of human iTreg cells [88]. Thus, the acquisition of the glycolytic pro-
gram is critical to support Treg cell functions. It is interesting to note that GLUT1
deletion does impact Treg cell differentiation or functions [240]. Whether this effect
is due to the compensatory upregulation of other glucose transporters, such as
GLUT?3, remains to be elucidated.

Despite the evidence above that glycolysis supports Treg cell differentiation and
function, hyperglycolytic responses appear to limit Treg cell fitness. The upregula-
tion of HIF-1-dependent glycolysis was demonstrated to impede iTreg differentia-
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tion in favor of Tyl7 or Tyl differentiation [76, 348]; however, HIF-1a also
antagonizes iTreg differentiation by driving the degradation of FoxP3 [86]. While
still controversial, Treg cells have been reported to lose FoxP3 expression in selected
contexts and subsequently increase programs associated with effector Ty cells [94,
257, 331, 450]. The correlation between hyperactivation of glycolysis and Treg cell
instability is becoming more evident, with studies demonstrating that inhibition of
glycolysis can restore FoxP3 expression in unstable Treg cells [168, 352, 414]. Why
might too much glycolysis impact Treg cell stability? As we discussed above, gly-
colytic metabolites can influence TCR signaling [158]. Treg cells require TCR sig-
nals to maintain their homeostasis and functions [222, 340, 391], but recent studies
suggest that the TCR-induced signal strength is lower in Treg cells than conven-
tional T cells [343, 431]. Thus, glycolytic metabolites might tune TCR and/or other
signaling pathways, so FoxP3 or other Treg suppressive molecule expression is dis-
rupted. Metabolites or metabolic enzymes may also directly or indirectly cooperate
with transcription factors to facilitate pro-inflammatory cytokine production by
Treg cells and hence impair their immunosuppressive functions. It is unclear
whether elevated levels of glycolysis are always detrimental to Treg cell responses.
Indeed, recent reports suggest that the glycolytic balance of lymphoid tissue-derived
Treg cells might be different than colon Treg cells [74, 182]. Thus, much remains to
be uncovered about how glycolysis and FAO cooperatively control Treg cell fate
decisions.

It is clear that the PI3K-AKT-mTOR signaling pathway is a crucial regulator of
the functional and metabolic signatures of Treg cells. During iTreg differentiation,
low levels of PI3K and mTOR signaling are required for maximum differentiation
[21, 92, 339]. The requirement for low levels of mTOR signaling is likely multifold,
given that both mTORCI and mTORC?2 can affect and influence how efficiently
multiple transcription factors, including T-bet, GATA3, and FOXO, are expressed in
differentiating T cells [220, 293, 320, 321]. The activation of mTOR is also a crucial
determinant of Treg cell proliferation and functions. Both human and murine Treg
cells have higher levels of mMTORC1 signaling than non-Treg cells [316, 444]. This
basal level of mMTORCI activation limits the TCR-CD28-inducible proliferation of
Treg cells by suppressing IL-2 production [316]. Indeed, transient mTORCI inhibi-
tion with rapamycin for 1 h increases Treg cell proliferation in vitro and in vivo
[316]. Of note, however, activated Treg cells have higher levels of mTOR signaling
than quiescent Treg cells [236, 316, 414, 444]. Moreover, FRAP-deficient human
Treg cells do not robustly proliferate in vitro [316], and Rptor-deficient murine Treg
cells also fail to proliferate and upregulate effector molecules, including CTLA-4
and ICOS [444]. The suppressive activity of Treg cells is also supported by
mTORCI, as mice bearing a conditional deletion of Rpfor in Treg cells develop a
systemic, fatal autoimmune syndrome similar to those reported in mice and humans
lacking FoxP3 [27, 44, 68, 120, 160, 192, 316]. Thus, while transient mTORCI
inhibition is beneficial for Treg cell proliferation, reactivation of mMTORC1 supports
Treg cell proliferation and suppressive functions. However, it should be noted that
it is unclear if these effects are characteristic of all Treg cells or if different require-
ments for mMTORC1 signaling exist for tTreg cells and pTreg cells in vivo.
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Although mTOR signaling supports Treg cell function, its hyperactivation can
also be deleterious to Treg cells. Indeed, studies have shown that deletion of PP2A,
TSCI1, or Atg7 (upstream inhibitors for mMTORCI1) increases their ability to pro-
duce Ty17- and Ty1-associated cytokines [300, 414]. However, each of these mol-
ecules limits the effector-like program in Treg cells by unique mechanisms.
PP2A-deficient Treg cells display increases in both glycolysis and respiratory
metabolism, yet do not appear to become unstable. In these cells, mn”TORC1 activ-
ity is elevated, which drives Treg cell dysfunction contributing to the development
of autoimmunity in mice [8]. By contrast, activated Atg7-deficient Treg cells have
dysregulated PI3K-PDKI1-mTORCI signaling that heightens c-MYC-dependent
glycolysis, with both contributing to their aberrant production of IFN-y [414].
Intriguingly, the sustained activation of mTORC2 can also increase Tyl-like
responses in PTEN-deficient Treg cells [352]. Changes in the epigenetic program
can partially account for the unstable phenotype of PTEN-deficient Treg cells
[168]. The precise mechanisms that explain why TSC1-deficient Treg cells acquire
Ty17 and Tyl characteristics are unknown. Because TSC1-deficient T cells have
increased mTORCI signaling but decreased mTORC2 activity [313, 433], the
diminished function of mTORC2 might have an influence on the upregulation of
the Ty17 and Tyl programs in TSC1-deficient Treg cells.

It remains unclear how the magnitude and timing of mTOR signaling are con-
trolled in Treg cells. It is possible that the high levels of AMPK activity observed in
Treg cells can counterbalance mTORCI activity such that, in the presence of
TCR-CD28 signals, it is downregulated to initiate cell cycling in Treg cells [252,
316]. Then, additional cell-intrinsic signals and cell-extrinsic signals (see below)
could continue to tune mMTORC1 and/or mTORC?2 activation to appropriate levels
and support the functions of Treg cells during homeostasis. Ongoing work is
required to further elucidate how metabolic and environmental signals regulate
mTOR signaling to induce their specific functions in different microenvironments.

1.6.3 Mevalonate-Dependent Metabolism Is a Crucial
Regulator of Treg Cell Function

While mTORCT signaling is a critical regulator of glycolysis and OXPHOS in Treg
cells, it was also demonstrated that cholesterol and lipid biosynthesis induced down-
stream of mMTORCT activity are important for Treg cell function. Mechanistically,
mTORCI induces the mevalonate-dependent lipid and cholesterol synthesis pro-
grams in Treg cells to support their growth, proliferation, and expression of effector
molecules. In support of this view, RAPTOR-deficient Treg cells have impaired
suppressive functions in vivo and in vitro, features of which can be recapitulated by
statin treatment in vitro. [444]. The addition of mevalonate completely restores the
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suppressive activity of these cells. It is presently unclear precisely how cholesterol
and lipid biosynthesis regulates Treg cell functions. One possibility is that, like Ty
cells, Treg cells catabolize de novo synthesized fatty acids as a means to drive FAO
that supports Treg cell functions, although it is noteworthy that LAL appears to be
dispensable for Treg cell development and in vitro functions [281, 317]. This pos-
sibility might explain why loss of PPAR signaling, which drives fatty acid uptake
via CD36- and FAO-related programs, is essential for adipose tissue-resident Treg
cell but not splenic Treg cell functions [2, 73]. Further, cholesterol or lipid-derived
products might be important for modulating the strength of TCR signaling such that
Treg cells appropriately respond to host-derived antigens in different tissues. Indeed,
the FoxP3-driven accumulation of ceramides in Treg cells induces the phosphatase
activity of PP2A, thus restraining mTORCI activity to appropriate levels [8].
Whether cholesterol by-products and cholesterol molecules tune Treg cell responses
at the level of TCR signaling could be explored [374, 402, 435]. Finally, mevalonate-
derived isoprenoids might play an essential role in driving Treg cell recruitment to
inflammatory sites or tissues under homeostatic conditions [385].

1.6.4 Cell-Extrinsic Regulation of Treg Cell Metabolism
and Function

Several cell-extrinsic regulators that modulate mTOR activity play key roles in
modulating Treg cell responses. Leptin is a hormone produced primarily by adipo-
cytes, which controls the release of free fatty acids during conditions of nutrient
deprivation [211]. Interestingly, Treg cells constitutively express leptin receptor
(LEPR, also known as OBR) and also can produce leptin during homeostasis and
after activation. It was found that the leptin-LEPR axis increases mTORCI signaling
in Treg cells to limit their TCR-CD28-induced proliferation. Indeed, like rapamycin
treatment, suppressing this axis increased Treg cell proliferation [316]. Interestingly,
the loss of LEPR does not appear to inhibit Treg cell suppressive activity in vitro
[89]. Vitamins, including RA and the vitamin D metabolite 1,25-dihydroxyvitamin
D, are mediators of Treg cell induction and function [78, 138, 176, 184, 309, 371].
Interestingly, these vitamins can modulate mTORC]1-related signaling [50, 213,
229, 333]. Treg cells also preferentially express the folate receptor (FR4), and sensing
folic acid/folate is crucial for Treg cell survival and maintenance of colon homeo-
stasis [199, 206]. This phenotype is possibly linked to folate-dependent one-carbon
metabolism that is likely critical for suppressing the effector T cell program in Treg
cells. Future studies will continue to dissect the interplay between vitamin sensing,
mTORC1-induced metabolism, and Treg cells, including the role of one-carbon
metabolism in these processes.



54 N.M. Chapman et al.

Commensal bacteria modulate Treg cell responses by triggering intracellular sig-
naling via MyD88-dependent sensors [274, 395, 405]. They also produce the short-
chain fatty acids (acetate, butyrate, and propionate) that control the functions and
differentiation of Treg cells in mucosal sites [360]. These metabolites signal via the
GPRA43 receptor expressed on Treg cells to induce their differentiation and function
to suppress colitis in mice [360]. These microbial metabolites can also indirectly
influence Treg cell programming by binding to intestinal epithelial cells or innate
immune cells within the colon. For instance, GPR109a, which is expressed in colon
IECs and innate immune cells, only binds butyrate and controls Treg cell program-
ming by upregulating production of IL-10 and retinal dehydrogenases (RALDHs;
RA-producing enzymes) in DCs and macrophages [357]. Butyrate can also modu-
late HDAC activity to induce FoxP3 expression [11, 124]. Moreover, this inhibition
of HDAC activity modulates mTORC-related signaling, since deacetylation of
S6K limits its function in T cells [299]. Of note, although CD36 expression appears
to be largely restricted to adipose tissue-resident Treg cells, it was recently found
that Treg cells in the colon express CD36 and accumulate lipids [73, 182]. How
CD36 modulates colon Treg cell responses is unknown.

The availability of amino acids can also influence Treg cell differentiation and
functions. Similar to mTOR inhibition, depleting amino acids drives iTreg differen-
tiation over effector Ty cell specialization in vitro [77]. Treg cells can also enforce
tolerance at sites of inflammation by driving the localized depletion of selective
amino acids, including tryptophan and arginine, which effectively blocks conven-
tional T cell proliferation and allows iTreg/pTreg cells to more readily differentiate.
Treg cells drive this depletion through the modulation of DC functions, where spe-
cific interactions including CTLA4-CD80/86 increase the expression of enzymes
like IDO and arginase in the DCs [77]. This axis also has implications in driving
Treg cell accumulation at tumor sites [376]. Of note, LAT1- and ASCT2-deficient
naive T cells are competent to differentiate into iTreg cells [265, 356], so amino
acid-dependent modulation of mTORCI signaling might not entirely account for
how amino acid catabolism increases iTreg cell differentiation. In line with this
idea, IDO-mediated tryptophan catabolism generates 3-hydroxyanthranilic acid,
which activates GCN2 [263, 432]. This protein has been demonstrated to antago-
nize inflammation and autoimmunity, in part by suppressing Ty1/Ty17 responses
and promoting iTreg differentiation [290]. Future studies will continue to explore
how tissue microenvironments alter Treg cell responses to promote their specializa-
tion in maintaining tissue homeostasis.

1.7 Roles of Metabolism in B Cells

B cells compose the other arm of the adaptive immune system. Activated B cells
produce antibodies (also called immunoglobulins) and cytokines and can also serve
as APC for T cells. The metabolic requirements underlying B cell functions are only
beginning to be understood. Of note, many features of B cell metabolism mirror
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conventional T cell metabolism. Future work will dissect if specific B cell subsets
have different metabolic features related to their functions.

Naive B cells isolated from the murine spleen utilize both glycolysis and
OXPHOS [58]. However, peripheral naive B cell homeostasis appears to require
glucose uptake, as there is a specific loss of mature B cells in the absence of GLUT]1
[58]. After BCR engagement, GLUT1 surface expression increases, and glycolysis
is upregulated in a PI3K-AKT-dependent manner [58, 101, 421]. BCR engagement
also increases OXPHOS, and unlike TCR/CD28-activated T cells that favor gly-
colysis, BCR-stimulated B cells utilize both glycolysis and OXPHOS [58].
Similarly, LPS treatment also enhances glycolysis and OXPHOS in naive B cells
[58]. This increase is linked to the upregulation of both GLUT1 expression and
mitochondrial mass [58, 101], the former of which is PI3K-AKT signaling depen-
dent [101]. Moreover, c-MYC, but not HIF-1a, drives the metabolic reprogramming
of activated B cells, but not all metabolic programs are c-MYC dependent. For
instance, c-MYC appears to modestly antagonize LPS-induced downregulation of
FAO and pyruvate oxidation, while being necessary for LPS-mediated increases in
glutamine oxidation [58].

Despite the upregulation of both glycolysis and OXPHOS, glycolysis appears to
be the primary pathway supporting B cell proliferation and antibody production.
Consistent with this idea, GLUT 1-deficient B cells have defects in antibody produc-
tion [58]. Treatment with 2-DG suppresses LPS-triggered B cell proliferation, as
well as IgM and IgG production. Similarly, inhibition of PDHK suppresses anti-
body production by B cells in vitro and in vivo. This inhibition also suppresses B
cell proliferation and antibody production by TLR9-stimulated human B cells. B
cell-activating factor (BAFF; also called BLyS, TALL-1, THANK, TNSF13B, and
ZTNF4) is a crucial pro-growth and pro-survival factor for B cells, and BAFF treat-
ment also upregulates glucose consumption in B cells [421]. Interestingly, in B cells
receiving chronic BAFF stimulation, glycolysis is favored over OXPHOS following
LPS stimulation, which could partially explain the dependence on glycolysis for
antibody production in vivo [58]. Rapamycin treatment inhibits BAFF-induced cell
growth [421], suggesting that mTORC1 couples BAFF-dependent signals to
increased glucose consumption. In line with this, mMTORCI1 inhibition blocks B cell
proliferation in vitro [228]. However, transient inhibition of mTOR activity can
potentiate or inhibit the high-affinity humoral response in vivo [189, 228]. Moreover,
the B cell-specific deletion of Rptor and Rictor antagonizes and promotes class-
switch recombination, respectively [228], but hyperactivation of mTORCI in the
context of Tsc2-deficient B cells also abrogates germinal center reactions driving
antibody production [26]. Thus, mTOR is a complex regulator of B cell responses.

Other receptor systems have also been reported to upregulate glycolysis in B
cells. For instance, anti-CD40 antibody stimulation increases glucose consumption
by B cells [421]. IL-4-IL-4R signaling triggers glycolysis in a PI3K-AKT-
independent but STAT6-dependent manner, which is important for mediating B cell
survival [102]. Interestingly, these signals cooperate with BCR, adhesion receptor,
and TNF receptor superfamily member signals to drive the Try-dependent germinal
center reaction, suggesting that glycolysis might be important for initiating the



56 N.M. Chapman et al.

germinal B cell program. As with Tgy cells, Bcl6 is an important transcription factor
for the induction of germinal center B cell reactions [91]. Because Bcl6 antagonizes
the glycolytic program in Ty cells [285], glycolysis might be temporally regulated
during germinal center B cell activation and differentiation. Future work will
explore this possibility and whether different metabolic programs influence anti-
body class switching in the context of various diseases.

The intestinal lamina propria contains IgA* plasma cells. Most of these B cells
arise from the Peyer’s patches, which are specialized gut-associated lymphoid tis-
sues where class switching from IgM* naive B cells to IgA*-activated B cells occurs.
Kiyono and coworkers recently investigated how metabolism differs in naive B cells
and IgA* plasma cells from the intestines. They found that naive B cells and IgA*
plasma cells produce similar levels of citrate and succinate, but IgA* plasma cells
express less malate and fumarate than naive B cells [206]. Moreover, the IgA*
plasma cells specifically upregulate expression of the glycolytic metabolites, GOP,
and fructose bisphosphate; these metabolites are not expressed in either naive B
cells from the intestines or plasma cells from the spleen. Like peripheral naive B
cells, naive B cells from the intestines generate ATP via the TCA cycle but do not
utilize glucose as a source of pyruvate due to low glucose uptake [58, 206]. By con-
trast, IgA* plasma cells in the small intestine shuttle glycolysis-derived pyruvate
into the TCA cycle and can generate ATP via both glycolysis and the TCA cycle.
However, it is noteworthy that lactate production by IgA* B cells is minimal under
normal physiological conditions [206], suggesting that the homeostatic energy
needs of IgA* plasma cells are met via the TCA cycle. The divergent metabolic
programs are linked to vitamin B, sensing. Naive B cells in the intestines express
the vitamin B, transporter, thiamine transporter 1 (THTR1), whereas its expression
is absent in IgA* plasma cells. Deficiency in vitamin B, selectively impairs TCA
cycle function without affecting glycolysis, which specifically affects naive B cell
homeostasis [206]. Vitamin B, deficiency likely attenuates the conversion of pyru-
vate to acetyl-CoA and of a-KG to succinyl-CoA, as these reactions require the
vitamin B1 derivative, thiamine pyrophosphate (TPP) [96]. Future studies should
explore the implications of vitamins as they link to antibody class switching in the
context of site-specific germinal center reactions.

1.8 Conclusions and Future Directions

Our understanding of immunometabolism has greatly increased over the last decade.
Studies by multiple laboratories increased our mechanistic understanding of how
key metabolic pathways are altered during different stages of the immune responses
or in different tissues and have provided much insight into how the alterations of
these pathways affects immune cell activation and function. Several unanswered
questions remain to be fully addressed within the field. For instance, why do effector
T cells upregulate similar metabolic pathways but still have profound differences
in effector functions? While the transcriptional network induced by polarizing
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cytokines is strongly linked to these differences, different effector T cell subsets
might preferentially accumulate discrete metabolic by-products that serve as second
messengers to selectively regulate their differentiation and function. This area
of investigation could also be applied to other immune cell subsets that display
tremendous phenotypic and functional diversity, such as DCs and B cells. The
temporal control of when crucial metabolic second messengers and what upstream
receptor-mediated and environmental signals drive the alterations in any such
molecules will be important to address in the future.

How do nutrients and metabolites in discrete microenvironments contribute the
activation, differentiation, and maintenance of immune cell subsets? It is becoming
increasingly clear that immune cells found in different tissues have distinct pheno-
typic and functional properties than immune cells found in peripheral lymphoid
tissues. However, outside of the transcriptional networks that control such cell
specialization, it is unclear what molecular signatures control these differences.
Given the complex roles that metabolites can play as intracellular messengers,
protein modifiers, and epigenetic regulators, it is very likely that metabolism serves
important roles in the tissue-specific fate decisions of immune cells. Moreover,
nutrient availability in different tissues or in disease states and competition between
immune cells are likely to strongly impact immune responses that occur at specific
sites. In total, studies investigating how nutrient sensing controls immune reactions
will provide crucial insight as to how metabolic pathways can be therapeutically
tuned to modulate immune cell responses in the autoimmunity, infectious diseases,
and cancers.
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Chapter 2
Metabolic Regulation of T Cell Immunity

Paolo D.A. Vignali, Joseph Barbi, and Fan Pan

Abstract It is becoming increasingly clear that cellular metabolism plays a critical
role in the propagation of appropriate, effective, and pathologic immune responses.
In this chapter, we detail the metabolic pathways involved in T cell activation and
differentiation, highlighting specific factors responsible for directing the processes
that lead to metabolic programming at important stages in the dynamic life cycle of
this immune cell lineage. Additionally, this chapter will discuss how key metabo-
lites are acquired, touching on the factors and conditions regulating the expression
of crucial transporter molecules in response to activation and pathological states.

Keywords Metabolism ¢ T cell * Regulation * mTOR ¢ Myc * AMPK ¢ HIF-1
PPAR e Pathways ¢ Activation ¢ Differentiation

2.1 Introduction to Cellular Metabolism

The diverse cell types of the immune system perform a range of specialized func-
tions that are critical for host defense. They also actively participate in the processes
of wound healing, tissue remodeling, regulation of human metabolism, and restraint
of potentially harmful (overzealous or misdirected) immune responses. These many
and distinct roles are largely orchestrated through signaling cascades that are trig-
gered by the ligation of extracellular and intracellular receptors. Such stimuli may
dictate the migration of immune cells to drastically different microenvironments or
the initiation of cellular proliferation and differentiation. As such, proper leukocyte
function requires adaptation to varying nutrient levels and a flexible metabolism
capable of accommodating changes in cellular demands for energy and biosynthe-
sis. Therefore, the metabolic profile of leukocytes is central to multiple aspects of
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their function. Recently, it has become clear that elements of cellular metabolism
are not only integral to immune cell development. Indeed, they may act as distinct
switches capable of reshaping the nature of an immune response. As will be dis-
cussed in this chapter, pathways that program cellular metabolism also regulate
significant signaling cascades that control the effector functions of immune cells.

The T lymphocyte cell type is a heterogeneous population encompassing an
expansive number of subsets capable of highly specialized functions in response to
diverse stimuli. Yet some characteristics are widely shared among these and other
leukocyte populations. Among these commonalities is the ability to detect and
respond to extracellular and extraorganismal threats. When a mature, yet antigen-
inexperienced, T cell emerges from the thymus to enter the circulation, they are
relatively inert or quiescent. Prior to receiving activating signals, the modest ener-
getic and biosynthetic needs of naive T cells are met chiefly through the acquisition
and metabolism of pyruvate derived from glucose (via mitochondrial oxidative
phosphorylation) or fatty acids (via fatty acid oxidation) to generate adenosine tri-
phosphate (ATP) through the tricarboxylic acid (TCA) cycle. When a naive T cell
encounters activating signals, a dramatic metabolic reprogramming occurs, allowing
for the increased production of energy and biological raw materials — e.g., amino
acids, fatty acids, and nucleotides [1] (Fig. 2.1). The significance of this metabolic
reprogramming cannot be understated, as the robust production of effector mole-
cules (e.g., cytokines, tissue adhesion molecules, cytotoxic factors) and cell divi-
sion is as costly in terms of cellular resources as it is necessary for the establishment
of an effective immune response. Moreover, specific alterations to a naive T cell’s
metabolic profile — or inadequacies therein — during activation may affect the ability
of a cell to differentiate into the appropriate effector T cell lineage capable
of responding to a specific biological or chemical insults.

2.1.1 T Cell Differentiation

Engagement of the T cell receptor (TCR) by antigen/MHC complexes and the inter-
action of costimulatory receptor and ligands (e.g., CD28 and B7 family members)
bring about T cell activation. Stimulation of naive CD4* T cells not only leads to
expansion of these cells but also to their acquisition of highly specialized effector
functions accompanying their commitment to defined T helper (Th) lineages. Th
differentiation is driven by lineage-specific cytokines present during naive CD4* T
cell activation. Signaling events downstream of cytokine-cytokine receptor interac-
tions promote the expression of “master regulator” transcription factors responsible
for establishing and enforcing Th-specific programs of gene expression. These, in
turn, underlie the unique effector molecules and functions of Th cells [2].

For example, Thl cells are well known for their production of interferon-y
(IFNy) which, along with other characteristic functions, is driven by the transcrip-
tion factor T-bet. These cells are important for the cell-mediated immunity neces-
sary to resist intracellular viral, bacterial, and parasitic infections. A robust Thl
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Fig. 2.1 Metabolic reprogramming in T cell activation/differentiation. The characteristically
quiescent naive T cell consumes meager amounts of glucose and fatty acids, processing their
catabolic byproducts through OXPHOS. Upon TCR ligation and costimulation, T cells engage a
rapidly proliferative profile, increasing the surface expression of glucose and amino acid trans-
porters to accommodate this increased demand for products for cellular growth and effector
function. Aerobic glycolysis is prioritized at the expense of OXPHOS. During the contraction
phase of an immune response, memory lineages persist, relying on a metabolic profile domi-
nated by the metabolism of fatty acids through OXPHOS. Tregs possess a metabolic profile
similar to Tmem. Acronyms: FAO fatty acid oxidation, Gly glycolysis, OXPHOS oxidative phos-
phorylation, AA amino acids, Nuc nucleotides, iTreg peripherally induced Treg, nTreg thymi-
cally derived natural Treg

response is also needed for effective antitumor immune responses. Cells of the Th2
lineage, on the other hand, produce interleukin-4 (IL-4) and direct immunity to
extracellular parasites (e.g., helminthes). GATA3 is a critical regulator of Th2-
accociated gene expression [2]. Meanwhile Th17 cell differentiation is driven by
STAT3-activating cytokines (such as IL-6) and the transcriptional regulator RORyt.
Th17 cells are responsible for fighting extracellular bacterial and fungal infections
through secretion of the characteristic cytokines IL-17A, IL-17F, and IL-22. These
cells have considerable inflammatory potential and their involvement in autoim-
mune and inflammatory diseases is well established [3].

Another important subset of CD4* T cells is known for their ability to suppress
the activity of other leukocytes. While several types of T cells can exert regulatory
functions, the most recognized and arguably the most important of these is CD4* T
cell subset marked by constitutively high expression of the transcription factor
Foxp3 [4]. Foxp3* regulatory T cells (Tregs) utilize a variety of mechanisms to carry
out this suppressive function. These include the production of anti-inflammatory
cytokines (e.g., IL-10, TGFp, and IL-35), the expression of coinhibitory molecules
(e.g., CTLA-4 and LAG3), subversion of antigen-presenting cell activity to
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perpetuate tolerance, and the sequestration of growth factors and resources needed
for effector cell expansion and function [5]. The action of these cells prevents over-
zealous immune activation that can lead to the collateral damage of healthy tissues.
Tregs also suppress autoreactive T cells that would otherwise trigger autoimmune
disease. While necessary mediators of immune homeostasis, these cells can also
oppose the mounting of effective anti-tumor immune responses [6]. Foxp3* Tregs
can arise in the thymus or can be induced from Foxp3~ naive CD4+ precursors in
peripheral tissues or ex vivo upon activation in the presence of the cytokines IL-2
and TGF-p [7] (Fig. 2.1). Just as with the aforementioned Th subsets, cellular
metabolism plays a role both in the differentiation of these suppressor cells. While
cytokines and transcription factors hold incredible sway over the Th decision-
making process, as will be discussed later, a number of metabolic factors also influ-
ence the differentiation of naive CD4* T cells.

CDS8* T cells also differentiate into distinct subsets. These include effector cells
capable of killing infected or transformed cells (the so-called cytotoxic T lympho-
cytes or CTLs) as well as long-lived memory CD8" T cells that respond with the
kinetics of innate immune cells to repeat encounters with antigens. Metabolic fac-
tors play a role in the distinct biology of these subsets as well.

2.2 Key Metabolic Pathways of T Cells

2.2.1 Glycolysis and the Tricarboxylic Acid Cycle

Within T cells, production of ATP largely results from the catabolism (breakdown)
of glucose or fatty acids. There are a multitude of potential fates of glucose once it
is transported into the cell, although many of the initial processing steps of the path-
way termed glycolysis are shared by these paths. Upon entering the cell, glucose is
rapidly phosphorylated at the sixth carbon position by the enzyme, hexokinase,
which expends a molecule ATP and produces glucose-6-phosphate. In glycolysis,
subsequent steps of rearrangement, isomerization, and bond-breaking follow result-
ing in the generation of the high-energy molecules, nicotinamide adenine dinucleo-
tide (NADH), and ATP, as well as two identical three-carbon pyruvate molecules.
Additionally, intermediate products of this process may be shuttled off to the pen-
tose phosphate or serine biosynthesis pathways, the f-oxidation pathway, or the
glycogenesis pathway, allowing for the production of nucleotides, fatty acids, or the
energy storage molecule, glycogen, respectively (Fig. 2.2).

Once pyruvate is generated, it can be shuttled into the mitochondria where fur-
ther breakdown occurs via the tricarboxylic acid (TCA) cycle — also known as the
citric acid or Krebs cycle [8]. Inside the mitochondrial matrix, the three-carbon
molecule is either carboxylated or decarboxylated and bound to coenzyme a (CoA),
yielding the four-carbon molecule, oxaloacetate, or the two-carbon molecule,
acetyl-CoA, respectively. Molecules of oxaloacetate and acetyl-CoA, generated
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separately from molecules of pyruvate, are bound through the action of citrate syn-
thase, producing the six-carbon molecule, citrate. Seven successive steps of the
TCA cycle follow, expelling two-carbon molecules such as carbon dioxide (CO,)
and regenerating oxaloacetate to be rebound to a new molecule of acetyl-CoA. Two
reducing agents are generated through this cycle, NADH and flavin adenine dinu-
cleotide (FADH,), which donate electrons to cytochromes of the electron transport
chain, resulting in the robust production of ATP through oxidative phosphorylation
(OXPHOS). Three molecules of NADH (roughly equal to ~2.5 molecules of ATP)
and one of FADH, (~1.5 molecules of ATP) are produced from the consumption of
one molecule of acetyl-CoA yielding ~9 molecules of ATP (~30 to 32 molecules of
ATP are produced per molecule of glucose through this entire pathway). This pro-
cess relies on the availability of both NAD* and FADH* to oxidize the byproducts
of glucose and, importantly, oxygen to serve as the final acceptor of electrons.
Additionally, a molecule of GTP is proceeded during one step of the TCA cycle,
which, like ATP, contains a high-energy phosphate bond that is broken to supply
energy or to activate/deactivate enzymatic processes.

Alternatively, in a pathway that avoids mitochondrial involvement, pyruvate can
be processed into lactate through the action of lactate dehydrogenase. The reaction
consumes a molecule of NADH and bypasses the requirement for oxygen as the
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terminal electron acceptor, thereby allowing for a rapid, albeit less efficient, produc-
tion of ATP from glucose in environments where little oxygen may be present.
When oxygen is scarce, glycolysis alone can be used to sustain cellular require-
ments for ATP, with lactate expelled and NAD* recycled to restart the catabolic
process.

2.2.2 Aerobic Glycolysis

Certain immune cell subsets including T cells can preferentially utilize glycolysis to
generate ATP, even when oxygen is abundant. This particular metabolic profile is
characteristic of tumor cells, and in 1956, Otto Warburg postulated that this shift in
cancer cell metabolism was the fundamental cause of tumorigenesis [9]. Although
we now understand a more elaborate basis for cellular transformation and tumor
formation, this metabolic shift still bears his name, termed Warburg metabolism
(also, aerobic glycolysis; the remainder of the chapter will use the latter terminol-
ogy). As will be discussed, aerobic glycolysis is utilized by subsets of T cells post-
activation to support their effector functions and characteristically rapid proliferation,
a phenotype similar to the rampant cellular replication of tumor cells [10, 11].

Although aerobic glycolysis is less efficient for generating ATP from a single
molecule of glucose, the use of these pathways confers a significant survival advan-
tage to the cells that employ in it — namely, through the generation of molecular
“raw materials” for biosynthetic processes. Two intermediates of glycolysis, namely,
glucose-6-phosphate and 3-phosphoglyceric acid (3PG), can be fed into the pentose
phosphate or serine biosynthesis pathways, respectively [1, 12, 13]. The resulting
products from these pathways provide the cell with essential precursors of anabolic
(synthetic) processes. The pentose phosphate pathway can be divided into two
phases, an oxidative phase and a subsequent non-oxidative phase, each producing
distinct precursors for biosynthetic and effector processes. The first generates the
reducing agent, nicotinamide adenine dinucleotide phosphate (NADPH; distinct
from NADH), which catalyzes numerous anabolic processes in lipid and cholesterol
biosynthesis pathways and facilitates the production of superoxide anions (later,
free radicals) within macrophages and neutrophils (see the section on reactive oxy-
gen signaling below) [14]. The non-oxidative phase results in the production of the
sugars, ribose-5-phosphate and erythrose-4-phosphate. This allows for the synthesis
of nucleotides and nonessential aromatic amino acids, respectively. The serine bio-
synthesis pathway is essential for the de novo production of serine and glycine for
protein and nucleotide biosynthesis. 3PG is converted in three steps to serine, which
in turn allosterically inhibits the first enzyme of the series, aptly named, 3PG dehy-
drogenase. 3PG dehydrogenase requires the cofactor NAD*, which accepts a
hydride from 3PG to become NADH. One final step in the process synthesizes gly-
cine from serine, in a readily reversible fashion.

Many activated immune cells —e.g., effector T cells (Teff; namely, Th1, Th2, and
Th17 CD4* subsets and cytotoxic CD8* cells), neutrophils, M1 macrophages, and
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some DC subsets — will predominantly utilize aerobic glycolysis to provide energy
to the cell. Here the majority of pyruvate molecules produced are rapidly converted
into lactate and expelled (see below for distinct regulatory and memory T cell
metabolism) [12]. During this process, glycolytic intermediates are diverted through
the pentose phosphate and serine biosynthesis pathways, promoting the generation
of amino acids, nucleotides, and NADPH. Within CD4+ Teff cells, there is evidence
suggesting that a portion of the pyruvate generated during activation-induced gly-
colysis is still metabolized through the TCA cycle and OXPHOS. CD8" cells, on the
other hand, do not appear to enhance OXPHOS following activation [15-17].

Reflecting the importance of glycolytic metabolism in activated Teff cells, many
studies have shown that small-molecule inhibitors interfering with this process can
be immunomodulatory. The glucose analogue, 2-deoxyglucose (2-DG) actively
competes for the active site of hexokinase II (one of the three known isoforms of
hexokinase), the enzyme that catalyzes the initial phosphorylation of glucose to
G6P. 2-DG treatment selectively inhibits the glycolysis-dependent development of
Th17 cells while reciprocally promoting the generation of Foxp3* regulatory T cells
(Tregs) in vitro. Furthermore, adoptive transfer of 2-DG-conditioned Th17 cells
results in a less efficient induction of neuropathology in the murine autoimmune
model of experimental autoimmune encephalomyelitis (EAE) as compared to
untreated Th17 cells [18, 19]. EAE mimics multiple sclerosis, with mice developing
ascending paralysis as self-reactive Th1 and Th17 cells assault the myelin sheaths
of neurons within the central nervous system (CNS). These results demonstrate the
importance of glycolysis for (in this case pathologic) Teff responses. Memory T
cells, on the other hand, do not rely on glycolytic metabolism. Reflecting this, 2-DG
treatment augments the generation of memory T cells in mice and promotes the
execution of memory T cell-mediated antitumor immunity [20].

2.2.3 Fatty Acid Oxidation (FAO)

By mass, the oxidation of fatty acids is the most energetically efficient metabolic
process described in this chapter. Due to the negative charge on the polar head
group, fatty acids must first be transported across the cellular membrane before they
can be metabolized [21]. Once in the cytosol, ligases facilitate the association of a
fatty acid to a molecule of CoA at the proximal carbon (C-1; a carbon) of the fatty
acid chain. In the case of long chain fatty acids, the newly formed acyl-CoA under-
goes a temporary subunit switch, in which CoA is replaced with a carnitine mole-
cule to facilitate its transport across the mitochondrial matrix. Within the matrix, the
reverse reaction occurs and further catabolism of the fatty acid proceeds. This reac-
tion is catalyzed by the carnitine palmitoyltransferase system and is essential for the
efficient metabolism of fatty acids. Once within the mitochondrial matrix, acyl-CoA
dehydrogenase catalyzes the initial catabolic step of the process termed f-oxidation,
where the bond between C-2 (f carbon) and C-3 is manipulated by successive oxi-
dations and is eventually cleaved. The process results in the isolation of the
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two-carbon molecule, acetyl-CoA, from the fatty acid chain and the production of
two high-energy reducing molecules, NADH and flavin adenine dinucleotide
(FADH,). If a single acetyl-CoA molecule were to continue through the TCA cycle
and OXPHOS, it would produce ~10 molecules of ATP. Should the consumption of
the NADH and FADH, molecules produced by B-oxidation be included in this cal-
culation, ~14 molecules of ATP would be produced from a single p-oxidation step.
The most common naturally occurring fatty acids are saturated and even numbered,
between 4 and 28 carbons in length. Thus, a single fatty acid molecule from this
category can result in the production of 28—196 molecules of ATP. Two by two, a
fatty acid chain can be shrunk down, each cycle turning over molecules that can be
shuttled through OXPHOS to produce ATP, until its last acetyl-CoA molecule
remains. Mechanisms exist to account for odd-numbered and unsaturated fatty acids
in this process, but these topics are beyond the scope of this chapter. Besides serving
as high-energy metabolites, fatty acids also provide the key components of the cel-
lular membranes, namely, phospholipids and steroids. In T cells and a great many
other cell types, fatty acid synthesis is used to promote both cellular growth and
organelle biogenesis [22].

Tregs and memory T cells (Tmem), as well as M2 macrophages, adopt a vastly
different immune profile compared to their naive and effector counterparts, primar-
ily metabolizing lipids through fatty acid oxidation (FAO; p-oxidation) to support
both their function and survival [17, 23] (Fig. 2.1). Tregs are critical for the mainte-
nance of immune homeostasis as they counteract the milieu of proinflammatory
immune cells through suppression of leukocyte activation and function. As previ-
ously mentioned with the glycolytic small-molecule inhibitor, 2-DG, impairment of
glucose metabolism can promote a Treg fate and hinder proinflammatory Teff dif-
ferentiation. Excess exogenous fatty acids in vitro have a decidedly negative effect
on acquisition of the Th17 phenotype, illustrating a metabolic mechanism for the
reciprocal regulation of Treg and Th17 cell fates. Indeed, forced reliance on FAO
during in vitro T cell differentiation favors the generation of Tregs (as evidenced by
the heightened induction of Foxp3 expression and the suppression of responder cell
proliferation) at the marked expense of Teff differentiation [23]. The genetic or
chemical inhibition of the metabolic regulator, mechanistic target of rapamycin
(mTOR; also, FRAP1, which will be discussed in detail below), during CD4* T cell
activation decreases aerobic glycolysis and augments FAO favoring the generation
of Foxp3* Tregs [24] (see the mTOR section below for more details). However,
when FAO is simultaneously interrupted through the etomoxir-mediated inhibition
of the carnitine palmitoyltransferase system (and thus inhibition of fatty acid trans-
port), T cells are no longer preferentially shunted toward a Treg fate by suppressed
mTOR activity.

While Teff cells expand clonally upon activation during the early stages of an
immune response, relatively small numbers of long-lived Tmem cells persist during
and after the contraction phase [25]. A defining aspect of Tmem is their capacity to
respond, with accelerated kinetics and cytokine release, to a repeat antigen encoun-
ter (i.e., a secondary infection). These cells transition abruptly from a state of quies-
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cence requiring minimal energetic demands, to one typified by full-bore effector
function and proliferation. The rapid reactivation of Tmem cells must be accounted
for metabolically. Within the CD8" memory lineage, it has been well established
that both Tmem generation and persistence, as well as repeat-antigen-induced reac-
tivation, are dependent on the modulation of FAO [17, 26, 27]. Compared to their
effector counterparts, Tmem cells possess a greater mitochondrial mass (enhanced
mitochondrial biogenesis) and correspondingly express FAO-associated enzymes
and carnitine palmitoyltransferase system proteins at a substantially higher level
[22, 26, 28] imparting them with a greater spare respiratory capacity (SRC). SRC is
defined as the enhanced ability of a cell to generate energy in response to cellular
activation or stress [26, 27]. Thus, the development of SRC within Tmem popula-
tions effectively preps the cells for reactivation. Additionally, the advantage of aug-
mented SRC is thought to facilitate the survival of Tmem cells under conditions of
energetic stress [29].

2.3 Metabolite Acquisition Associated with T Cell Activation

Following TCR ligation and the triggering of costimulation pathways, T cells
undergo clonal expansion and transcriptome reprograming to express effector mol-
ecules including cytotoxins, cytokines, and cell-surface molecules. This robust
increase in cellular growth (accumulation of biomass), proliferation, and protein
anabolism demands a matched increase in metabolite uptake to provide components
for the generation of cellular machinery and free energy required to catalyze chemi-
cal reactions [1, 30, 31]. T cells are incredibly reliant on nutrient absorption for
replication and function, and as such, starvation from glucose or amino acids repre-
sents one mode of regulation controlling T cell population size and activity [32].
Interestingly, in sites resistant to immune activation (a.k.a. immune privileged
sites) — e.g., the brain, eye, testicles, and placenta — FAO is the primary source of
energy production. Increased FAO supports suppressive immune cell lineages,
thereby protecting these vital organs from autoimmunity [33]. T cells control their
intake of nutrients through the expression of transporter proteins on the cellular
membrane. As will be described, the enhanced expression of the following trans-
porters is essential for the proliferation, differentiation, and effector functions of T
cells.

2.3.1 Glucose Uptake

As stated previously, the transition of T cells out of quiescence and into an activated
state requires an increased uptake of nutrients to fuel augmented cellular growth and
proliferation and meet the anabolic needs of effector molecule production. For Teff
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subsets, the increased import of glucose is essential for activation-associated func-
tions [34]. A family of glucose transporters (Glut1-14) facilitate the uptake of glu-
cose and related sugars in mammalian cells [35-37]. T cells have been reported to
express a select few Glut family transporters, namely Glutl, 2, 3, 6, and 8. Chief
among these transporters is the facilitative transporter, Glutl, which is responsible
for the basal level of glucose uptake in all resting immune cells [34].

Costimulatory signals received via CD28 ligation and propagated through PI3K/
Akt signaling results in the upregulation of Glutl (and a corresponding downregula-
tion of the carnitine palmitoyltransferase system critical for FAO) [38]. It is the
increase in cell-surface expression of Glutl alone that facilitates the dramatic
increase of glucose influx required to manage the cells’ heightened glycolytic
demands [39, 40]. Interruption of this process has profound effects on T cell func-
tion, including their ability to differentiate into proinflammatory lineages.
Irrespective of the expression of other glucose transporters, the deletion of Glutl
alone confers a significant deficit to the growth, clonal expansion, and persistence
of murine Teff subsets when activated in vivo [34]. Conversely, an overabundance
of Glutl promotes the accumulation of biomass (i.e., cellular growth) in naive T
cells and the acquisition of an activated phenotype [41]. Illustrating the importance
of glycolysis in effector molecule anabolism, glucose deficiency diminishes the
capacity of cytotoxic CD8" cells (CTLs) to produce effector cytokines, perforin, and
granzymes [41-43]. Tregs, which rely primarily on the oxidation of fatty acids for
the generation of cellular energy, appear unaffected by this deletion, persisting and
functioning in vivo regardless of Glutl expression [41].

2.3.2 Amino Acid Uptake

T cell activation also results a heightened demand for amino acids, resulting in the
upregulation of amino acid transporters following activation. Indeed, as with glu-
cose deficiency, an inadequate supply or uptake of these metabolites can adversely
affect the proliferative capacity of activated T cells and can significantly shape their
differentiation. Within activated T cells, the amino acid glutamine is particularly
critical. Glutamine is absorbed and broken down in a process termed glutaminoly-
sis. Through glutaminolysis, the amino acid is broken down, and its derivatives can
be fed into the TCA cycle, restoring levels of intermediates that are consumed by
biosynthetic processes. This allows for the de novo synthesis of lipids and
NADPH. The activation-induced enhancement of glutamine absorption is accom-
plished through several well-characterized transporters. The antiporter, ASC amino
acid transporter 2 (ASCT?2; also called Slc1a5), is upregulated as a direct result of T
cell receptor (TCR) ligation [44]. ASCT?2 is surprisingly not necessary for the pro-
liferation of T cells. However, even moderate restrictions to glutamine import can
have profound effects on the ability of a T cell to differentiate, particularly into the
proinflammatory T helper (Th) cell subsets, Thl and Th17. In murine models of
autoimmunity, the in vivo CD4* T cell-specific deletion of ASCT2 induces a
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markedly diminished Th1 and Th17 immune response, alleviating the progression
of host-reactive disease in murine EAE (a disease driven by Thl and Th17 immune
responders) [44]. This diminished pathology is the result of deficient induction of
proinflammatory Th cell subsets alone, without hampering the induction of Tregs or
CDS8* T cells [44]. This fact illustrates the potential heterogeneity of metabolite
acquisition needs among T cell lineages.

CD8* T cell function appears to rely primarily on another amino acid transport
pathway, preferentially absorbing the amino acid leucine to regulate effector poten-
tial. Following exposure to activating signals through TCR ligation and costimula-
tion, both CD4* and CD8* T cells upregulate their surface expression of system L
neutral amino acid transporter 1 (LAT1; also called Slc7a5). LAT1 is a heterodi-
meric transporter molecule and is chiefly responsible for the absorption of essential
branched-chain (e.g., leucine and isoleucine) and aromatic (e.g., tryptophan and
phenylalanine) amino acids while also participating mildly in glutamine transport
[45—47]. Specifically, the enhanced leucine influx facilitated by LAT1 is critical for
the regulation of CD8* T cell differentiation and migration [17, 48, 49]. As will be
discussed in the sections that follow, concentrations of intracellular amino acids are
sensed by the key metabolic regulator, mTOR, with a deficiency in amino acids
resulting in the inhibition of anabolic processes and cellular proliferation.
Accordingly, LAT1-deficient T cells do not proliferate well and display stunted
effector differentiation. Specifically, LAT1-deficiency in CD4* and CD8* T cells
results in a less pronounced induction of Th1/Th17 cells and CTLs, respectively.
These observations were linked to an inability to increase amino acid uptake and a
decrease in mTOR activity during T cell activation [45]. Moreover, the diminished
uptake of leucine resulted in the loss of c-Myc expression. c-Myc is a key regulator
of the glycolytic metabolism essential for activated Teff function, and as such, acti-
vation-induced upregulation of Glutl expression was lacking in LAT1-deficient T
cells. Interestingly, this deficit in regulator and transporter expression was only
apparent at the protein level; levels of c-Myc and Glutl mRNA were unaffected
[45]. A similar loss of proliferation and effector potential can be accomplished
through the system L neutral amino acid transporter inhibitors, BCH (2-aminobicylo-
(2,2,1)-heptane-2-carboxylic acid), and brasilicardin A [50, 51]. Thus, it is the
enhanced uptake of amino acids facilitated by upregulated expression of amino acid
transporters, like ASCT2 and LATI1, which allows for the augmented anabolic
metabolism that is essential for adequate T cell activation.

Certain immune cell subtypes, namely, dendritic cells (DCs) and macrophages
(Mg), can control the availability of the crucial amino acid cysteine to mediate the
cellular growth and proliferation of T cells [52]. Due to the typically low extracel-
lular concentrations of the amino acid, DC-/Mg-mediated cysteine release adds an
effective level of control to T cell function. Cysteine is processed intracellularly into
the tripeptide, glutathione, a principal molecule in mechanisms that protect the
DNA replication process and, thus, cellular proliferation. Glutathione has been
shown to protect T cells from the effector functions of phagocytic cells by function-
ing as a key antioxidant, allowing for effective T cell targeting of foreign and trans-
formed cells in harsh microenvironments. Both phagocytic cells (e.g., Mg,
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neutrophils) and activated T cells can initiate respiratory burst, utilizing NADPH to
produce and release reactive oxygen species (ROS) to facilitate the destruction of
foreign cells [53]. While ROS have been shown to function as important signaling
molecules within T cells, promoting, among other things, the production of IL-2,
too much intracellular ROS can be damaging. By releasing ROS into the inflamma-
tory milieu, resident T cells may come under oxidative stress, defined by an over-
abundance of ROS as compared to neutralizing antioxidants. Prolonged oxidative
stress can diminish cellular function or induce apoptosis through chemical reactions
that alter protein and lipid conformation/function and damage DNA [54-56]. Thus,
in order to maintain the functionality of an immune response, mechanisms of pro-
tecting T cells against ROS exposure are critical. Therefore, the antioxidant function
of glutathione promotes the oxidative balance in conditions of high ROS presence.
Interestingly, Tregs too utilize this mechanism to control proinflammatory events.
Tregs, while naturally more resistant to oxidative stress-induced apoptosis [57],
interact with APCs to facilitate increased cystine uptake by Tregs, thereby compet-
ing with local Teff cells for available amino acids and inhibiting the ability of Teff
cells to replicate and function [58].

Clearly, an appropriate intracellular concentration of amino acids during T cell
activation and expansion is paramount to establish an effective immune response.
Indeed, the availability and metabolism of other amino acids such as tryptophan
[59, 60] have also been revealed to dictate the effector/regulatory immune axis. The
enzyme indoleamine 2,3-dioxygenase (IDO) is responsible for the breakdown of
tryptophan, and the metabolites generated by this enzyme as well as the resulting
amino acid depletion limit T cell activation and promote suppressive Tregs. IDO is
notably produced by tolerogenic dendritic cells and promotes the generation and
expansion of Tregs while discouraging the conversion or reprogramming of estab-
lished Tregs - favoring instead the retention of a traditional, predominantly suppres-
sive phenotype. Importantly abundant IDO levels in the gut and tumor-draining
lymph nodes were shown to suppress Treg reprogramming by IL-6 [61-63]. IDO
activity is also a potent mechanism for immunosuppression capable of mediating
maternal tolerance of the fetus and preventing effective antitumor immunity in the
cancer setting [64]. Inhibiting IDO in the cancer setting can be an avenue to over-
come tumor-induced immunosuppression [65].

Scarcity of extracellular amino acids can lead to the upregulation of several
genes involved in amino acid transport and in the de novo synthesis of nonessential
amino acids [47, 59, 66]. Artificial induction of these genes, referred to as the amino
acid starvation response (AAR), in T cells can suppress the generation of proinflam-
matory lineages like Th17 cells and reduce effector responses in in vitro and in vivo
models of disease [47, 66].
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2.4 Key Factors in Metabolic Regulation

An impressive web of receptors, kinases, and transcription factors orchestrate the
aforementioned shifting of metabolic lifestyle that is necessary to coordinate the
developing immune response (summarized in Fig. 2.3). Several key molecules that
govern multiple aspects of cellular metabolism will be described within this chapter.
As will be revealed, the precise regulation of these factors and their activities is
requisite for appropriate immune function. Their dysregulation, on the other hand,
can result in cellular transformation, autoimmunity, or metabolic disorder. How the
therapeutic modulation of the expression or function of these metabolic regulators
can provide tantalizing avenues for the control of these ailments will also be
discussed.

2.4.1 Cellular Myc (c-Myc)

c-Myc, the cellular homologue to viral Myc (v-Myc; the avian myelocytomatosis
viral oncogene), is a proto-oncogene that can independently transform numerous
mammalian cell lineages [67]. The gene was first discovered to be the driving trans-
formative factor in Burkitt’s lymphoma, a tumor that arises exclusively from the
dysregulation of myc gene expression [68, 69]. In fact, activity-altering mutations
or overexpression of c-Myc are such prevalent factors across cancer lineages that
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Myc is considered to be a central oncogenic determinant [70]. Since its discovery,
the complex regulatory role that Myc plays in cellular metabolism and function has
been progressively delineated. c-Myc is categorized as an immediate early gene,
meaning that it is rapidly upregulated upon TCR- and costimulatory molecule-
triggered signaling cascades. A considerable number of pathways (e.g., NF-kB,
MAPK/ERK, PI3Kinase/Akt/mTOR) drive the upregulation of c-Myc expression
following cellular activation. Stable expression of c-Myc allows for its heterodimer-
ization with the transcription factor myc-associated factor X (MAX) and subse-
quent genetic influence over a slew of cellular functions key to effector potential,
including the regulation of cell cycle progression, growth and proliferation, and
cellular differentiation [70, 71]. Indeed, while global c-Myc deficiency is lethal in
in vivo models, homologous deletion of c-Myc in vitro significantly prolongs the
time between cellular divisions in affected cells and impairs the dominance of gly-
colytic metabolism [1, 72]. Specifically, pentose phosphate pathway enzymes are
downregulated upon c-Myc deficiency, while other related metabolic pathways
remain unaffected. Interestingly, c-Myc also appears to promote the uptake of amino
acids, as expression of LAT1 and ASCT?2 is correspondingly diminished upon T
cell-specific deletion of the molecule (knockout of the receptors also reduces the
expression of c-Myc) [1, 44]. This would suggest a multifaceted role of c-Myc in
mechanisms that follow T cell activation.

2.4.2 c-Myc Regulates Early Response Pathways Downstream
of TCR Ligation

Despite the rapid enhancement of c-Myc expression following TCR engagement,
this augmentation does not persist throughout the T cell clonal expansion stage [1,
73-75]. Indeed, irrespective of the pivotal roles played by c-Myc in the adoption of
a glycolysis-dominated, rapidly proliferative profile, the activity of the molecule is
limited by its relatively short half-life (15 min) [76, 77] and a rapid depreciation of
expression ~48 h postinfection in murine models of T cell activation [74]. These
data propose that other (potentially Myc-induced) transcription factors may be
responsible for the persistence of an activated T cell metabolic profile following the
initial reprogramming. Recent studies have revealed a number of factors that
participate in this metabolic maintenance, including activating enhancer-binding
protein 4 (AP4), interferon regulatory factor-4 (IRF4), and hypoxia-inducible factor
alpha (HIF-1a; to be discussed later in detail) [73, 78-80]. Together, through both
c-Myc transcriptional activity and persistent TCR signaling, the expression of AP4,
IRF4, and HIF-1a increases and resultantly stabilizes the glycolytic profile charac-
teristic of proinflammatory effector lineages. Interestingly, the genetic ablation of
these three ““second-wave” factors does not impede the initial metabolic reprogramming
seen during T cell activation. Rather, deletion of these factors results in a failure of
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T cells to sustain aerobic glycolysis and, thus, effector cell function and survival
[73, 78-81], as c-Myc levels diminish following T cell activation.

IRF4 has revealed itself to be a rather unique factor in the genetic reprogram-
ming of effector T cells. Several studies have revealed that IRF4 levels in T cells
correspond to the relative affinity of TCR-antigen/MHC complex interactions [78,
79, 82]. Specifically, lower-affinity ligands diminished the longevity and intensity
of TCR signaling through reduced IRF4, allowing for a fine-tuning of downstream
metabolic and effector programs by the strength of T cell activation. Similar to AP4
null experiments, CD8* T cell-specific deletion of IRF4 results in a reduction of
cellular proliferation and effector cytokine production following c-Myc-driven acti-
vation [78, 79, 82]. Within CD4" T cells, IRF4 transcriptional activity appears to
coordinate significant pathways in the effector functions of Th lineages and Treg
cells. Loss of IRF4 significantly impaired the adoption of effector characteristics
upon naive CD4+ T cell skewing in vitro (revealed by diminished cytokine produc-
tion and lineage-specific transcription factor expression) and Treg-mediated sup-
pression in vivo [83—-87].

c-Myc facilitates an impressive repertoire of mechanisms following T cell activa-
tion. Included among these is the upregulation of glucose and amino acid transport-
ers [1] as well as the promotion of glycolysis and glutaminolysis [1, 45]. Indeed, the
loss of c-Myc induced a corresponding decrease in amino acid transport expression,
inhibiting the central metabolic pathways involved in establishing effector function
[1, 44, 45]. Interestingly, LAT1 deletion was revealed to prevent the translation (but
not the transcription) of the c-Myc gene in a mechanism not involving the amino
acid sensor, mTOR. Destabilization of c-Myc expression resulted in the expected
reduction in glycolysis (downregulation of Glutl; decreased lactate output) and glu-
taminolysis (decreased glutamine and arginine uptake) [45]. The mechanism behind
the leucine sensitivity of c-Myc has yet to be fully delineated.

2.4.3 Therapeutic Opportunities in Targeting the c-Myc
Signaling Pathway

Compounds that target c-Myc in cancer cells may be of particular value therapeuti-
cally. Aside from its role in metabolic control [8§8-90], c-Myc appears to also pro-
mote tumor growth through augmented expression of immunomodulatory
cell-surface molecules that can facilitate immune evasion [91]. On the other hand,
therapeutic downregulation of c-Myc activity within immune cells could allow for
the suppression of the activation-/effector-related functions downstream of c-Myc/
MAX, thereby dampening unwanted inflammation. The small-molecule inhibitor,
10058-F4, has been shown to obstruct c-Myc/Max heterodimerization, preventing
DNA binding/transcriptional activity [92]. Accordingly, 10058-F4 treatment ham-
pers T helper development in in vitro cultures [93].
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2.4.4 Mechanistic Target of Rapamycin (nTOR)

The mechanistic target of rapamycin (mTOR; formerly mammalian TOR) is a key
regulator of cellular function, integrating intracellular and extracellular signals to
coordinate shifting metabolic states with cell growth, proliferation, and longevity.
The smooth transition between catabolic and anabolic metabolism in accordance
with available extracellular nutrients and intracellular energy storage is paramount
to the survival of cells in the dynamic environments that exist within multicellular
organisms. mTOR was discovered between 1993 and 1995 to be the molecular tar-
get of the cellular proliferation inhibitor, rapamycin [94-97], and it was so named.
Constraining mTOR function through rapamycin has substantial effects on the abil-
ity of T cells to mount an effective proinflammatory response. As will be discussed
in the subsequent sections, the suppression of mTOR activity has profound effects
on the metabolic profile, and thus the function, of T cell subsets.

The mTOR protein is a well-conserved serine-threonine kinase within the phos-
phoinositide 3-kinase (PI3K)-related kinase family and has been found to nucleate
in two multi-protein complexes, termed mTOR complexes 1 and 2, respectively
(mTORC1 and mTORC2). mTORCI1 operates as an environmental sensor, promot-
ing protein synthesis, and cellular growth (mass accumulation) and proliferation
when intracellular energy and amino acid concentrations are sufficiently high [98—
100]. mTORC?2 plays a supporting role by mediating the organization of the actin
cytoskeleton and potentially supporting shifting metabolic states [101, 102]. Both
mTORC1 and mTORC?2 also promote cellular survival (inhibition of autophagy)
through phosphorylation of ULK1 and Atg13 by mTORCI1 [103-105] or AKT (also
called protein kinase B) by mTORC2 [106, 107]. In the following sections, we will
discuss the regulation, function, and activity of mTOR complexes in T cell
subsets.

2.4.5 Fundamentals of mTORCI Regulation

mTORCI is a six-protein complex, consisting of regulatory-associated protein of
mTOR (Raptor) [108, 109], mammalian lethal with SEC13 protein 8 (mLSTS),
proline-rich AKT substrate 40 kDa (PRAS40), DEP-domain-containing mTOR-
interacting protein (Deptor) [110], and TELO2-interacting protein 1 homologue and
telomere maintenance 2, respectively (Ttil/Tel2) [111]. The distinct functions of
each protein have yet to be fully delineated, but significant findings have hinted
toward the functional roles of the mMTORC1-associated proteins. For example, it has
been revealed that Raptor interacts with both mTOR and two downstream sub-
strates, ribosomal protein S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E
(eIF4E)-binding protein 1 (4E-BP1), effectively providing the scaffolding to facili-
tate mTOR kinase activity [108, 109, 112—114]. Knockout studies of Raptor reveal
it to be an obligate binding partner for effective mTORCI activity. Consequences of
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S6K1 and 4E-BP1 phosphorylation include enhanced protein synthesis, which
facilitates cellular growth and progression through the cell cycle [98, 100, 115,
116]. Ttil/Tel2 constitutively associate with mTOR and appear to coordinate the
assembly of the mMTORCI complex. Deletion of either Ttil or Tel2 results in disas-
sembly of mMTORC1 and a loss of mTOR kinase activity [111]. Conversely, PRAS40
and Deptor have been proposed to negatively regulate the complex, as activation of
mTORCI1 signaling results in the immediate phosphorylation of PRAS40 and
Deptor, thereby hindering their ability to bind to the complex and promoting their
subsequent degradation. This results in enhanced mTORCI substrate binding and
activity. PRAS40 has been suggested to directly interfere mTORCI1 substrate bind-
ing [117], while less is known about the exact function of Deptor in mTORCI
inhibition. Indeed, these data and the observation that diminished mTORCI signal-
ing are associated with PRAS40 and Deptor binding to mTORC]1 and support the
notion that they act as negative regulators of mTORCI activity [110, 118, 119].

Pathways downstream of the growth factor receptors, namely, the insulin and
Ras signaling pathways, facilitate the activation of mTORCI activity through the
inhibition of the key mTOR regulatory complex, tuberous sclerosis complex (TSC)
[120-123]. TSC is a heterodimer of TSC1 (also called hamartin) and TSC2 (also
called tuberin) and functions as a GTPase-activating protein (GAP), converting
protein-bound GTP to GDP. TSCI stabilizes its dimeric partner, TSC2, which con-
tains the GAP domain. TSC actively targets the GTP-bound protein, Ras homolo-
gous enriched in brain (Rheb). Kinases downstream of growth factor receptors
respond to stimulatory signals by phosphorylating TSC2, inhibiting the GAP activ-
ity of the protein. Considering that GTP-bound Rheb stimulates the activity of
mTORCI1 through direct association [118, 124], TSC, therefore, acts to inhibit
mTORCTI signaling by dephosphorylating the GTP bound to Rheb, thereby inacti-
vating the protein’s effect [120, 125]. Specific mutations within TSC inactivates the
complex, leading to uncontrollable cellular growth and proliferation through loss of
mTORCT inhibition and gives rise to the proliferative disease that bears its name,
tuberous sclerosis [126]. Ligation of the insulin receptor stimulates a negative feed-
back loop, where activated S6K1 (downstream of mTORC1) inhibits the stimula-
tory phosphorylation of the proximal substrate of the insulin signaling pathway,
destabilizing insulin receptor signaling and preventing deregulated mTOR activity
[127]. Loss of this feedback control through inhibitory mutations or deletions of
S6K1 can result in cellular transformation (tumorigenesis) or metabolic disorder
(insulin desensitization) [128].

As noted in the “Metabolite Acquisition” section, mTOR functions as a key sen-
sor of intracellular amino acid concentrations [129-132]. While the exact mecha-
nism of amino acid sensing has yet to be determined, it has been well established
that the amino acids, glutamine [132—134], leucine [118, 135], and arginine [135]
facilitate mMTORCI] activation. The lysosome appears to be the staging platform of
mTORCI regulation [136, 137] as stimulatory and inhibitory factors (e.g., Rheb and
TSC, respectively) tend to localize in proximity of these organelles [138]. One
model suggests that when sufficient amino acid concentrations are sensed, Rag
protein heterodimers recruit mTORC1 to the lysosome, allowing for Rheb-
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dependent activation of mMTORC1 and subsequent promotion of cellular growth and
proliferation [139].

As described, the activation of the mTORCI1 pathway is accomplished through
various extracellular and intracellular signals such as the ligation of growth factor
receptors or the acquisition of certain nutrients. Additionally, other factors can nega-
tively regulate the downstream signaling of mTORCI, including the energy status
of the cell and the oxygen tensions found within the cell’s microenvironment.
Immune cells carefully coordinate cellular growth and proliferation so that these
processes may only occur when sufficient energy stores and biomaterials exist
within the cell. mTORCI is a master regulator of this synchronization, promoting
cellular growth only when conditions are ideal. In an example of negative regulation
of mTORC1, AMP-activated protein kinase (AMPK) inhibits mTORC1 when
cellular energy is lacking (i.e., when AMP/ATP ratios are high); AMPK phosphory-
lates the Raptor subunit of mMTORC1, leading to the recruitment of 14-3-3 protein to
Raptor and the inhibition of mTORCI activity [140]. Additionally, AMPK has been
shown to phosphorylate TSC upstream of mMTORC1. AMPK phosphorylates TSC2,
promoting the activity of TSC and allowing for the control of transcription and cel-
lular growth through mTORCTI inhibition while also protecting against energy-
deprivation-induced apoptosis [120]. Low oxygen tension, too, can regulate the
activity of mMTORC1 [141] by diminishing ATP levels and increasing AMPK activa-
tion and by transcriptional activation of regulated in development and DNA damage
responses 1 (REDD1), which facilitates TSC2 activation [142, 143].

2.4.6 Fundamentals of mTORC2 Regulation

mTORC?2 is a seven-protein complex which shares some protein subunits with
mTORCI, including the central protein, mTOR, as well as mLST8, Deptor, and
Ttil/Tel2. mTORC?2 also includes the proteins rapamycin-insensitive companion of
mTOR (Rictor), mammalian stress-activated protein kinase interacting protein
(mSIN1), and protein observed with Rictor-1 and Rictor-2, respectively (Protor-1/
Protor-2). Like Raptor in mTORCI, Rictor appears to play a central role in sta-
bilizing mTORC?2 and is absolutely essential for characteristic mMTORC2-mediated
phosphorylation of Akt/PKB. Rictor and mSIN1 are stabilized when associated
together and maintain the structural integrity of the complex, thus promoting
mTORC?2 function [144, 145]. Again, Deptor appears to function as a negative regu-
lator of mTORC?2 activity, just as it was described with mTORC1 [110]. Uniquely,
however, although mLST8 does not appear to be necessary for mTORC1 function,
its association with mTORC?2 is paramount for the stability and function of the
complex. In vitro knockout studies of mLST8 reveal unperturbed phosphorylation
of mTORCI substrates S6K1 and 4E-BP1, while mTORC2-mediated phosphoryla-
tion of AKT/PKB was diminished. This inhibition of mTORC?2 function yields a
phenotype similar to that seen in Rictor knockout studies [146].
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Considering that the deletion of mTORC?2 activity is lethal in in vivo models and
that the complex is insensitive to rapamycin treatment except at prolonged high
doses [147], studies in the function of mMTORC2 have been met with difficulty.
Consequentially, substantially less is known concerning the mTORC2 control
mechanisms. What is known is that, like mTORC1, mTORC?2 also responds to
growth factor signals. Growth factor ligation results in mMTORC2-mediated phos-
phorylation of a unique serine residue on the serine-/threonine-specific kinase,
AKT, thereby enhancing the activity of AKT [148, 149]. A second serine residue is
phosphorylated by phosphoinositide-dependent kinase-1 (PDK1), coordinating the
full activation of AKT. It has been suggested that mSIN1 may coordinate this
mTORC?2 activity [150]. The complete phosphorylation of AKT results in enhanced
proliferation, promotion of a glycolytic metabolism, and cellular migration.
Downstream effects of mTORC2 activation will be described in the following
section.

2.4.7 Activation of and the Downstream Effects of mTOR
Signaling

According to the two-signal model of lymphocyte activation, antigen presentation
alone cannot induce an activated state. Instead, the absence of a second costimula-
tory signal (e.g., CD28 cross-linking or cytokine receptor ligation) results in cellular
anergy and an accordingly diminished mTORCI signaling through S6K1. Similarly,
the inhibition of mTOR activity in vivo through rapamycin treatment results in T
cell anergy following antigen presentation [151]. It appears that mTOR not only
coordinates intracellular nutrient/energy levels and downstream growth factor
receptor signaling with cellular activation but that it also senses extracellular envi-
ronmental cues to determine whether activation or anergy represents the appropriate
response.

Increased uptake of amino acids following T cell activation, specifically the
absorption of glutamine and leucine, promotes the activity of mTORCI1, which in
turn, facilitates the adoption of a predominately glycolytic metabolic profile. Genetic
deletion of mTOR in CD4* T cells dampens their proliferative capacity and prevents
their differentiation into effector T helper subsets —e.g., Th1, Th2, Th17 — even under
the appropriate in vitro skewing conditions. Instead, activating naive CD4* T cells in
the absence of mTOR activity induces a hypersensitivity to TGF-f signaling and a
preferential generation of Foxp3* Tregs [152]. Interestingly, the inhibition of mTOR
activity induces expansion of natural CD4* Tregs in vivo and the corresponding de
novo synthesis of Foxp3 in differentiating naive CD4+ T cells, supporting the notion
that this pathway negatively regulates immune tolerance [153].

Adding complexity to mTOR’s role in determining CD4* T cell fate was the
revelation that the two mTOR complexes have distinct effects on this process. Mice
lacking Rheb have been used to study the effects of defective mTORCI activity.
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CD4* T cells from these knockout mice fail to differentiate into proinflammatory
Thl and Th17 effector cells. Treating T cells with rapamycin suppresses rapamycin-
sensitive mMTORCT activity and thus inhibits the induction of proinflammatory T
helper subsets, Th1 and Th17, but not Th2 [151]. On the other hand, Rictor-deficient
CD4* T cells, which lack mTORC?2 activity, display markedly impaired Th2 dif-
ferentiation [24].

mTOR signaling is also foundational in determining the fate of CD8* T cells.
Upon naive CD8* T cell activation, mTOR activity is increased in response to IL-12/
STAT4 signaling and costimulation. In these cells, n"TOR can upregulate the expres-
sion of the transcription factor, T-bet, promoting a cytotoxic CD8" T cell (CTL)
expression profile [48]. While rapamycin treatment of CD4* T cells leads to cellular
anergy and/or the induction of Treg characteristics (including Foxp3 upregulation),
CDS8* T cell-specific suppression of mTOR activity results in the generation of
memory precursor CD8+ T cells [17, 48, 49]. Indeed, it appears that CD8* Tmem
cells are negatively regulated by mTOR activity. Studies in which TSC1 or TSC2
have been specifically deleted in CD8* T cells reveal TORC1 to positively enforce
effector characteristics in CD8* cells while inhibiting the formation of Tmem pre-
cursors during the early-stage immune response [154—157]. Indeed, TSC2 null
mice, which display constitutive mTORC] activity, boast a CD8" T cell compart-
ment with enhanced glycolysis and effector function [154]. Inhibition of mMTORC2
can similarly enhance the development of Tmem [154].

The downstream effects of mTORC1 and mTORC?2 activation are diverse.
mTORCI largely functions to promote pathways involved with anabolic processes.
Through the phosphorylation of downstream S6K1 and 4E-BP1, mTORCI1 pro-
motes protein synthesis through enhanced ribosome biogenesis and the release of
transcriptional inhibition, respectively [100]. mTORC?2, too, appears to positively
effect protein synthesis through direct association with ribosomal complexes [158].
Lipid and nucleotide synthesis also appear to be under mTOR control. The principal
transcriptional regulators of lipogenesis, sterol regulatory element-binding proteins
(SREBPs), are activated by both mTORC1 and mTORC2 [159-161]. mTORCI
phosphorylates the SREBP inhibitor, lipin 1, preventing the nuclear translocation of
lipin 1 and the subsequent inactivation of SREBP-mediated transcription of nucleo-
tide and lipid synthesis-related genes [161, 162]. mTORC2 has been described to
transcriptionally activate SREBP genes through ATK activity, thus also promoting
de novo nucleotide and lipid synthesis [160, 163].

2.4.8 Negative Regulation of mTOR Through AMPK Activity

The serine/threonine kinase, adenosine monophosphate-activated protein kinase
(AMPK), is often cast as an mTOR antagonist. Each molecule directly inhibits the
activity of the other [164—167], oscillating the preferential utilization of their respec-
tive metabolic pathways; AMKP promotes FAO, while mTOR supports a glycolytic
profile. A sensor of energy stress, AMPK is activated, in part, in response to high
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AMP/ATP ratios (i.e., low cellular energy), responding by inhibiting anabolic pro-
cesses and upregulating specific metabolic pathways in order to restore cellular ATP
levels. One such avenue for AMPK-mediated ATP production is the promotion of
FAO. FAO is promoted through the upregulation of the rate-limiting enzyme for the
pathway known as carnitine palmitoyltransferase 1 (CPT-1; a key component of the
CTS) [168]. AMPK can also play a role in the maintenance of CPT-1 activity. By
inhibiting acetyl-CoA carboxylase, which is itself a suppresser of CPT-1, AMPK
further drives the process of FAO [169]. In addition to promoting the transcription
of genes that facilitate lipid metabolism, AMPK activation directly inhibits glycoly-
sis and protein synthesis through the inhibition of mTOR activity. Despite the fact
that both mTOR and AMPK are induced by TCR stimulation, the latter kinase is a
potent negative regulator of the former [166]. AMPK targets the mTORCI protein,
Raptor, disrupting the protein complex and diminishing mTOR kinase activity [140,
170]. Additionally, AMPK activates the TSC by phosphorylating TSC2, further
driving the inhibition of mTOR [171]. Reflecting the inverse relationships between
AMPK and mTOR activity, T cells lacking AMPK display enhanced mTORCI
signaling and a correspondingly elevated effector cytokine production [172].

AMPK has also been thought of as an enforcer of quiescence. It is easy to fathom
that under conditions of metabolic stress (such as glucose scarcity), cell survival
may depend on the resetting of the metabolic lifestyle to adapt to austere conditions.
In line with this notion, AMPK was recently suggested to be dispensable for the
activation and expansion of effector CD8+ T cells but important for the survival of
CD8+ T cells during the so-called contraction phase of the immune response and
the mounting of a recall response upon secondary challenge [173]. CD8* T cell-
specific deletion of AMPK in vivo resulted in a dramatic loss of CD8" Tmem popu-
lations following exposure to parasitic infection [173]. Just as effector cells are
dependent on a glycolytic metabolism, Tregs and Tmem rely on FAO. Inhibition of
FAO by disruption of AMPK signaling curtails the generation of these key immune
populations. Both thymically derived natural Tregs and Tregs induced in the periph-
ery display a high degree of AMPK activity. Furthermore, in vivo administration of
an AMPK activator (metformin) elevates Treg numbers in a mouse model of asthma
while also diminishing cell-surface expression of GLUT1 [23]. Clearly, the recipro-
cal regulation of mTOR and AMPK represents a principal control mechanism to
balance proinflammatory and tolerogenic cues.

2.4.9 Therapeutic Opportunities in Targeting the mTOR
Signaling Pathway

Since mTOR is a central player in promoting glycolysis, the metabolic pathway of
choice for potently inflammatory effector T cells, inhibiting the kinase has been
explored as a means to prevent or down-modulate unwanted immune responses.
Indeed, the mTOR agonist, rapamycin, has been administered in the control of the
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autoimmune disease, systemic lupus erythematosus (SLE) [174, 175]. Rapamycin
and sirolimus have been shown to function as immunosuppressants, promoting
tolerance in organ and tissue transplants [176].

While mTOR inhibition has the potential to undermine glycolysis and the proin-
flammatory effector T cells that are heavily dependent on this form of metabolism,
somewhat paradoxically, this same strategy can bolster desirable immune
responses — particularly through the enhancement of memory T cells. It is important
to note that multiple studies have suggested that the memory-like subsets of CD8" T
cells are superior mediators of antitumor immunity [48, 49, 177-179]. In light of
this, it stands to reason that modulating the metabolic profile of CD8* T cells may
be an effective strategy to improve their cancer-fighting potential. Sirolimus
(rapamycin) administration can enhance the memory CD8+ T cell responses of fol-
lowing vaccination of nonhuman primates [180]. Furthermore, suppressing mTOR
activity and glycolysis with transient, high-dose rapamycin treatments can enhance
the efficacy of antitumor vaccines as well [181]. An aptamer-conjugated RNAi
approach intended to specifically knock down mTORCI activity has also been
shown to suppress tumor progression in vivo [182]. Everolimus, another mTOR
inhibitor, is an FDA-approved therapeutic option for the treatment of specific brain
tumors (subependymal giant-cell astrocytomas) associated with inactivating TSC
mutations. Studies are ongoing in proving the efficacy of everolimus in other TSC-
associated diseases [126].

The role played by AMPK in modulating T cell immunity appears to lend itself
to pharmaceutical intervention as well. The therapeutic benefit of metformin
(N,N-dimethylbiguanide) and 5-aminoimidazole-4-carboxamide-ribonucleoside
(AICAR) has been explored in their capacity to correct for insulin resistance by the
AMPK-mediated upregulation of the glucose transporter, GLUT4. Both compounds
are capable of activating AMPK, effectively facilitating the increased uptake of glu-
cose in the absence of insulin signaling [183, 184]. Metformin and AICAR have
both shown efficacy in the treatment of the insulin resistance associated with type-2
diabetes while also efficiently suppressing effector T cell activation and the produc-
tion of IL-2 [51, 185]. Chemical activation of AMPK reduces the effector functions
of murine CTLs [164]. In line with these findings, therapeutic intervention of murine
EAE with metformin or AICAR dampens inflammatory cytokine production by
self-reactive CD4* T cells and lessens the severity of disease progression [186].
AICAR treatment also ameliorates disease in murine colitis models as evidenced by
stunted body weight loss and subdued colon pathology. Moreover, this treatment
inhibited macrophage activation and reduced Th1/Th17 cell frequency and cytokine
production [187, 188].

While AMPK-activating agents can negatively impact effector T cell biology,
they can have opposite effects on memory T cell subsets. Illustrating this, metfor-
min treatment has been found to markedly enhance the memory CD8* T cell
response to Listeria monocytogenes infection in mice [17]. Additionally, others
have found that metformin can enhance CD8* T cell function in tumor sites [189],
an effect that likely reflects the more potent antitumor activity of the memory-like
CDS8* T cells expected to be bolstered by AMPK activation.
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2.4.10 Hypoxia-Inducible Factor 1 (HIF-1)

Great cellular energy demand requires the strict regulation of the byproducts of T
cell metabolism. The most efficient method for generating ATP is the catabolism of
glucose- or fatty acid-derived pyruvate through oxidative phosphorylation.
Hydrogen ions are forced against their concentration and electrochemical gradients
into the acidic space between mitochondrial membranes, thereby providing a fuel
source to drive the rotary mechanism of ATP synthase [190]. The free electrons
generated by this process couple with hydrogen byproducts and free diatomic mol-
ecules of oxygen to form water within the mitochondria. This reaction occurs
through the action of the terminal enzyme of the electron transport chain, cyto-
chrome c oxidase (COX). COX has been revealed to play a major regulatory role in
orchestrating this oxygen-dependent pyruvate metabolism, consuming the majority
of the oxygen inspired by the lungs [191]. COX ceases to function under extreme
oxygen deprivation (<1 mmHg) [192], a condition termed hypoxia. Specifically,
hypoxia refers to tissue oxygen tensions that fall below ~10 mmHg [193]. Low
oxygen tensions have a significant impact on immune cell function and prolifera-
tion, even when oxygen concentrations have not dropped sufficiently to alter oxida-
tive phosphorylation within the mitochondria. Notably, many tissues that T cells are
likely to inhibit — healthy or diseased — can be oxygen scarce. Competition for
nutrients (e.g., glucose, fatty acids, amino acids) and oxygen drives characteristic
alterations to T cell’s metabolism. Consequentially, T cells must be highly adaptive
to hypoxic environments and be able to readily alter their metabolic profile in order
to function in sites of varying oxygen tensions.

2.4.11 Control of HIF-1 Activity Through the Regulation
of the HIF-1a Subunit

The principal sensor of oxygen deprivation is hypoxia-inducible factor alpha
(HIF-1a). HIF-1 complexes form as heterodimers of HIF-1a and HIF-1f (also
called the aryl hydrocarbon nuclear translator). These factors are expressed, at least
at the mRNA level, in every organ of the body [194]. HIF-1p is constitutively
expressed at the protein level and functions in a pathway separate from HIF-1« that
is associated with the transcriptional activation of enzymes responsible for the
catabolism of xenobiotic toxins, such as the environmental pollutant, dioxin [195].
HIF-1a expression, on the other hand, is tightly regulated and is typically stabilized
only under hypoxic conditions. The nuclear translocation of HIF-1a and subsequent
binding to HIF-1p only occurs following the stabilization of the a-subunit [196].
Within the nucleus, HIF-1a associates with HIB-1p and functions as a transcription
factor, binding to specific promotor sequences of hypoxia response elements (HREs)
[197, 198] allowing for a robust cellular response to oxygen deprivation. Both sub-
units possess helix-loop-helix motifs and a Per-ARNT-Sim (PAS) domain that both
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facilitate DNA binding and o-/B-subunit dimerization [199-202]. Another a-subunit,
HIF-3a, was initially reported to propagate an inhibitory function by preventing
HIF-1a binding to HIF-1f though the sequestering of the f-subunit, yet recent data
has suggested an additional transcriptional regulatory role for the protein
[203-205].

The expression of the a-subunit, HIF-1a, is largely reliant on the local oxygen
tension. As you breathe, atmospheric oxygen concentrations (159 mmHg) allow for
the rapid diffusion of oxygen into the circulatory system which then pushes arterial
blood throughout the body, dispensing oxygen where oxygen tensions are low. In
tissues, oxygen concentrations are considerably lower (~15-38 mmHg) than in cir-
culating arterial (75-100 mmHg) and venous blood (>40 mmHg) [206, 207].
Moreover, within the architecture of tissues, oxygen tension can vary dramatically
depending on the proximity of a cell to local capillary beds [208, 209]. Although
oxygen tensions are lower within tissues than in circulation, the oxygen and nutrient
concentrations therein are sufficiently replete due to elaborate networks of capillary
beds. Oxygen tensions are particularly low in lymphoid tissues (~8-35 mmHg)
where immune cells are derived and mature. The same is generally true of sites of
ongoing inflammation or tumor growth, implicating the importance of HIF-1la in
immune cell development and function. During an inflammatory response,
competition for available oxygen and nutrients increases as immune cells infiltrate
and expand in peripheral tissue sites, resulting in nutrient-/oxygen-destitute micro-
environments. Within a tumor, this and the prodigious consumption of glucose
and oxygen by tumor cells coupled with the inability of angiogenesis to keep pace
with the intratumoral demand result in regions of extreme hypoxia [210, 211]. It is
the stabilization of HIF-1a expression, largely consequential of hypoxic conditions
(> 10 mmHg) alone, that drives much of the cellular adaptations to oxygen
deprivation.

HIF-1a expression is largely controlled posttranslationally by prolyl hydroxy-
lases (PHD), which catalyze the formation of L-hydroxyproline by incorporating
oxygen to two specific proline residues (P402 and P564) on HIF-la [212].
Hydroxylation of proline residues increases the affinity of these sites on HIF-1a for
the active site of the von Hippel-Lindau/Elongin-C E3 ligase (VHL) complex by
nearly 1,000-fold. The bound VHL transfers ubiquitin molecules to L-hydroxyproline
residues, marking HIF-1a for proteome-dependent proteolysis [207, 213]. Thus, the
repression of HIF-1a hinges on the presence of free oxygen within the cell, and as
such, HIF-1a becomes stabilized under hypoxic conditions [214]. Under normoxic
conditions (i.e., non-hypoxic; >10 mmHg), HIF-1a is rapidly degraded through the
aforementioned process.

However, this oxygen-dependent degradation has been shown to be superseded
in CD4* and CD8* T cells where high mTORCT expression is associated with ele-
vated HIF-1a levels even in normoxic conditions [18, 80, 215, 216]. Indeed, TCR
ligation and costimulation stabilizes the expression of HIF-la, possibly through
mTORC]1-facilitated enhancement HIF-1a protein synthesis [216]. It should be
noted that decreased intracellular oxygen tensions resulting from cellular activation
may also contribute to the aforementioned HIF-la stabilization [207].
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Proinflammatory cytokines, too, appear to be capable of augmenting HIF-1a expres-
sionin T cells. Specifically, interleukin 6 (IL-6) induces HIF-1a stabilization in vitro
through the activation of signal transducer and activator of transcription 3 (STAT3)-
driven transcriptional regulation [81]. Additionally, numerous studies have eluci-
dated the role of the receptor of activated protein kinase C (RACKI1) in the
proteasomal degradation of HIF-1a in an oxygen-/PHD-/VHL-independent man-
ner. RACK1 competes with heat-shock protein 90 (HSP90) for binding to the PAS
domain of HIF-la. Upon RACKI/Elongin-C E3 ubiquitin ligase association,
RACKI facilitates the ubiquitination and subsequent proteome-dependent proteoly-
sis of HIF-1a [217-219]. These data suggests various levels of HIF-1a control out-
side of oxygen tension alone.

2.4.12 Downstream Effects of HIF-1«a Stabilization in T Cells

The cellular effects of HIF-1a stabilization are expansive, resulting in the expres-
sion of many genes implicated in the control of glucose and pyruvate metabolism in
effector T cells. Following TCR ligation and costimulation, T cells undergo clonal
expansion and transcriptome reprograming to express effector molecules including
cytotoxins, cytokines, and cell-surface molecules. This robust increase in cellular
proliferation and protein anabolism demands a matched increase in metabolite
uptake to provide components for cellular machinery and free energy to catalyze
chemical reactions. HIF-1a expression has been shown to enhance the cell-surface
expression of the glucose transporter, Glutl, in CD4* and CD8* T cells, supporting
the development of proinflammatory T cell lineages [42, 43]. Indeed, within CD4*
T cells, HIF-1 transcriptionally directs the upregulation of the enzymatic machinery
required for glycolysis, prioritizing this metabolic pathway which is favored by Teff
cells [18]. Interestingly, while c-Myc and mTOR are centrally important for engag-
ing this metabolic reprogramming of recently activated cells, HIF-1 expression
appears dispensable at this early juncture. Although HIF-1 controls the transcription
of numerous glycolytic genes, HIF-1-deficiency in T cells does not inhibit activation-
induced Teff proliferation [80, 81]. It is believed, however, that HIF-1 instead plays
an important role in sustaining Teff populations and their glycolytic metabolism
following activation.

In CD4* T cells, HIF-1a reciprocally regulates the key transcriptional regulators
of the differentiation programs responsible for Th17 and Treg development, RAR-
related orphan receptor gamma (RORyt) and Foxp3, respectively [18, 81]. While
Th17 cells are notoriously proinflammatory and functionally share very little with
the characteristically immunosuppressive Treg lineage, they nevertheless can be
derived in vitro and in peripheral tissues by differentiation pathways that partially
overlap, namely, through transforming growth factor beta (TGF-p) receptor signal-
ing. It is the sensing of additional proinflammatory cytokines, like IL-6, that simul-
taneously promotes the establishment of the Th17 lineage and inhibits the Treg
phenotype. Enhanced HIF-la expression resulting from TCR ligation/IL-6-
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mediated STAT3 activation can support Th17 differentiation irrespective of local
oxygen tensions. Stabilized HIF-1a subunits directly promote the expression of
RORyt in differentiating CD4+ T cells, supporting the adoption of a Thl7 fate.
HIF-1 further cooperates with RORyt in a transcription factor complex to promote
transcription/translation of several Thl7-associated genes [81]. Another facet of
HIF-1’s influence over CD4+ T cell fate decisions appears to involve the downregu-
lation of Foxp3, which can prevent commitment to an induced Treg fate. Indeed,
HIF-1 promotes the proteasome-dependent degradation of Foxp3 protein during T
cell differentiation. Reflecting these multiple roles of HIF-1, CD4+ T cells from
conditional HIF-1a knockout mice are defective in Th17 commitment and are more
prone to upregulate Foxp3 in vitro. Moreover, T cell-specific knockout of HIF-1
reduces disease burden in EAE relative to wild type controls. Such protection was
seen alongside impaired Th17 immunity and the accumulation of Foxp3* Tregs when
T cells lack HIF-1 expression [18, 81].

The role of HIF-1 in established Tregs appears to be complex. Indeed, HIF-1
deficiency during CD4* T cell differentiation in vitro results in an accumulation of
Foxp3* T cells [18, 81], suggesting that HIF-1 opposes Treg differentiation.
However, other studies suggest that HIF-1a contributes positively to Tregs by pro-
moting transcription at the Foxp3 and Ctla4 genes [220]. Moreover, the suppressive
capacity of established Tregs in vivo appears to benefit from HIF-1 expression
under some conditions as Tregs from HIF-1-deficient mice were found to be less
effective suppressors of colitis than wild-type controls [220]. In contrast, other stud-
ies have shown that heightened levels of HIF-1 activity can be detrimental to the
normal suppressive functions of Tregs. Specific deletion of key components of the
HIF-1a degradation machinery (e.g., Deltex, VHL) in Tregs induces robust expres-
sion of HIF-1 that is accompanied by unstable expression of Foxp3 and compro-
mised suppressive function [221, 222]. In one study, these ineffective Tregs were
found to have uncharacteristic, Thl effector-like attributes that resulted from HIF-
I-mediated upregulation of Teff cell genes (e.g., Ifng) and metabolic genes respon-
sible for promoting glycolysis [23, 222]. These findings suggest that a precise
balance of HIF-1 expression may be required for optimal Treg function.

HIF-1a also influences the development of CDS8* cytotoxic T lymphocytes
(CTLs). The cellular activities and functions of activated CD8* T cells, like those of
their CD4* counterparts, are fueled primarily by a glycolysis-dominated metabolism
[18, 81, 223]. Newly activated CD8+ T cells upregulate HIF-1 through the action of
mTORCI. This activation begins with TCR signaling/CD28 costimulation, which
induces c-Myc expression and subsequent activation of c-Myc-controlled genes that
are crucial for efficient cellular activation and expansion. A second wave of aug-
mented gene expression, coordinated by HIF-1 and other transcriptional regulators
(e.g., AP4, IRF4), continues to enforce a glycolytic metabolic profile through the
upregulation of enzymes involved in glycolysis and glutaminolysis [224].

Additionally, HIF-1a stabilization appears to promote the establishment of effec-
tor functions within CTLs. HIF-1 drives the expression of key effector molecules,
such as perforin and granzymes, which partially account for the cytotoxic capacity
of these cells [80]. Genetic deletion of VHL (the complex responsible for oxygen-
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dependent HIF-1a degradation) in vivo results in elevated expression of granzyme
B and effector cytokines such as IFN-y and TNF-a. These enhancements, which
result from elevated HIF-1 activity, translate into improved CTL-mediated immu-
nity in models of melanoma and viral infection [223]. Boosting HIF-1 levels by
exposing cells to hypoxic culture conditions can also enhance the expression of
Glutl and effector molecules [80], further supporting the role of HIF-1 activity in
promoting glycolysis and CTL function. Correspondingly, HIF-1 deficiency impairs
the acquisition of these effector molecules.

In keeping with the theme of contrasting metabolic lifestyle and requirements for
Teff and Tmem lineages, HIF-1 appears to negatively impact memory CD8" T cells.
Chemical inhibition of glycolysis (and HIF-1 expression) promotes a memory
CD8+ phenotype instead of a short-lived, effector fate. Indeed, these conditions
result in a more memory-like phenotype as evidenced by low levels of KLRG1 and
an abundance of surface CD62L. CD62L, also called L-selectin, is expressed most
notably in naive and memory T cells, facilitating the trafficking of these cells to
secondary lymphoid organs. CD62L appears a key checkpoint of T cell function as
its expression has been shown to control lytic activity of tumor reactive T cells and
the memory response to previously encountered antigen [225, 226]. Conversely,
forced utilization of glycolysis in CD8* T cells restricts the generation of memory
cells. Interestingly, memory CD8" T cells that accumulate during inhibition of gly-
colysis and HIF-1 downregulation appear to be more potent mediators of antitumor
immunity than their short-lived Teff counterparts [20].

2.4.13 Therapeutic Opportunities in Targeting the HIF-1
Signaling Pathway

Interest in generating potent HIF inhibitors has been understandably whetted by the
possibility of simultaneously disrupting its multiple tumor-abetting functions (e.g.,
upregulation of glycolytic enzymes, promotion of angiogenesis, facilitation of
metastasis). Indeed, HIF-1 is thought to facilitate tumor growth in its characteristi-
cally oxygen-deprived microenvironments, and, in keeping, HIF-1 expression
trends upward as certain brain tumors increase in grade [227]. Currently, several
HIF-1a inhibitors are undergoing clinical or preclinical trials. The small-molecule
inhibitor, topotecan, is a well-established anti-neoplastic agent that inhibits HIF-1a
expression through a topoisomerase I-mediated mechanism [228, 229]. A daily low-
dose regimen of topotecan was revealed to destabilize HIF-1a expression and thus
diminish tumor growth and angiogenesis in murine tumor models [228, 230].
Another molecule being explored as a molecular HIF antagonist is PX-478, which
showed early promise in treating human tumor xenografts via diminishing HIF-1a
and Glutl expression [231-234].

In keeping with the notion that HIF-1 stabilization promotes cellular survival,
activation of HIF-1a within CD8* T cells has been shown to prevent immune cell
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exhaustion, a consequence of chronic viral infection or persistent tumor growth.
Loss of VHL derails HIF regulation and thereby enhances effector T cell potential
and longevity [223]. Within CD4* T cells, too, HIF-1 has revealed itself to be
targetable. Digoxin, a cardiac glycoside, has been shown to inhibit HIF-1a expres-
sion and disrupt HIF-mediated transcriptional activation [235]. Administration
of digoxin or its derivatives to naive CD4* T cell cultures effectively hinders the
skewing of the proinflammatory Th17 subset. Indeed, digoxin treatment in in vivo
models of EAE markedly suppressed disease progression [236]. Although digoxin
has been shown to directly inhibit the Th17-promoting transcription factor RORyt,
digoxin-mediated inhibition of HIF- 1o mechanisms, namely, the adoption of a gly-
colytic profile, is likely another contributing factor to the ineffectual generation of
Th17 cells [18, 81].

2.4.14 Peroxisome Proliferator-Activated Receptor (PPAR)

Peroxisome proliferator-activated receptors (PPARs) represent a group of nuclear
receptor proteins that are activated by fatty acids and initiate gene transcription to
coordinate both lipid and carbohydrate metabolism with cellular proliferation and
differentiation. Activated PPARs associate with retinoid x receptors (RXRs) to
transcriptionally regulate genes with PPAR response element (PPRE) promotor
regions [237, 238]. Three PPAR isoforms exist — a, 8 (occasionally defined as  or
/8), and y — which possess specific tissue expression patterns and differ in their
physiological consequences following ligand binding. Ligation of PPARs by fatty
acids can promote the dissociation of corepressors and association of co-activators,
facilitating the direct binding of PPAR to DNA and the activation of gene transcrip-
tion. Furthermore, co-activator complexes have been shown to direct chromatin
remodeling through histone acetyltransferase activity, further promoting gene tran-
scription [239-244].

While little is known about the direct mechanistic role of PPARS (also called
PPAR( or PPARf/D), the functions of the o and y isoforms have been described at
length in both immune and nonimmune cells. PPAR« expression is constrained to
areas of elevated metabolic activity (e.g., the liver, brown adipose, cardiac and skel-
etal muscle fibers, intestinal mucosa) and its ligand-dependent activation is associ-
ated with augmented fatty acid metabolism. PPARa activation induces the
transcriptional upregulation of genes that facilitate intracellular fatty acid transport
into sites of f-oxidation as well as the enzymes that are associated with this cata-
bolic pathway [245, 246]. PPARY, on the other hand, principally promotes anabolic
processes, participating in adipogenesis (y expression remains elevated in both
brown and white adipose), lipid biosynthesis, and insulin sensitivity [247]. PPARS
appears to augment the accumulation of lipids within a cell through the repression
of metabolic mechanisms and the increased expression of influx-specific transport
molecules [248]. Importantly, while other isoforms require corepressor release to
facilitate DNA binding, PPARS has been shown to associate with PPRE promotor
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regions irrespective of corepressor binding [249]. This unique ability of PPARS
could represent a specific regulatory function, regulating the transcriptional activity
of lipid metabolism-associated PPARa and vy.

PPARSs are expressed in a variety of immune cell subtypes —e.g., T and B cells,
macrophages, and dendritic cells — and have been reported to primarily support anti-
inflammatory and tolerogenic activity [239, 246, 247, 250-253]. Indeed, PPARs
have been revealed to transcriptionally downregulate several genes associated with
immune cell activation and T cell effector function in inflammation. Notably, PPARs
control the activity of T cell activation- and proliferation-related transcription fac-
tors that include activator protein-1 (AP-1), nuclear factor of activated T cells
(NFAT), nuclear factor-xB (NF-xB), and signal transducers and activators of tran-
scription (STATSs) [251, 254-256], as well as expression of the stimulatory cytokine,
1L-2 [257].

2.4.15 Downstream Effects of PPAR Ligation
in Effector T Cells

A consequence of the PPAR-mediated promotion of lipid metabolism (at the
expense of glycolytic metabolism) is the downregulation of effector responses, sup-
porting the notion that PPARs function indirectly as immunosuppressors. Indeed,
Th1-/Th17-mediated EAE disease is exacerbated in mice with diminished PPARy
(PPARY*") as compared to their wild-type littermates. This was revealed by
enhanced neuron demyelination and ex vivo IFNy-production from CNS-infiltrating
Th1 cells in PPARy*~ mice. Correspondingly, PPARy antagonists also enhanced the
clinical scores of EAE symptoms as well as the induction of cellular activation and
IFNy-production, suggesting an augmented proinflammatory response [258, 259].
PPARY agonists, on the other hand, ameliorated EAE severity as evidenced by a
reduction of leukocyte infiltration into the CNS, a diminishing of proinflammatory
cytokine release following in vitro reactivation, and an overall reduced disease dura-
tion [260, 261]. Considering the significant Th17 component in EAE disease pro-
gression, PPARY activity was hypothesized to interfere with Th17 differentiation.
Interestingly, PPARYy agonists specifically interfered with the induction of RORyt
expression in vitro, without directly altering the expression of other pro- and anti-
inflammatory transcription factors — e.g., T-bet (Thl), GATA3 (Th2), or Foxp3
(Treg) [262]. While these data suggest that PPARYy does not directly interfere with
Th1 skewing in vitro, significant studies have illustrated the PPAR-mediated control
of IL-12 production and signaling in vivo, which in turn would effectively diminish
Th1 responses in a physiological setting [263, 264]. Indeed, the previous reports of
augmented Thl effector responses upon diminished PPARY expression [258, 265]
have been well supported [263, 266, 267].

Interestingly, while the transcriptional regulation of RORc (the gene encod-
ing RORYt) falls under the control of PPARY, expression of T-bet (the Th1-associated
transcription factor) appears to be mediated by PPARS. Agonists of the & isoform
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result in similar amelioration of CNS inflammation and demyelination in EAE,
although not through the reduction of antigen-specific Teff cellular proliferation.
Instead, PPARS agonists hindered the production of effector cytokines, IL-12 and
IL-23, resulting in diminished Th1/Th17 differentiation and thus control of T
helper-specific cytokine production — e.g., IFNy, IL-17 — and the expression of the
Th1-favoring T-bet [256, 266]. Notably, PPARS agonists did not altogether down-
regulate cytokine expression, but propagated the production of anti-inflammatory
cytokines, IL-4 and IL-10, further suppressing the effector functions of some T
helper subsets. PPARS knockout results in the converse effect, enhancing Th1/Th17
responses, prolonging the induction phase of EAE, and worsening the disease bur-
den [266].

While PPARS and y agonists directly regulate the effector functions of Thl7
cells, the loss of PPARa does not appear to alter Th17 effector cytokine (IL-17)
production, suggesting that there are differing methods of proinflammatory regula-
tion between PPAR isoforms [256, 262, 266]. Ligand-dependent activation of
PPAR« effectively protects against autoimmunity, but apparently through the con-
trol of a different immune axis. Indeed, PPAR« activation prevents the development
of severe EAE in mice by reducing the generation of potentially pathologic Thl
cells in favor of an augmented Th2 cell population. This is accomplished through
the direct regulation of the Thl- and Th2-specific transcription factors, T-bet and
GATA3, respectively, resulting in diminished IFNy (Th1) and heightened IL-4 and
IL5 (Th2) [268, 269]. Also, similar to PPARY, activation of PPAR« also suppresses
the production of proinflammatory cytokines by innate cells within the CNS —e.g.,
microglia and astrocytes [270, 271].

Recently, a role for PPARy was revealed in a unique subset of Treg cells. Visceral
adipose tissues (VATSs) house a population of Treg cells that suppress inflammation
specifically within this niche. Interestingly, their presence and function are linked to
a reversal of insulin resistance. VAT Tregs were found to uniquely express PPARY,
and they display a gene expression profile significantly distinct from their lymphoid
tissue-dwelling counterparts. Mice lacking PPARY specifically within the Treg
compartment (Foxp3-cre/Pparg™/1°) have lower VAT Treg frequencies and are sus-
ceptible to organismal metabolic dysfunction [272]. It may be possible that PPAR
activation contributes to the heightened lipid-dominated metabolic profile that
imparts VAT Tregs with the survival advantage optimal for their unique
microenvironment.

2.4.16 Therapeutic Opportunities in Targeting the PPAR
Signaling Pathway

Although the complete mechanistic picture of PPAR-mediated immunosuppression
remains to be resolved, it is clear that manipulating the activity of any PPAR iso-
forms alters a cell’s metabolic ability, resulting in support of either pro- or
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anti-inflammatory conditions. PPAR activation drives enhanced lipid anabolism and
curtails the glycolytic profile required for complete Teff function. Inhibition of the
PPAR pathway results in the antithesis, namely, a prolonged and more intense
inflammatory response. While the involvement of PPAR in lipid metabolism-
favoring Treg populations was not directly addressed in many of the aforementioned
studies, there is reason to believe that the immune-dampening effects of PPAR
activity may also involve these tolerance-promoting cells. For instance, the
suppression-inducing effects of the PPARy agonists 15d-PGJ2 and Ciglitazone can
be heightened by the co-administration of retinoic acid, a known promoter of Treg-
mediated function [273]. Ciglitazone was revealed to promote the conversion of
Teff cells to induced Tregs in vitro through the enhanced secretion of retinoic acid
from DCs and a corresponding decrease in pro-effector IL-12 production. Moreover,
high-dose Ciglitazone was sufficient to induce this conversion in a DC-independent
manner [273]. This synthetic ligand also was found to offer a protective effect in a
model of graft versus host disease by enhancing Tregs, further supporting the notion
that PPAR activation induces tolerogenic conditions [274]. Moreover, PPAR« or y
ligation in human CD4* T cells treated with TGF-f can induce the stabilized expres-
sion of Foxp3 and a Treg phenotype [275]. It is also noteworthy that PPAR agonists
can directly activate AMPK [169], a metabolic regulator important for inhibiting the
adoption of the glycolytic metabolism that can negatively affect the generation of
Tregs.

PPAR agonists are currently being clinically vetted for their ability to suppress
unwanted inflammation. Experimental ligation of PPAR has been shown to success-
fully ameliorate immunopathology in several animal models of autoimmunity [261,
276-279], supporting the notion that PPAR activation can inhibit proinflammatory
immune responses. The PPAR ligands, rosiglitazone and pioglitazone, were found
to diminish Th2- and Th17-specific cytokine production and afford protection from
asthma. Considering that exogenous IL-17 negates the protective effect of these
drugs [280], rosiglitazone and pioglitazone may have the potential to specifically
combat Th17-driven pathologies. In one multiple sclerosis trial, pioglitazone (in
combination with IFNB-1a) yielded promising MRI results (i.e., less gray matter
atrophy and trends toward decreased lesions) in a 1-year follow-up [281]. Also,
encouragingly, in a randomized, placebo-controlled study, rosiglitazone was found
to provide a promising strategy to ameliorate ulcerative colitis in patients suffering
from the disease [282].

2.5 Concluding Statements

The mechanisms that control the balance of proinflammatory and tolerogenic T
cell lineages are closely tied to the activity and the maintenance of specific meta-
bolic pathways. Activating stimuli necessitate increased absorption and utilization
of metabolites to facilitate costly cellular proliferation, effector function, and con-
trol of apoptosis in many cell types. Yet the particular nutrients absorbed and
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metabolic enzymes expressed to meet these demands can vary between subsets of T
cells. Teff cells, responding to TCR and costimulatory cascades, will principally
metabolize glucose through aerobic glycolysis, while shunting off glycolytic
intermediates for anabolic processes and maintaining some meager levels of
OXPHOS. Tmem and Treg prioritize lipid metabolism, procuring fatty acids for the
majority of their energetic needs and facilitating their longevity even in sites of
inflammation and tumor growth.

The key regulators of the metabolic programming described here control the
expression of genes related to nutrient absorption and metabolism. As such, the
manipulating the function of these proteins has proven to be an effective level of
control over immune responses in disease settings. In brief, c-Myc expression is
dramatically upregulated shortly after cellular activation, promoting a glucose
absorption and glycolytic metabolic profile and inducing the expression of tran-
scription factors that maintain this glycolysis-dominant profile (e.g., mTOR,
HIF-1a, AP4, IRF4, Bim). Both mTOR and AMPK are upregulated upon TCR and
growth hormone receptor ligation and the interplay of their kinase activity promotes
either anabolic machinery, cellular growth, and proliferation (mTOR) or the regen-
eration of energy storages through enhanced catabolism (AMPK). Lipid-mediated
ligation of PPARSs activate the transcription of genes that directly upregulate FAO,
facilitating the distinct functions and longevity associated with Tmem and Treg.

Intense study of the mechanisms that control T cell immunity have revealed
pathways that can be manipulated for effective control of immune disease and dis-
orders. Although great bounds have been made in delineating these systems, ques-
tions remain concerning how they might be more effectively manipulated to provide
therapeutic benefit. As laboratory technology continues to advance, a more intimate
understanding of the interplay between c-Myc, mTOR, AMPK, HIF-1a, PPARs,
etc. in relation to T cell function will no doubt soon come to light.
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Chapter 3
Transcriptional Regulation of T Cell
Metabolism Reprograming

Jinxia Zhang, Guoyu Bi, Yu Xia, Pingfei Li, Xiaofei Deng, Zhengping Wei,
and Xiang-Ping Yang

Abstract T cell activation, differentiation, and function are tightly regulated by a
complex network of transcription factors, epigenetic modifications, and signaling
pathways of both TCR and cytokines. Over the past decade, it is increasingly clear
that T cell immune responses are also regulated by their associated metabolic repro-
graming. Compared with relatively well-understood transcriptional regulation of T
cell activation, differentiation, and function, less is known about the transcriptional
regulation of T cell metabolic reprograming during T cell immune responses. In this
review, we first describe how signaling pathways of TCR and cytokines regulate
metabolic reprograming and then focus on transcription factors that control meta-
bolic pathways and outcomes of T cell immune responses. A better understanding
of T cell metabolic regulation will provide new strategies and targets for the treatment
of T cell-related diseases.

Keywords T cell differentiation ¢ T cell metabolism ¢ Transcription factor e
Glycolysis

3.1 Introduction

T cells are activated upon engagement of their receptors with p-MHC complexes
presented by antigen-presenting cells. Orchestrated by local tissue cytokine milieu,
activated T cells proliferate and differentiate into multiple effector subsets that are
critical for controlling miscellaneous pathogens [1]. After elimination of invaded
microbes, the majority of T effector cells undergo apoptosis, and a small amount of
them become memory T cells that can respond rapidly against reinfection [2, 3]. In
addition, the differentiation of T effector cells and formation of T memory cells are
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closely associated with metabolic reprograming. While the transcriptional regulation
of T cell differentiation and CD8" memory T cell formation have been intensively
studied over the last two decades [4-9], the topic of transcriptional regulation of T
cell metabolism and associated T cell functions has recently emerged [10, 11].

Numerous studies have shown that different T cell subsets adopt distinct meta-
bolic pathways to meet their bioenergetic and biosynthetic demands; quiescent and
less proliferative T cells, including naive T cells, memory T cells, and regulatory T
cells (Treg), often use fatty acid oxidation (FAO) as their main metabolic resource
[12—15]. In contrast, activated effector T cells undergo a drastic metabolic switch
from FAO to aerobic glycolysis. The phenomenon that cancer cells exhibit a high
rate of glycolysis even in the presence of normal oxygen levels (aerobic glycolysis)
was discovered by Otto Warburg and was termed the Warburg effect [16]. Although
glycolysis is not efficient in the sense of ATP production when compared with TCA
[17, 18], this procedure produces large amounts of metabolic intermediates for
biosynthesis that support robust proliferation after T cell activation [14, 19]. T cell
metabolic reprograming during T cell immune responses, i.e., TCR activation, T
effector cell generation, and formation of T memory cells, is orchestrated by a series
of transcription factors [10, 11] (Fig. 3.1). Intervention of T cell metabolism can
alter T cell specification and functions and offers potential novel strategies for the
treatment of T cell-related diseases.

In this chapter, we first discussed signaling pathways, including TCR signaling
pathway and cytokine signaling pathways, i.e., IL-2, IL-7, and IL-15, that are
involved in T cell metabolic reprograming and then focused on key transcription
factors that regulate T cell metabolism; afterward, we discussed the potential impli-
cation of targeting the metabolic nature of T cells in diseases.

3.2 TCR Signaling and T Cell Metabolism

Engagement of TCR with specific antigens presented by MHC on antigen-presenting
cells activates multiple signaling pathways [20-22]. Both tyrosine kinases and
serine kinases are crucial enzymes for the full activation of T cells [23]. Detailed
signaling pathways activated by TCR ligation had been thoroughly reviewed [21,
24]. Recently, it has been shown that TCR-driven intracellular signaling pathways
are specifically regulated by the multiplicity of immuno-receptor tyrosine-based
activation motifs (ITAMs) in the TCR-CD3 complex [25]. Guy et al. found that a
lower multiplicity of ITAMs induces cytokine production, whereas a higher multiplicity
of ITAMs induces Notch-1 pathway, followed by c-Myc expression [25]. This
ultimately leads to T cell proliferation, suggesting that initial cytokine production
and proliferation are separable pathways [25].

Currently, all transcription factors known to mediate or sustain the glycolysis
pathway of T effector cells, including Myc, HIF-1a, IRF4, SREBPs, and AP4, can
be induced by TCR activation [26-30]. It is known that single-cell level TCR
strength contributes to the preferred specialization program it initiates (i.e., diverse
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Fig. 3.1 The metabolic reprograming of T cells during T cell activation is driven by TCR and IL-2
signaling pathways and associated transcriptional factors. Foxpl is critical for the maintenance of
the quiescent status of naive T cells that relies primarily on oxidative phosphorylation (OXPHOS)
for their metabolic needs. Myc is an early transcriptional factor induced by TCR stimulation and
plays non-redundant roles in initiating glycolysis and glutaminolysis reprograming and promoting
T effector cell specification. Other key transcriptional factors, including HIF-1a, AP4, IRF4, and
SREBPs, are also induced by TCR and IL-2 signaling, and these transcriptional factors are required
for maintaining the glycolysis, glutaminolysis, and lipid biosynthesis pathways. During the later
phase of T cell immune responses, IL-2 signaling diminishes and Bcl-6 expression is upregulated.
Bcl-6 is essential for the metabolic reprograming from glycolytic pathways in T effector cells
toward fatty acid oxidation (FAO) in memory T cells

CD4* T cell differentiation; effector versus memory) [31]. Similarly, the induction
levels of Myc, IRF4, and AP4 upon TCR activation are correlated with TCR signal
strength [26, 28, 30].

In addition to the induction of key transcription factors, TCR stimulation also
activates critical signaling pathways for T cell metabolism reprograming, including
mechanistic target of rapamycin (mTOR) pathway [32-34]. The notable function of
mTOR activation is to promote cellular growth and catabolic processes by sensing
and integrating diverse signals of growth factors, nutrients availability, and energy
levels [35]. There are two cellular mTOR multi-protein complexes: mTORCI1 and
mTORC?2 [35]. mTORCI consists of mTOR, Raptor, GPL (mammalian lethal with
SECI13 protein 8) and domain-containing mTOR-interacting protein (DEPTOR).
mTORCI activation potentiates general cellular translation of mRNA by phosphor-
ylating downstream targets such as 4E-BP1 and p70 S6 kinase, induces ribosome
biogenesis, and enhances mitochondrial activity or adipogenesis. mMTORC?2, which
consists of mTOR, Rictor, GBL, Sinl, PRR5/Protor-1, and DEPTOR, promotes cell
survival through the activation of AKT [36]. mTORC?2 also regulates cytoskeletal
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dynamics, ion transport, and growth by activating PKCa and phosphorylating
SGKI1, respectively [37-39]. TCR and IL-2 rapidly activate both mTORCI and
mTORC?2 pathways. Recently, it has been reported that in CD8" T cell, PI3K and
AKT are not required for TCR-induced mTOR pathways; however, inhibition or
deficiency of PDK1, an essential regulator of glucose metabolism, diminishes TCR-
induced mTOR activation [40, 41] . This suggests that other serine/threonine kinases
downstream of PDK1 might activate mTOR signaling pathways in activated CD8*
T cells. The period of stimulation and antigen avidity affect the magnitude of mMTOR
activation [42, 43]. Although mTOR is not required for TCR-induced activation and
IL-2 production, it is indispensable for Th1, Th2, and Th17 cell differentiation [44,
45]. Deletion of mTOR leads to spontaneous generation of Foxp3* Treg cells [44];
however, deletion of Rheb or Rictor does not recapitulate the mTOR-deficient
phenotype on Treg cells [46, 47], suggesting that distinct downstream complexes
might be involved in the convergence of Foxp3 induction.

TCR-induced metabolic switch from TCA and OXPHOS to glycolysis in
activated T cells is also controlled by mTOR [26, 41]. Suppression of mTORCI1
activation by rapamycin results in lower expression of c-Myc and reduced rate of
glycolysis; in addition, ¢-Myc™= T cells have reduced mTORCI activation in
response to TCR signals, suggesting that a possible mutual regulation mechanism
exists between mTOR and Myc [26, 41]. In CTLs, however, rapamycin does not
affect Myc expression; instead, it inhibits HIF-1oa expression and sequential
glycolysis. In contrast, Tsc2~~ T cells with constitutive mTOR activation are highly
glycolytic in response to TCR [48].

mTOR activity can be further regulated by co-stimulatory or co-inhibitory
signals: both CD28 and OX40 enhance TCR-induced PI3K-AKT signaling and
further upregulate mTOR activity induced by TCR; this facilitates sustained T cell
activation [49-52]. In contrast, PD1 negatively regulates mTOR activation to mediate
immune tolerance [53].

3.3 IL-2,IL-7, and IL-15 Signaling Involved
in the Regulation of Metabolism

The common cytokine receptor y-chain (y.) (IL-2Ry) is indispensable for the signal-
ing pathways initiated by IL-2, IL-4, IL-5, IL-7, IL-15, IL-21, and TSLP [54]. These
cytokines play crucial roles in the development, proliferation, survival, and differ-
entiation of multiple innate and adaptive cell lineages [54]. Mutations of this gene
result in loss of T cells and NK cells and a disease called X-linked severe combined
immunodeficiency [55]. Thus, it is not surprising that several common y-cytokines,
especially IL-2, IL-7, and IL-15, regulate T cell metabolism.

Interleukin-2 is a pleiotropic cytokine produced upon TCR activation, which
plays pivotal and complex roles in host immune responses [56]. Although initially
identified as a T cell growth factor, IL-2 regulates almost every T cell subset
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differentiation, promoting Th1, Th2, and Treg differentiation [57-59] while inhibit-
ing Th17 and Tth cell differentiation [60, 61]. Moreover, IL-2 is essential for the
generation of both CD8* T effector cells and memory cells [62].

IL-2 activates both JAK/STAT pathway and PI3K/AKT/mTOR pathway in T
cells [56]. Recently, Ray et al. showed that Tth cells, when compared with Thl
cells, have reduced mTOR activity, accompanied with less proliferation, glycolysis,
and mitochondrial respiration in an acute virus infection model [63]. In this model,
IL-2 signaling is critical for repressing the differentiation of Tth cells and promot-
ing Th1 cell differentiation, consistent with previous reports [61]. The activation of
the AKT kinase and mTORCI1 signaling were both necessary and sufficient for the
transition of Tth toward Thl cells [63].

IL-2 signaling also regulates the expression of several transcription factors,
including Myc, AP4, HIF-1a, and Bcl-6 that control metabolic gene expression pro-
grams in T cells [26, 30, 41]. Myc, AP4, and HIF-1« are reported to mediate gly-
colysis, and Bcl-6 suppresses glycolysis and promotes oxidative phosphorylation
(OXPHOS), which is required in the formation of memory T cells [26, 30, 41, 64].

IL-7 is another common y-chain cytokine that plays a critical role in T cell devel-
opment, homeostasis, and quiescence [54]. IL-7 signaling is required for the sur-
vival of naive T cells by increasing the expression of the antiapoptotic proteins
Bcl-2 and Mcl-1 [65, 66]. In addition, IL-7 signaling is also essential in maintaining
the basal levels of glycolysis and preventing atrophy in resting T cells [67]. The
tonic and sustained activation of PI3K/AKT/mTOR activation induced by IL-7 is
crucial for maintaining the quiescence state of naive T cells, as deletion of TSC1
results in enhanced mTOR activation and the loss of quiescent phenotype of naive
T cells [68]. IL-7 also takes part in the development of memory T cells, which
requires complicated metabolic reprogramming [69-71]. In the formation process
of memory T cells, T cells start to dampen the metabolic gene expression programs
majorly glycolysis established during effector T cell differentiation; however, the
expression of genes encoding components of the catabolic pathways is promoted to
meet the needs required for the quiescent, long-lived phenotype of memory cells. In
particular, metabolic pathways, such as the fatty acid oxidation (FAO) and lipolysis
pathways, are upregulated to promote memory cell formation [69-71]. IL-7
enhances the FAO pathway in part through regulating the expression of the glycerol
channel receptor aquaporin 9 (Aqp9) in CD8* T cells [71]. Aqp9-deficient CD8* T
cells expressed less amounts of numerous components in the FAO pathway and
could not establish robust long-term memory, although the underlying mechanism
remains unclear [71].

Similar to IL-7, IL-15 also promotes the survival of naive and memory CD8" T
cells and is critical for optimal T memory responses [72, 73] . IL-15 regulates CD8*
memory cell spare respiratory capacity (SRC), which represents the ability of cells
to produce extra energy in response to increased stress and is often associated with
cell survival. In addition, IL-15 promotes mitochondrial oxidative metabolism and
biogenesis by increasing the expression of carnitine palmitoyltransferase (CPT1a),
a rate-limiting enzyme that controls mitochondrial FAO [69]. T memory cells need
substantial amounts of fatty acids to fuel the mitochondrial OXPHOS that is
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acquired intracellularly by active lipolysis [70, 74]. IL-15 enhances the expression
of lysosomal acid lipase and is essential for the intrinsic generation of fatty acids in
memory T cells [70]. Knowledge of transcription factors, especially how STATs
mediate the induction of key proteins involved in FAO and lipolysis, would indeed
be informative.

Despite similar signaling networks triggered by IL-2, IL-7, and IL-15, they have
differential physiological effects in T cell biology. Distinct phenotypes associated
with IL-2, IL-7, and IL-15 regulated T cell biology, including metabolic reprogram-
ing, might arise from the differential expression of receptors, the availability of
cytokines, and distinct cytokine receptor intracellular trafficking kinetics [75].

3.4 Transcription Factors Involved in T Cell Metabolism
Reprograming

As discussed previously, the differentiation of naive T cells into diverse effector T
cells requires cellular metabolic switch from majorly OXPHOS to glycolysis and
glutaminolysis; whereas, during the process of the formation of memory T cells,
metabolism pathways were shifted from glycolysis, glutaminolysis, and lipid bio-
synthesis pathways to FAO and OXPHOS [7, 12, 19]. This metabolic reprograming
in different T cell subsets is regulated by several key transcription factors and mul-
tiple signaling pathways (Fig. 3.2).

3.4.1 Myc

The myelocytomatosis oncogene (Myc) belongs to the family of helix-loop-helix-
leucine zipper transcription factors that form a heterodimer with Myc-associated
protein X (MAX) to bind specific DNA sites termed E-box [76]. Previously found
and known as an important oncogene, Myc plays critical roles in the regulation of
cell growth, proliferation, apoptosis, and pluripotency [76]. Though Myc has been
intensively studied over the last three decades, the mechanisms of how Myc
functions and regulates transcription remain obscure. With the advent of CHIP-Seq
technology, genome-wide binding sites of Myc have been mapped out in different
cell types [77, 78]. Unexpectedly, Myc binds to widespread DNA regions that
account for 10-15% of genome [77, 78]. This has led to speculations that instead of
specifically regulating gene expression, Myc functions largely as a universal ampli-
fier of RNAs [79, 80].

Myc expression in cells is subjected to tight regulation at both transcriptional and
posttranscriptional levels [76]. Multiple mitogenic growth factors induce Myc expres-
sion, and both RNA and protein of Myc are very short-lived [81]. The phosphorylation
at serine 62 by ERK kinase stabilizes its protein, whereas phosphorylation at threo-
nine 58 of Myc by GSK3p targets it to proteasome-mediated degradation [81].



3 Transcriptional Regulation of T Cell Metabolism Reprograming 137

Glycerol m m
N3

e :
J
IIIIIIIII@(I:IIIIIIIHI@ IIIIIIIIII TR IIIIIIIIIIIIIIIIIIIIIIII

AQPQ‘\/ IL-15R
PI3K I Pl
Y ¥
Akt ‘ Al
Y NFAT1 Y
[ ~
ITCA | TFAM, LAL,
| synthases| 1A

IL-2R
3K
kt
Synmase: CPT-
P 1o 4 <
4 1
slc2at, slc2a3, PKM, HK2

Hmgcr, Hmggcs, LDHa, HK2,
Sqle, Acaca, Fasn Glut1, Cyclin A, FAO¢ OXHPOS ¢
cdk2, cdk4, cdc25a

FAS ¢ Glycolysis ¢ Glycolysisﬁ
Effector Memory

Fig. 3.2 Signaling pathways and transcriptional factors mediate the metabolic reprograming in T
effector and memory cells. In activated T effector cells, both TCR and IL-2 induce PI3K/AKT/
mTOR activation that is required for the induction of Myc, HIF-1a, IRF4, and SREBPs. Myc,
HIF-1a, and IRF4 induce expression of a variety of glycolytic genes, including ldha, hk2, glutl,
cyclin A, cdk2, cdk4, and cdc25a; SREBPs induce the expression of key lipid biosynthesis genes,
including hmgcr, hmggcs, sqle, acaca, and fasn. ERK and NF-AT1 also contribute to the induction
of Myc, whereas Myc is essential for the further induction of AP4, which is required for the main-
tenance of the glycolytic pathways in cytolytic T cells. In memory T cells, the metabolism is
reverted back to catabolic metabolism, resulting in the suppression of glycolytic pathways and the
upregulation of mitochondrial biogenesis and OXPHOS and FAO pathways. IL-7 induces the
expression of AQP9 that mediates glycerol transport and triacylglycerol (TAG) synthesis, which
are essential for the survival of memory T cells. IL-15 induces the expression of mitochondrial
transcription factor A (TFAM), lysosomal acid lipase (LAL), and carnitine palmitoyltransferase
1A (CPT1A) that promote mitochondrial biogenesis, fatty acid generation, and mitochondrial
spare respiratory capacity of memory T cells respectively. Diminished IL-2 signaling in the later
phase of T cell immune responses leads to increased expression of Bcl-6 that suppresses the
expression of key glycolytic genes such as slc2al, slc2a2, PKM, and HK2

Myc is an essential transcription factor in regulating the activation-induced
glycolysis switch in T cells [26]. TCR activation and IL-2 induce rapid Myc expression
with detectable mRNA and Myc protein as early as 2 h after stimulation, although
the mechanisms are different [§2]. TCR induces Myc expression in a digital fashion,
and the strength of TCR determines the on/off switch of Myc expression, whereas
IL-2 induces the expression of Myc in an analogous fashion [82]. ERK-, mTOR-,
AKT-mediated signaling pathways and transcription factor NF-AT1 are attributed to
the maximum induction of Myc upon T cell activation [26, 83]. IL-2 also enhances
the expression of slc7a5, an amino acid transporter, to increase the translation of
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Myc mRNA [82]. IL-2 sustains the level of Myc protein in activated T cells that can
be blocked by tofacitinib, an inhibitor of JAKSs, suggesting that the JAK/STAT path-
way is involved in the induction of Myc [82].

In early studies with fibroblast and lymphocyte cells, Myc was shown to bind and
regulate almost all glycolytic enzyme genes and genes involved in mitochondrial
biogenesis [84]. In T cells, Myc also regulates a variety of genes that are involved in
cell cycle progression, glycolysis, glutaminolysis, and lipid synthesis [26]. The
maximum expressions of glucose transporter sic2al, Cyclin A, and cyclin-dependent
kinases such as cdk2, cdk4, and cdc25a require Myc [26]. The role of Myc in medi-
ating the TCR-induced metabolism switch is non-redundant: deletion of Myc in T
cells results in reduced glucose intake, reduced glycolysis, and glutaminolysis but
has no obvious effect on pyruvate metabolic influx, FAO influx, and oxidation con-
sumption rate [26]. In contrast, deletion of HIF-1a does not affect the glycolysis and
cell proliferation for at least 24 h post TCR stimulation, suggesting that Myc might
act as an upstream factor of HIF-1a in driving the metabolic switch to glycolysis
[26]. In CD8* T effector cells, Myc can further induce AP4 expression [30].
Although Myc and AP4 share a significant amount of target genes genome-wide,
AP4 is essential for mediating the glycolysis reprogramming and functions of CD8*
T cells in the later phases of immune responses in several infection models [30],
indicating a critical role of the temporal induction of Myc and AP4 in the regulation
of metabolic reprograming and functions of CD8* T cell in vivo.

3.4.2 HIF-la

Hypoxia-inducible factor 1o (HIF-1ar) is a member of a transcription factor family
that senses the shortage of oxygen and coordinates cellular responses to hypoxia to
ensure optimal functional and metabolic adaption in a lower oxygen condition [85].
Deregulation of the HIF pathways occurs often in inflammation, immunity, and
cancer [85]. HIF-1 is a heterodimeric basic loop-helix-loop protein containing o-
and B-units and regulates expression of genes whose promoters contain the hypoxia
response consensus sequences (HREs). Although both subunits are constitutively
synthesized, the stability of subunit « is regulated by an oxygen-dependent post-
translational regulation. Under normal oxygen conditions, the iron-dependent
enzyme prolyl hydroxylases (PHDs) hydroxylates the subunit a, and the hydroxyl-
ated a-subunit can be recognized by the von Hippel-Lindau protein (VHL) and tar-
geted by proteasome-mediated degradation. In lower oxygen conditions, the PHD is
inactive and the a-subunit is stabilized.

In T cells, the stabilization and the induction of HIF-1a can be regulated via an
oxygen-independent manner [27]. TCR ligation induces detectable and substantial
accumulations of HIF-1ao mRNA and protein as early as 2 h under normal oxygen
conditions [86]. The combination of Thl7 differentiation cytokines, IL-6, and
TGF-f significantly enhances the HIF-1a induction in a STAT3-depedent manner
[27, 87]. Other T cell subset differentiation cytokines have little effect on the further
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induction of HIF-1a. Activated CD8* T cells also elevate the expression of HIF-1a
and HIF-2a in normoxic conditions [41, 45].

Although it has been suggested that HIF-1a is not required for the initial glycoly-
sis at least 24 h after TCR stimulation, deletion of HIF-1la significantly reduced
Th17 differentiation and the expression of key glycolytic enzymes LDHa and HK2
[27, 86]. More importantly, inhibition of glycolysis also results in reduced Th17
differentiation, indicating an intimate relationship between metabolism and Th17
differentiation [27, 87]. In addition, HIF-1a directly induces the transcription of
RORyt, the master transcription factor of Th17 cells, and promotes Foxp3 protein
degradation [87].

Previous reports suggested that TCR-induced HIF-1a is not due to the stabiliza-
tion of mRNA but to the newly synthesized protein in an mTOR-dependent,
rapamycin-sensitive manner [41, 88]. In CD8* T cells, the mTOR activation is
essential for HIF-la induction, glucose uptake, and glycolysis. HIF-la is not
required for the initial proliferation and activation of CD8* T cells but is required for
the sustained glycolysis and T cell trafficking. Interestingly, the mTOR activation is
independent of PI3K and AKT pathways but dependent on PDK activation in CD8*
T cells [41]. Further investigation is needed in order to determine which serine/
threonine kinase downstream of PDK mediates the mTOR activation. During the
activation of T cells, HIF-1a induces miR-210 that can negatively regulate HIF-1«,
which forms a feedback inhibitory loop of HIF-1a activity [89].

3.4.3 IRF4

IRF4 is a member of the family of transcription factors of interferon regulatory fac-
tor (IRF), which consists of nine members, IRF1 through IRF9, in mice and humans
[90]. IRFs have important and diverse functions in the regulation of innate and
adaptive immune responses, and IRF4 is the most studied transcription factor in T
cells [91]. The N-terminal DNA-binding domain of IRF4 is highly conserved and
binds to a 5'-GAAA-3’ motif, a part of the canonical IFN-stimulated response ele-
ment (ISRE, A/\GNGAAANNGAAACT) [91]. The C-terminal regulatory domain
of IRF4 mediates homo- and heteromeric interactions with other transcription fac-
tors, including IRFs such as IRF8; an autoinhibitory region residing in the last 30
amino acids of the C-terminal regulatory domain of IRF4 can prevent the binding
activities of IRF4 to its targeted sequences [91].

IRF4 plays crucial roles in T cell differentiation. IRF4 promotes differentiation
of naive CD4* T cells into Th2, Th9, Th17, or Tth cells and is required for the func-
tion of effector regulatory T cells [92-96]. Moreover, IRF4 is essential for the sus-
tained differentiation of cytotoxic effector CD8* T cells and for CD8* T cell memory
formation [28, 97, 98].

IRF4 often synergizes with other transcription factors to mediate its biological
functional activities because its binding affinity to the consensus motif is relatively
low. IRF4 can function as either transcriptional activator or repressor [91]. A variety
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of transcription factors including PU.1, SPI-B, JUN/BATF heterodimer, STAT3,
NF-AT, homeobox protein, BCL-6, FOXP3, ROR-yt, and SMADs have been shown
to interact with IRF4 in T cells [91]. It has been suggested that during Th17 differ-
entiation, IRF4/BATF complex promotes chromatin accessibility to other transcrip-
tion factors, including STAT3 and ROR-yt [99-101].

Similar to HIF-1a and Myc, IRF4 is strongly induced within a few hours upon
TCR stimulation and expressed in almost all T cell subsets [28]. The levels of IRF4
expression correlate with the strength of the TCR stimulation and determine the
capacity of T cells to sustain proliferation [28]. Both mTOR and ITK activations are
required for the TCR-mediated IRF4 expression [97, 102]. C-REL and NF-AT also
contribute to the TCR-mediated induction of IRF4 [103].

In activated CD8" T cells, IRF4 is not required for initial proliferation but is
indispensable to sustain the clonal T cell expansion [28, 104]. T cells lacking IRF4
could not expand properly and give appropriate immune responses [28, 97, 104].
IRF47"~ mice have significantly reduced antigen-specific CD8* T effector cells and
are more susceptible to infections in different infectious models [28, 97, 104]. IRF4
is required for the glycolytic metabolism of CD8* T effector cells by upregulating
key genes associated with the glycolysis pathway, i.e., HIF-1a, Foxol, Slc2al,
Slc2a3, and the hexokinase (HK2) [28]. Myc and IRF4 have overlapping functions
in the regulation of glycolysis and proliferation of T effector cells; however, they
may operate in a temporal manner, and while the induction of Myc is rapid and
transient, the expression of IRF4 peaks during the phase of the clonal expansion
[28]. In addition to regulating the metabolism, IRF4 could also promote T effector
cell differentiation at the expense of T memory development by inducing key tran-
scription factors in T effector differentiation, including prdm-I1 (which encodes
Blimp-1), Runx3, and Tcf3 [28].

3.4.4 Bcl-6

Bcl-6 was initially identified as a proto-oncogene in non-Hodgkin’s lymphoma with
the origin of germinal center [105]. It is a zinc finger transcription factor expressed
in both T cells and B cells [106]. In general, Bcl-6 acts as a sequence-specific
repressor of transcription via interactions with several corepressor complexes
including BCoR, N-CoR, SMRT, CtBP, BAZF, PLZF, MIZ1, and others [105]. The
repressive actions of Bcl-6 on transcription can be antagonized by Blimp-1 that is
encoded by the gene Prdml. Bcl-6 is required for the formation of germinal center,
as Bcl-6-deficient mice lack germinal center B cells and have an absence of affinity
maturation. In addition, Bcl-6 is the master transcription factor for Tth cell
differentiation.

The regulation of Bcl-6 expression is complex in T cells. Many cytokines induce
Bcl-6 expression in T cells, for example, activation of STAT1 and STAT3 by IL-6,
activation of STAT4 by IL-12, activation of STAT3 by IL-21, and activation of
STAT1 by IFN-y [105]. The formation of memory T cells is accompanied with the
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metabolic switch from glycolysis to fatty acid oxidation, and inhibiting glycolysis
promotes the transition between effector T cells and memory T cells [107, 108].
The molecular events and transcription factors that induce glycolysis in effector T
cells have been intensively studied [10]. However, less is known about the tran-
scription factors that repress glycolysis and promote FAO and OXPHOS in mem-
ory T cells. Recently, Bcl-6 has been shown to be essential in inhibiting glycolysis
[64]. Bcl-6 directly binds and represses genes that encode key glycolytic proteins,
such as glucose transporters slc2al and slc2a3, and enzymes PKM and HK2 to
effectively dampen glycolysis that is associated with effector T cell differentiation
[64]. The effect of Bcl-6 on the inhibition of glycolysis can be antagonized by
T-bet, which is consistent with the opposing roles of Bcl-6 and T-bet in Tth and
Th1 differentiation [109].

The Bcl-6 expression is reversely correlated with IL-2 expression during immune
responses [61, 64, 110, 111]. IL-2 is critical for the T effector cell expansion, and
expression of IL-2 is tightly regulated during immune responses. During the early
phases of immune responses, IL-2 is highly induced by the expanding T effector
cells, whereas in the latter phases of immune responses, IL-2 starts to be limited, and
most T effector cells undergo apoptosis with a small fraction of the T effector cells
becoming memory T cells. Bcl-6 expression is repressed by high amounts of IL-2 in
effector T cells, and the repression is relieved once IL-2 expression decreases, which
coincides with the timing of beginning transition to memory potential [7, 112].
Currently, it is unclear whether Blimp-1 acts in an opposite manner as Bcl-6 does in
the regulation of T cell metabolism and memory cell generation.

3.4.5 SREBPA

Sterol regulatory element-binding proteins (SREBPs) belong to the basic helix-
loop-helix-leucine zipper (PHLH-Zip) family of transcription factors that are essen-
tial for lipid homeostasis [113]. They are synthesized as inactive precursors bound
to the endoplasmic reticulum [113]. The lower sterol levels can activate the prote-
ases S2P and S1P to cleave the SREBP precursors and release the N-terminal
domain of SREBPS containing the bHLH-Zip region for binding DNA in the
nucleus. Activated SREBPs induce the expression of more than 30 genes dedicated
to the synthesis and uptake of cholesterol, fatty acids, triglycerides, and phospholip-
ids, as well as the NADPH cofactor required to synthesize these molecules. There
are three isoforms in mammalian genome, designated as SREBP-1a, SREBP-Ic,
and SREBP-2.

In addition to reprograming the T cell metabolism to glycolysis and glutaminoly-
sis after T cell activation, biosynthesis pathways including lipid synthesis are also
upregulated to meet the macromolecule demands for rapid and robust cell divisions
[15]. TCR activation induces SrebfI and Srebf2, the genes that encode SREBP-1
and SREBP-2, respectively [29]. In T cells, upregulations of SREBP-1 and SREBP-2
lead to the induction of key components of the lipid biosynthesis pathways, such as
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Hmgcr, Hmggcs, Sqle, Acaca, and Fasn [29]. In Scap™~ mice where the SCAP
protein, a protein associated with SREBPs and required for SREBP cleavage and
activation, was deleted, CD8* T cells failed to blast and expand upon viral infection,
although SCAP is not required for CD8* T cell homeostatic proliferation [29] .
Deletion of Scap in T cells does not change the proximal TCR signaling but results
in compromised lipid homeostasis. The defect of blastogenesis and proliferation in
Scap™= T cells can be reversed by adding exogenous cholesterol. In line with this,
inhibiting ACAT1 activity in T cells potentiates CD8" antitumor activities by
increasing cholesterol levels in the plasma membrane and enhancing T cell signal-
ing [114].

3.4.6 AP4

Activator protein 4, encoded by Tfap4, is a helix-loop-helix transcriptional factor
that can bind to enhancers through homo-dimerization and regulate gene expres-
sion. AP4 is required for the repression of the cd4 expression in immature DN thy-
mocytes and CD8" cells via interaction with Runx1 and binding to the proximal cd4
enhancer. Both Tfap4-deficient mice and mice harboring point mutations in the cd4
silencer for AP4 binding have increased frequencies of CD4-expressing effector/
memory CD8* T cells [115].

Although Myc is essential for the metabolic switch to glycolysis and glutami-
nolysis, the expression of Myc is very transient, suggesting that other molecules
downstream of Myc might exist to mediate the glycolytic pathway initiated by TCR
and IL-2. Recently, it has been shown that IL-2 induces AP4 at both transcriptional
and posttranscriptional levels in activated CD8* T cells, and TCR stimulation
sustains its expression [30]. Myc is essential for the induction of AP4 and binds
directly to the Tfap4 locus. Tfap4-deficient mice are more susceptible to West Nile
virus infection and have significantly fewer KLRG*CD8" effector cells, due to
impaired clonal expansion [30]. This defect is CD8* T cell intrinsic. Interestingly,
the numbers of antigen-specific CD8* T cells at day 3 were comparable between
WT and Tfap4-deficient mice after virus infection, suggesting the initial T cell
proliferation was intact. Ex vivo recovered CD8* T cells following virus infection
from AP4-deficeint mice expressed lesser amounts of genes encoding key glyco-
lytic proteins, including PKM2 and HK?2 compared with the CD8* T cells recovered
from the WT mice [30]. AP4 and Myc shared a large population of binding sites
genome-wide, including many genes involved in metabolism pathways. However,
ectopic expression of stabilized form of Myc in the Tfap4~~ could not fully restore
the expansion and metabolic defect, suggesting that the temporal switch from Myc
to AP4 is necessary for sustained T cell metabolism and functions.
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3.4.7 Foxpl

Foxpl is one of the “winged-helix” transcription factors coded by the forkhead (Fox)
gene family and plays an essential role in maintaining naive T cell quiescence [116,
117]. In the absence of Foxpl, naive CD8* T cells have an effector phenotype and
function and can proliferate directly in response to homeostatic cytokine IL-7 [117].
Foxpl antagonizes the function of Foxol in regulating the expression of IL-7Ra
[117]. FoxpI-deficient CD8* T cells have enhanced activation of the PI3K/Akt/mTOR
signaling pathway and expression of glycolytic genes in response to IL-7 [118].
Mechanistically, Foxp1 induces the expression of PI3K interacting protein 1, a nega-
tive regulator of PI3K, and suppresses the expression of E2fs, the critical components
for cell cycle progression and proliferation [118]. Foxpl maintains naive CD8* T cell
quiescence by simultaneously repressing both cellular metabolism and cell cycle.

3.5 Targeting Metabolism and Transcription Factors
in Diseases

Transcription factors are key cellular components that regulate almost every aspect
of T cell biology, including development, differentiation, and memory formation [1].
These processes are accompanied with T cell metabolism reprograming. The tran-
scriptional regulation of T cell development and differentiation has been intensively
studied over the last few decades and is now relatively well understood [4]; however,
less is known about the transcriptional regulation of T cell metabolism reprograming
[10, 11]. Understanding this in great detail would shed new insights on how to ben-
eficially manipulate T cell immune responses in a variety of diseases.

It is known that targeting NF-AT pathways during T cell activation has beneficial
effects in transplantation. As calcineurin inhibitors, both Cyclosporine A and FK506
are widely used in transplantation to inhibit NF-AT activity and T cell responses.
However, blocking NF-AT activation in all T cells could also affect Treg cell
functions [119]. Thus, it is reasonable to speculate that selectively targeting T cell
metabolism reprograming and related T cell subsets might represent a better strategy
for immune modulation.

Digoxin and its derivatives are potent inhibitors of Th17 differentiation that
counteract RORyt activity [120]. It has been shown that digoxin and other RORyt-
specific inhibitors can ameliorate Th17 cell-mediated autoimmune diseases in mice
[120, 121]. Interestingly, a recent drug screen found digoxin inhibits HIF-1a activity
as well [122], which is required for the high glycolysis rate during Th17 differentia-
tion [27]. It is possible that digoxin- and RORyt-specific inhibitors not only inhibit
RORyt activity but also inhibit HIF-1a activity and associated glycolysis during
Th17 differentiation.
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Myc is essential for T cell proliferation and activation-induced glycolytic repro-
graming [26]. Targeting Myc could be a potent immunosuppressive strategy.
Bromodomain-containing proteins (BRD2, BRD3, and BRD4) bind acetylated his-
tones and can recruit additional transcriptional coactivators to potentiate transcrip-
tion [123]. In cancers, a BRD4 BET inhibitor JQ1 inhibits Myc expression,
Myc-mediated transcriptome, and tumor growth [123, 124]. Another BET inhibitor,
I-BET-762, suppresses the production of pro-inflammatory cytokine productions in
macrophages and ameliorates acute inflammation in mice [125]. I-BET-76 inhibits
not only pro-inflammatory cytokine production in T cells, including GM-CSF and
IL-17, but also the pathogenic ability of differentiated Th1 cells [125]. Interestingly,
Myc expression is also inhibited by I-BET-76 and 10058-F4, a characterized c-Myc/
Max inhibitor. In addition, 10058-F4 has similar effects on T cell functions and can
also disrupt the N-Myc/Max interaction [126]. In a mouse model, 10058-F4 inhibits
neuronal differentiation in N-Myc-amplified neuroblastoma cells and extends sur-
vival of N-Myc transgenic mice by inducing cell cycle arrest and apoptosis of neu-
roblastoma cells [126]. Furthermore, Myc inhibition leads to metabolic changes
with accumulation of lipid droplets in tumor cells [126]. The efficacy of BET inhibi-
tors on T cell-mediated diseases and whether they act on T cell metabolism need
further investigation.

mTOR regulates T effector differentiation and plays essential roles in mediating
the glycolytic reprograming. Targeting mTOR is effective in suppressing T cell
immune responses. The mTORCI inhibitor rapamycin has been used to prevent
transplant rejection [127], initially attributed to its ability to inhibit T cell prolifera-
tion [128]. However, later studies have shown that rapamycin is an inefficient pro-
liferation inhibitor and is more effective in regulation of T cell metabolism, effector
T cell responses, and Treg cell differentiation promotion [33]. Lower doses of
rapamycin only inhibit mMTORCT activity; however, higher doses of rapamycin par-
ticularly under conditions of prolonged exposure can inhibit mTORC2 activity
[129]. This might explain the ability of rapamycin to promote Treg cell generation.
In addition, rapamycin can also promote memory T cell generation, which is benefi-
cial in enhancing vaccine responses in a nonhuman primate model of vaccinia virus
vaccination [130]. While rapamycin sterically disrupts the formation of the mTOR
complex, efforts have been made for the development of mTOR kinase inhibitors
that would inhibit the activity of both mMTORC1 and mTORC?2 [131, 132].

Modulation of the T cell metabolism can affect T cell functions especially for
CDS8" cell-mediated antitumor activity. Although glycolysis is required for T effector
cell functions, inhibition of glycolysis in activated CD8* T cells enhanced the genera-
tion of memory cells and antitumor functionality [107]. This could be due to the
effect that activated CD8" T cells with higher glycolysis rates were less prone to
become T memory cells [107]. Indeed, enhancing glycolytic metabolism by overex-
pressing the glycolytic enzyme phosphoglycerate mutase-1 severely impaired the
ability of CD8* T cells to form long-term memory T cells [107]. Recently, another
study showed that inhibiting cholesterol esterification in T cells by genetic ablation
or pharmacological inhibition of ACAT1, a key cholesterol esterification enzyme,
also led to enhanced CD8" antitumor activities [114]. Deficiency or inhibition of
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ACAT1 increases cholesterol level in the plasma membrane of CD8" T cells and
results in more efficient formation of the immunological synapse and enhanced T cell
signaling [114]. Tumor microenvironment including lower concentrations of oxygen
and glucose that limit aerobic glycolysis can suppress the functions of tumor-infil-
trating T cells [133]. The glycolytic metabolite phosphoenolpyruvate (PEP) can sus-
tain T cell receptor-mediated Ca*-NF-AT signaling and effector functions by
repressing sarco/ER Ca**-ATPase (SERCA) activity [134]. Reprograming tumor-
reactive metabolisms by overexpression of phosphoenolpyruvate carboxykinase 1
(PCK1) to increase PEP production bolstered antitumor T cell responses [134].

3.6 Conclusion Marks

Cellular metabolic pathways provide not only energy but also a variety of meta-
bolic intermediates that can regulate T cell differentiation and functions. The regu-
lation of metabolic reprogramming during T cell immune responses involves a
complex network of cytokines, enzymes, membrane transporters, and transcription
factors. Although the roles of some transcription factors mediating the metabolic
glycolysis switch associated with T cell activation and differentiation have been
elucidated, our knowledge regarding transcriptional regulation of lipid metabolism
associated with T effector cells and T memory cells is still very limited.
Dysregulation of T cell metabolisms is involved in the development of autoim-
mune diseases, infectious diseases, and tumorigenesis. Understanding mechanistic
details pertaining to transcriptional regulation of T cell metabolism will provide
opportunities to discover novel prevention and therapeutic drugs for diseases asso-
ciated with T cell malfunctions.
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Chapter 4
Adipose Tissue-Resident Regulatory T Cells

Fuxiang Zhu, Aiting Wang, Yangyang Li, Rui Liang, Dan Li, and Bin Li

Abstract Tissue-resident immune cells play critical roles in regulating tissue func-
tion and homeostasis. Obesity-associated visceral adipose tissue inflammation is
attributed to the accumulation of M1 macrophages which produce inflammatory
cytokines like TNF-a, IL-6, and expansion of effector T cells like Th1 cells, CD8*
cytotoxic T cells which produce interferon-vy to further add to the severity of inflam-
mation in the visceral adipose tissue. Regulatory T cells have been reported to exert
key roles in suppressing inflammation, thus maintaining the homeostasis of immune
responses, and visceral adipose Tregs exert critical roles in defending against
obesity-associated metabolic disorders. They inhibit the infiltration of effector T
cells and facilitate the reconstitution of adipose tissue macrophages from M1 to M2
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phenotype. What is more, they can take up lipids from the adipocytes through CD36
which is driven by PPARy. Here we review the recent progress in adipose tissue-
resident regulatory T cells (Tregs), a subpopulation of CD4* T cells which suppress
adipose tissue inflammation.

Keywords VAT Tregs ¢ Obesity-associated metabolic disorders

4.1 Introduction

In recent years obesity has become one of the major health problems across the
world, and the impact of obesity-associated metabolic disorders like insulin-
resistant type 2 diabetes increases every day [8]. Obesity-associated visceral adi-
pose tissue inflammation is attributed to the accumulation of M1 macrophages,
which produce inflammatory cytokines like TNF-a, IL-6, and expansion of effector
T cells. Th1 CD4* and CD8" cytotoxic T cells (which produce interferon-y) further
add to the severity of inflammation in the visceral adipose tissue [15]. Regulatory T
cells, on the other hand, suppress inflammation, thus maintaining the homeostasis
of immune responses [23]. The presence of visceral adipose tissue (VAT) Tregs
causes persistence of chronic inflammation in the adipose tissue [17]. Chipolletta
et al. reported that in slim individuals, the number of VAT Tregs increases with age,
but in obese individuals, it decreases with age. These findings suggest that Tregs
contribute to obesity and metabolism throughout the body.

4.2 VAT Tregs Protect Against Obesity-Associated Metabolic
Disorders

CD4*CD25* Tregs were discovered by Sakaguchi et al. in 1995. These cells play an
indispensable role in the maintenance of immunologic self-tolerance and immune
homeostasis [23]. It is widely accepted that “natural” Tregs originate in the thymus
and migrate to peripheral tissues. Tregs can also be induced from peripheral naive
CD4+ T cells. Tregs are distinguished from other CD4* T cells in their high constitu-
tive expression of CD25, transcription factor forkhead P3( FOXP3), glucocorticoid
induced tumor necrosis factor (GITR), and cytotoxic T lymphocyte antigen (CTLA-
4) [23]. FOXP3 is the master regulator that mediates the development and function
of Tregs. However, the mechanisms by which Tregs suppress immune responses are
still not well understood. It is proposed that CTLA-4 on the surface of Tregs com-
petes with the effector T cells’ CD28 for B7 molecules (CD80/86) on the surface of
antigen-presenting cells (APCs), since CTLA4 has a higher affinity for or B7 mol-
ecules (CD80/86), and outcompetes CD28 for B7. This inhibits the ability of APCs
to activate effector cells. Tregs could also compete with effector cells for IL-2; IL-2
is necessary for the survival and proliferation of effector T cells (Th1, Th2 cells) as
well as Tregs (which could not produce, but heavily rely on IL-2) [24]. Furthermore,
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IL-10 — which is predominantly produced by Tregs — suppresses other effector T
cells [24]. Overall, Tregs are inhibitors of immune responses; thus, Treg-associated
deficiencies lead to autoimmune or allergic diseases such as type 1 diabetes, multi-
ple sclerosis, and rheumatoid arthritis [5]. Recent studies demonstrate that Tregs
may also be involved in obesity-associated inflammation and insulin resistance. It is
reported that the percentage of VAT Tregs among CD4* T cells in the adipose tissue
is higher than that in the spleen, peripheral lymph nodes, and nonlymphoid tissues
like the liver, lungs, and subcutaneous adipose tissue in lean mice [25]. Furthermore,
in obese mice, a pro-inflammatory T cell profile is characterized by elevated Th17/
Treg and Th1/Treg ratios [29]. VAT is a more potent suppressor of other CD4 and
CDS cells compared to conventional Tregs. All those above indicate that VAT Tregs
play a critical role in obesity-associated metabolic disorders.

4.3 The Origin of VAT Tregs

Regulatory T cells can originate thymically or peripherally [23]. Natural Tregs are
thymically derived; they bear TCRs specific for self-antigens, which help keep auto-
immune and inflammatory responses in check. Alternatively, regulatory T cells can
also be generated from conventional naive CD4* T cells, which are stimulated in the
presence of transforming growth factor f, IL-2, or retinoid acid [11]. Since the natu-
ral Treg TCR repertoire specifically recognizes self-antigens [22], VAT Tregs appear
to be a subpopulation of natural Tregs. Furthermore, activation by self-antigens in
the nonlymphoid tissues may aid maintenance of VAT Tregs. Namely, constant acti-
vation by self-antigens in situ helps to retain Tregs at peripheral sites. TCR reper-
toire analysis comparing VAT Tregs and Tregs derived from the lymphoid organs
shows that there is very little overlap between them; this suggests that VAT Tregs
represent a distinct population. The VAT Treg TCR repertoire also differs from that
of conventional CD4* cells, suggesting that the VAT Treg population does not arise
from conventional naive T cells [25]. Finally, there is much repetition in the TCR
repertoire within the VAT Tregs, indicating that specific antigens in the adipose tis-
sue may be highly responsible for the accumulation of VAT Tregs. Evidence sug-
gests that VAT Tregs are a subclass of natural Tregs; however, it is still unclear
which self-antigens are responsive for activation and maintenance of VAT Tregs in
adipose tissues.

4.4 The Role of Tregs in Obesity-Associated Metabolic
Disorders

Chronic inflammation in the adipose tissue correlates with metabolic disorders like
type 2 diabetes (T2D), insulin resistance, and atherosclerosis [7]. Obesity-induced
inflammation in the adipose tissue is predominantly mediated by resident immune
cells [16]. Adipose tissue macrophages (ATM) are thought to be the major driver in
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obesity-associated inflammation [19]. Many fatty acids within the adipose tissue
can induce the secretion of TNF-alpha by adipocytes; TNF-alpha then promotes the
inflammatory phenotype of M1 macrophages [26]. CD8* T cells within the adipose
tissue can also facilitate the ATM polarization toward the pro-inflammatory M1
phenotype [18]. Recently, it has been reported that NK cells within the adipose tis-
sue are capable of producing TNF-alpha and IFN-y to promote M1 ATM as well
[13]. Apart from ATMs, Thl and Th17 cells are also reported to promote obesity-
associated metabolic disorders [29].

Because regulatory T cells play an essential role in suppressing inflammation,
they have an important role in many obesity-associated metabolic diseases [3].
Studies show that induction of VAT Tregs in mice protects the animals from high-fat
diet-induced metabolic disorders like insulin resistance, while depletion of VAT
Tregs causes susceptibility to adipose tissue inflammation [5, 11]. Th2 cells also
appear to be important for metabolic homeostasis; adoptive transfer of GATA3-
expressing CD4* T cells has been reported to rescue insulin resistance. However,
since Tregs also express GATA3, they may entirely account for the alleviation of
obesity-associated metabolic disorders [27].

Consequently, it is widely accepted that presence of VAT Tregs correlates with
lower inflammation, improved glucose metabolism, and reduced insulin resistance.
Mice models of type 2 diabetes show a reduction in adipocyte size, number, and
weight after adoptive transfer of Tregs [5]. As chronic inflammation is one of the
main causes of insulin resistance, VAT Tregs likely prevent this phenomenon by
suppressing local inflammation. Inflammatory cytokines like IL-6 and TNF-o
mainly secreted by M1 macrophages can induce glucose tolerance and insulin
insensitivity by inhibiting the transport of glucose into adipocytes [15]. IL-10 pre-
dominantly produced by VAT Tregs can reverse the effects of TNF-a and IL-6 [6].
Furthermore, VAT Tregs can facilitate the conversion of ATM from the M1 to the
M2 phenotype, which is associated with immunosuppression [ 14]. M2 macrophages
also prevent infiltration of inflammatory IFNy-producing CD8* T and Th1 CD4* T
cells [7]. VAT Tregs may also contribute to the accumulation of Th2 cells, which
have been reported to improve insulin sensitivity [12].

4.5 Controversies Related to VAT Tregs

Insulin resistance constitutes two distinct physiologic forms, obesity-associated
insulin resistance and age-associated insulin resistance. While VAT Tregs appear to
protect individuals from obesity-associated insulin resistance, it has recently been
reported that selective depletion of fat Tregs (fTregs) also improves insulin sensitiv-
ity in age-associated insulin resistance. As a result, fTregs present a potential target
for treatment of age-associated insulin resistance. Surprisingly, depletion of fTregs
in mice increases the animals’ susceptibility to obesity-associated insulin resis-
tance. The role of VAT Tregs related to T2D or IR in humans is also controversial
because some studies show that the percentage of peripheral Tregs greatly decreases



4 Adipose Tissue-Resident Regulatory T Cells 157

in obese individuals compared to their lean counterparts [14]. Likewise, it is also
reported that in patients with type 2 diabetes, the percentage of circulating Th17
cells and Thl cells was significantly higher, but the number of Foxp3* Tregs was
lower [29]. Nevertheless, Yun et al. report elevated Treg population in the visceral
adipose tissue of obese humans [28]. One should keep in mind that most studies
synonymize Tregs with cells that stain positive for the Foxp3 transcription factor to
differentiate Tregs from other effector T cells. However, not all cells that express
FoxP3 have equal immunosuppressive potential, and not all immunosuppressive
CD4* T cells express Foxp3. A study that used Helios in addition to FoxP3 to iden-
tify VAT Tregs reports that the Foxp3*Helios* population was smaller in obese indi-
viduals compared to lean counterparts [6]. Helios is a transcriptional factor that is
controversially used to identify natural from induced Tregs, as even effector T cells
can transiently induce Foxp3 expression following TCR stimulation [24]. Thus, if
solely Foxp3 is used to identify Treg populations of interest, T cell subsets like Th17
or Th1, which produce inflammatory IL-17 and IFN-y, respectively, may be falsely
accounted for as VAT Tregs.

4.6 The Influence of VAT Microenvironment on Tregs

4.6.1 Chemokines and Chemokine Receptors

Treg trafficking, like that of other immune cells, is mediated by adhesion molecules
and chemokines. Th1, Th2, and Th17 cells can be distinguished, in part, from each
other by their chemokine receptors. Likewise, it has been shown that Tregs accumu-
late in different tissues according to signature chemokine receptor profiles. Naive
nTregs that have originated in the thymus express L-selectin and the CC chemokine
receptor (CCR) 7 while circulating through the secondary lymphoid organs [28].
Upon activation, these cells lose CCR7 expression and acquire chemokine receptors
that promote migration to other tissues. For instance, CCR4 expression is required
for the accumulation of Tregs within noninflamed liver, lung, and skin; chemokine
ligand (CXC) 12/CXC chemokine receptor (CXCR) 3 and CCRI10 are required for
the migration of Tregs to the inflamed liver [6]; CXCR4 is required for the accumu-
lation of Tregs in the bone marrow. Regulatory T cells in the adipose tissue also bear
a distinct pattern of chemokine receptors in the lean VAT; they overexpress CCR1,
CCR2, CCR3, CCRS5, and CXCR6 while downregulating CCR6, CCR7, and
CXCR3 [10]. In obese mice, upregulation of CCR6 and CXCR3 correlates with a
reduction of VAT Tregs, while splenic Treg numbers are increased along with upreg-
ulation of CCR7 and CXCR3 [16]. This suggests that the acquisition of different
chemokine receptors determines the localization of Tregs. Thus, altered trafficking
of Tregs may be responsible for the reduction of Tregs in the adipose tissue of obese
individuals.
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4.6.2 The Effect of Adiponectin and Leptin on VAT Tregs

In individuals with MS (multiple sclerosis), the number of peripheral Tregs is
inversely associated with levels of leptin in the serum [21]. Leptin is predominantly
produced by adipocytes and appears to play a pro-inflammatory role in immune
response; in leptin-deficient or leptin receptor-deficient mice, the number of periph-
eral Tregs was significantly reduced [9]. It has been reported that leptin augments
the suppressive function of Tregs [20]. Besides adipocytes, Tregs themselves can
also secrete leptin and express the leptin receptor in an autocrine manner. One study
shows that serum leptin level is elevated, while the number of VAT Tregs is reduced
in obese individuals [20]. While leptin inhibits the proliferation of Tregs, it appears
to activate Thl cells. This facilitates their proliferation and secretion of pro-
inflammatory cytokines, thus promoting obesity-associated inflammation [9]. It is
reported that leptin induces the activation of the mTOR signaling pathway, which
downmodulates the activation and proliferation of Tregs [1]. Consistently, increased
proliferation of Tregs was observed in leptin receptor-deficient mice. Furthermore,
the population of VAT Tregs correlates inversely with the serum level of leptin.
Heterozygous ob/+ mice have a much larger VAT Treg population than their lean
wild-type counterparts [2]. Another study argues that leptin mediates its inhibitory
effect over Tregs through dendritic cells [28]. Yun et al. observed that the expression
of maturation markers on dendritic cells is reduced in the absence of leptin. This, in
turn, leads to elevation of TGF-f (produced by Tregs) and a reduction of pro-
inflammatory cytokines (produced by effector cells).

Adiponectin, a protein hormone predominantly produced by adipocytes, plays an
anti-inflammatory role and protects individuals from obesity-associated diseases
[21]. Its levels correlate negatively with the body mass index and positively with the
number of Tregs in the visceral adipose tissue [20]. The effect of adiponectin on
VAT Tregs is unclear, but adiponectin can induce secretion of the anti-inflammatory
cytokine IL-10 in M2 macrophages [21]. IL-10, in turn, acts in a paracrine manner
to facilitate Foxp3 expression and the suppressive function of Tregs. Furthermore,
adiponectin-primed DCs may also promote Treg expansion and function through
the enhancement of the programmed death-1/programmed death-1 ligand (PD-1/
PD-L1) pathway [20]. The number of VAT Tregs and the level of adiponectin is high
in the visceral adipose tissue but not in the subcutaneous and perirenal adipose tis-
sue. This suggests that adipokines account for the accumulation of Tregs in the VAT
but not in other fat depots.

4.7 Peroxisome Proliferator-Activated Receptor-y

Peroxisome proliferator-activated receptor-y (PPAR-y) has been demonstrated to
contribute to the adipogenesis by promoting fat storage, adipocyte differentiation,
and transcription of key lipogenic proteins [4]. PPAR-y expression in VAT
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Fig. 4.1 The underlying mechanism of suppressive function of Tregs. CTLA-4 on the membrane
surface of Tregs competes with other effector T cells for CD28. IL-2 which is necessary for the
survival and proliferation of effector T cells (Thl, Th2 cells) can be seized by Tregs which cannot
produce IL-2 but greatly rely on IL-2 to sustain their survival [24]. What is more, IL-10 which is
predominantly produced by Tregs exert suppressive functions over other effector T cells

macrophages is required for the phenotypic switch from M1 to M2 macrophages by
inhibiting the expression of many inflammatory genes in M1 macrophages [19].
Recently, PPAR-y (which is highly expressed in VAT Tregs compared to other T cell
subsets) was identified as the key orchestrator of recruitment and function Tregs in
VAT [4]. In fact, Treg-specific deletion of PPAR-y decreased the number of Tregs in
the VAT but not in the lymphoid and other nonlymphoid organs [4]. A transcrip-
tional analysis of VAT Tregs shows that expression of IL-10 along with other genes
correlates highly with that of PPAR-y [4] (unclear what genes this sentence referred
to...). PPAR-y has been shown to interact with Foxp3 in a co-immunoprecipitation
experiment. Furthermore, ectopic expression of PPAR-y and Foxp3 in conventional
CD4* T cells induced a VAT Treg gene expression profile [4]. VAT Tregs can uptake
lipids through CD36, which is induced by PPAR-y. However, since PPAR-y signal-
ing occurs in response to an abundance of fatty acids and their metabolites, it is
sensible to speculate that VAT Tregs engage in this pathway to keep homeostasis
within the adipose tissue in check. It is reported that PPAR-y phosphorylation at the
serine 273 residue by cyclin-dependent kinase 5 in adipocytes is a growth and dif-
ferentiation checkpoint. The phosphorylation of PPAR-y can lead to a reduction of
adiponectin and high-fat diet-induced obesity. A similar mechanism may play a role
in VAT Tregs, but posttranslational modifications of PPAR-y in VAT Tregs are yet to
be identified (Figs. 4.1, 4.2, and 4.3).
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Fig. 4.2 How Tregs contribute their role within the adipose tissue. Tregs can help facilitate the M 1
phenotype of adipose resident macrophages which play an anti-inflammatory role; Tregs also
secrete much IL-10 to suppress TNF-a-mediated immune responses, what is more, Tregs contain
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Fig. 4.3 Tregs are attracted to local tissues and organs through chemokine and chemokine recep-
tors. CCR4 expression is required for the accumulation of Tregs within noninflamed liver, lung,
and skin; CXC chemokine ligand 12 and CXC chemokine receptor (CXCR) 3 and CCR 10 are
required for the migration of Treg cells to the inflamed liver [6]; CXCR4 is required for the accu-
mulation of Treg cells to the bone marrow. Regulatory T cells in the adipose tissue also display a
distinct pattern of chemokine receptors in the lean VAT by overexpressing CCR1, CCR2, CCR3,
CCRS, and CXCR6 while downregulating CCR6, CCR7, and CXCR3 [10]. However, in obese
mice, VAT Treg numbers are decreased by upregulating CCR6 and CXCR3, while splenic Treg
numbers are increased with upregulated CCR7 and CXCR3 expression
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4.8 Conclusion

Large number of Tregs within the visceral adipose tissue correlates highly with
obesity-associated chronic inflammation. The chemokine, adipokine, fatty acid, and
metabolite milieu within the adipose tissue is critical for the accumulation and func-
tion of VAT Tregs. However, the identification of antigens within the adipose tissue
and key signaling molecules besides PPAR-y that aid trafficking and interactions
between adipocytes and VAT Tregs requires further investigation. We expect that
new studies on gene engineering mice with the deficiency of key enzymatic subunit
of FOXP3 complex in Tregs, which show particular phenotypes of dysfunctional
adipocyte metabolism, may provide helpful insights in identifying new therapeutic
targets for treating obesity and type 2 diabetes.
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Chapter 5
Immune Cell Metabolism in Tumor
Microenvironment

Yongsheng Li, Yisong Y. Wan, and Bo Zhu

Abstract Tumor microenvironment (TME) is composed of tumor cells, immune
cells, cytokines, extracellular matrix, etc. The immune system and the metabolisms
of glucose, lipids, amino acids, and nucleotides are integrated in the tumorigenesis
and development. Cancer cells and immune cells show metabolic reprogramming in
the TME, which intimately links immune cell functions and edits tumor immunol-
ogy. Recent findings in immune cell metabolism hold the promising possibilities
toward clinical therapeutics for treating cancer. This chapter introduces the updated
understandings of metabolic reprogramming of immune cells in the TME and sug-
gests new directions in manipulation of immune responses for cancer diagnosis and
therapy.

Keywords Immune cell metabolism ¢ Tumor microenvironment ¢ Cancer stem
cells ¢ Clinical diagnosis ¢ Drug repositioning

5.1 Introduction

The tumor microenvironment (TME), first proposed by Lord in 1979, is a complex
integrated system for tumor cell growth [1]. This environment is composed of tumor
cells, endothelial cells, immune cells, fibroblasts, and extracellular matrix. The
immune cells in the TME including macrophages, neutrophils, and lymphocytes
play important roles in tumor immune escape, tolerance, and suppression. Traditional
theory states that the incidence of cancer is due to failure of immune surveillance [2].
However, this theory was unable to fully explain the interplay between immunity and
tumorigenesis. The immunoediting theory, proposed by Schreiber and Dunn,
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elucidated the role of the immune system in cancer development from a new per-
spective [3]. Depending on the cellular and environmental context, the immune cells
may kill tumor cells but also promote tumor development. This theory divides the
carcinogenesis into three stages: immune clearance, immune balance, and immune
escape. Immune clearance is similar to the immune surveillance. Immune balance is
a stalemate stage that the tumor is not completely removed by the immune system,
in which the tumor characteristics are reshaped by the immune system. Immune
escape refers to the stage that the tumor escapes immune surveillance after tumor
cells are edited by the immune system and progress to clinical tumor stage [4].

During the development of cancer, tumor cells and immune cells interact in a
dynamic microenvironment that determines the outcome of tumorigenesis [5]. In
the immune clearance phase, the immune system removes tumor cells through
antigen-specific and nonspecific mechanisms, wherein lymphocytes are the main
effector cells. If the immune surveillance stage functions effectively and the tumor
cells are cleared, the immunoediting stage will not ensue. However, the immune
system is not always effective in removing every tumor cells, especially the ones
with low immunogenicity. These tumor cells often escape temporarily from the
immune cell-mediated destruction. The immune balance stage then follows [6]. At
this stage, the immune system constantly kills high immunogenic tumor cells,
whereas it is “blind” to the tumor cells with low immunogenicity, resulting in the
gradual emergence of the tumors with low immunogenic and high malignant pheno-
types. The immune system continues to impose pressure to select for the tumor cells
with accommodating immunological phenotypes. This Darwin’s natural selection-
like process is referred to as immune remodeling. The surviving tumor cells with
low immunogenicity repeatedly stimulate the immune system and eventually induce
the immune tolerance [5—7]. Tumor cells remodeled by the immune system can
aberrantly produce inhibitory cytokines including interleukin-10 (IL-10), trans-
forming growth factor-f (TGFf), and vascular endothelial growth factor (VEGF)
and induce immunosuppressive cells including regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs), fostering an immunosuppressive
TME. In the TME, T cells are tolerant to tumor-associated antigen and functionally
suppressive; the professional antigen presentation cells (APCs) are functionally
defective, leading to hindered antitumor immune response and the systemic immu-
nosuppression [8]. Consequently, establishing the immune-tolerant TME not only
reduces the ability of the immune system to reject tumors but also promotes the
immune escape of tumors that should have been rejected.

The metabolomics is an emerging direction of immune and cancer research [9,
10]. The metabolism of carbohydrates, lipids, and amino acids is the material
basis of all biological processes. For the development of malignancy, the tumor
cells must face two challenges: first, obtaining the nutrients needed for the rapid
growth; second, evading the surveillance and attack from the host immune system.
Tumor cell’s unique metabolic program can be used to meet these challenges.
Glycolysis is the major metabolic process used by malignant tumors, even when
oxygen supply is adequate, which is termed as “Warburg effect” [11]. Glycolysis
decreases the pH value of the TME; therefore, tumor cells can inhibit the activities
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of antigen-presenting cells (APCs) and cytotoxic T lymphocytes (CTLs) by con-
trolling the acidity of the microenvironment, eventually leading to tumor cell
immune escape [12].

Recent studies indicate that tumor-associated immune cells show altered metab-
olism to affect their differentiation, survival, and function [10]. Since the TME
heavily influences carcinogenesis, the metabolic programming and reprogramming
of immune cells in the TME and how immune metabolism affects the tumor initia-
tion, development, and metastasis are of great interest and significance [10, 12]. In
this chapter, we review the current knowledge on the metabolism of the cell types in
the TME, discuss the emerging concept of the metabolic reprogramming in tumor-
associated immune cells, and propose the impact of immune metabolism on carci-
nogenesis and clinical applications.

5.2 Metabolism of Cancer Cells and Cancer
Stem Cells in TME

Aberrant proliferation of cancer cells is fueled by altered metabolism (Fig. 5.1).
Oncogenic mutations trigger a switch from oxidative phosphorylation (OXPHOS)
to glycolysis in tumor cells, and hypoxia further enhances this reprogramming [13,
14]. OXPHOS generates 36 mol ATP from 1 mol glucose, while glycolysis pro-
duces only 4 mol ATP [15]. This seeming inefficient metabolic feature relies on
abnormal upregulation of the glucose transporters such as GLUT1 [16]. Moreover,
mutations in tricarboxylic acid (TCA) cycle enzymes such as succinate dehydroge-
nase (SDH) or fumarate hydratase (FH) also promote glycolysis and inhibit
OXPHOS [14, 17, 18]. Lactic acid is the end product of glycolysis. Lactic acid
production can be used as a biomarker of tumor metastasis and overall survival [14,
15]. The secretion of lactic acid by monocarboxylate transporter 4 (MCT4) by can-
cer cells depends on the intracellular and extracellular concentrations of lactic acid
[19, 20]. The extracellular lactate effects include restricting monocyte conversion to
dendritic cells (DCs), suppressing cytokine release from DC and CTL, and inhibit-
ing monocyte migration and CTL function. In addition, the release of lactic acid by
tumor cells to the extracellular space can block the lactic acid secretion from
immune cells to trigger cell death due to excessive intracellular lactic acid [21, 22].

Cancer cells also obtain energy from high levels of glutamine to support the
proliferation [23]. Glutaminolysis is the main metabolic pathway regulated in mito-
chondria, through which glutamate is catabolized into alpha-ketoglutarate (a-KG)
and glutamate. a-KG is then converted to pyruvate via TCA cycle and then to lactate
[24]. Although combined activation of c-Myc and HIF-1 can induce lactate dehy-
drogenase A (LDHA) and pyruvate dehydrogenase kinase 1 (PDK1) that contribute
to glycolysis [25, 26], mTOR-SIRT4-glutamate dehydrogenase (GDH) axis and
c-Myc orchestrate glutaminolysis. Moreover, c-Myc can induce glutamine
transporters (SLC5A1) and glutaminase 1 (GLS1) [27, 28]. Glutaminolysis enables
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cancer cells to reduce NADP+ to NADPH which is an electron donor for reductive
steps in lipid synthesis and nucleotide metabolism and the maintenance of reduced
glutathione (GSH); thus, glutaminolysis is essential for cancer cells to regulate
redox state [29].

In the presence of extracellular nutrients and enough oxygen, cancer cells syn-
thesize fatty acids. However, under metabolic stress, cancer cells scavenge extracel-
lular lipids to maintain viability and growth. Mechanistically, hypoxia, oncogenic
RAS, and mTORCI1 stimulate cancer cells to uptake lysophospholipids and desatu-
rated fatty acids [30-32]. Also, fatty acid oxidation is enhanced in cancer cells to
enable survival and proliferation [33]. Cancer cells express high levels of monoac-
ylglycerolipase (MAGL), an enzyme that hydrolyze endocannabinoid
2-arachidonoylglycerol (2-AG) and convert monoacylglycerols to free fatty acid
and glycerol that are essential for supplying energy for cancer cells [34].

Cancer stem cells (CSCs) are a small group of tumor cells with stem cell charac-
teristics that initiate and maintain tumor growth and correlate with tumor metasta-
sis. CSCs possess unlimited self-renewal, capacity to propagate tumors through
asymmetric cell division, and therapeutic resistance [35, 36]. Tumor cells compete
with CSCs for the space and energy generating macromolecules in the TME to limit
CSC division and to drive tumor dormancy. The death of tumor cells therefore will
relieve the CSCs from such competition and lead to the self-renewal and prolifera-
tion of CSCs [37]. Accumulating evidence indicates that the metabolic reprogram-
ming is essential for CSCs to maintain stemness [38, 39]. Activated mitochondrial
metabolism by genotoxic stress or hypoxia can lead to increased ROS and prosta-
glandin E2 that awaken dominant GO-phased CSCs to proliferative state [40]. The
monocarboxylate transporter 1 (MCT1) is highly expressed in cancer stem-like
cells to promote lactate uptake for the self-renewal and invasion [19, 20]. A recent
study showed that CSCs express CD36, a scavenger receptor, which uptake oxida-
tive low-density lipoproteins (ox-LDL) to maintain stemness [41]. Redox stress is a
hallmark of cancer tissues that mediates robust metabolism in adjacent MCT1-
positive proliferating CSCs which utilize lactate derived from glycolytic cancer
cells to fuel mitochondrial metabolism. According to the distinct metabolic changes,
cancer cells and CSCs dynamically regulate tumor progression.

5.3 Metabolism of Immune Cells in TME

The immune cells infiltrated in TME include cell subsets belong to both innate and
adaptive immune systems. The current findings suggest that metabolic reprogram-
ming is a common feature of both cancer cells and immune cells in the TME. The
adjustment of the metabolic program regulates the differentiation and functions of
tumor-associated immune cells and thus the progression of tumors [9, 10, 12].
Understanding how the immune metabolism changes and how the altered metabo-
lism regulates immune cells in TME is of great interest and vital for developing
effective therapies to treat cancer.
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5.3.1 Macrophages

Macrophages have both anti- and pro-tumor functions by regulating tumor growth,
angiogenesis, invasion, and metastasis [42, 43]. Based on the phenotypes, tumor-
associated macrophages were divided arguably into two types, M1 and M2. M1
cells can be induced by interferon (IFN) y and lipopolysaccharide (LPS), secrete
pro-inflammatory cytokines including TNFa and IL-12, and express high levels of
MHC molecules and nitric oxide synthase (NOS). M1 cells play crucial roles in
pathogen clearance and tumor antigen presentation. M2 cells can be induced by
IL-4 and IL-10, express moderate levels of MHC molecules and IL-12, but produce
abundant anti-inflammatory cytokine such as IL-10, mannose receptor, and argi-
nases to promote immunosuppression, tumor cell extravasations, and metastasis
[44]. Most tumor-promoting tumor-associating macrophages (TAMs) are M2 type,
while both M1 and M2 cells do coexist in the TME. The function of TAMs appears
plastic as they have been found to display an inflammatory phenotype in the early
phase of tumor initiation but exhibit immunosuppressive characteristics during
tumor progression and metastasis [42]. These observations are consistent with the
immunoediting theory that TME is a dynamically changing system.

Distinct polarization leads to different metabolic modes of macrophages
(Fig. 5.2). M1 macrophages undergo glycolysis, while M2 macrophages exhibit
increased oxygen consumption rate and show increased OXPHOS and decreased
lactate release [45, 46]. TME is heterogeneous and dynamic during carcinogenesis.
The glucose metabolism of TAMs varies in distinct phases. Indeed, at the early
inflammatory stage of cancer initiation, TAMs favor glycolysis; in contrast, TAMs
show OXPHOS at the later stage of tumor progression [47, 48]. This shift is medi-
ated by cytokines and lactic acid. The lactate released from tumor cells promotes
hypoxia and induces TAMs by enhancing the expression of arginase 1 (ARG1) to
catalyze the metabolism of arginine to ornithine and polymines to promote collagen
synthesis and tumor growth [49]. The activation of PI3K-Akt pathway may also
contribute to the glucose uptake and glycolysis since it upregulates the expression
of glucose transporters (e.g., GLUT1) and key enzymes (e.g., hexokinase and phos-
phofructokinase-1); promotes acetyl-CoA synthesis to link the metabolism of fatty
acids, glucose, cholesterol, and amino acids; and facilitates the diversion of citrate
from TCA cycle to acetyl-CoA by phosphorylating and activating ATP citrate lyase
[46, 50, 51]. The switch to glycolysis in TAMs is controlled by Akt-mTOR-HIF-1
axis, resulting in the abundant TCA cycle intermediates and succinate accumulation
[52, 53]. Factors in TME such as HMGB1 and DAMPs can stimulate Toll-like
receptors (TLRs) that activate PI3K-Akt in myeloid cells like TAMs resulting in
glycolysis and enhanced inflammation in TME [54]. PI3K-Akt activation in myeloid
cells is also involved in resistance to anti-angiogenic therapy [55]. The activation of
mTOR, a downstream molecule of PI3K-Akt, counterintuitively promotes M2 cells
[52]. Of interest, this activation feedback negatively regulates PI3K [56]. The acti-
vation of c-Myc skews macrophage to M2 polarization and promotes tumor-
promoting function of TAMs by increasing CCL18, TGFp, VEGF, and MMPs [57].
However, whether and how c-Myc controls the metabolic reprogramming of TAMs
remains unclear.



5 Immune Cell Metabolism in Tumor Microenvironment 169

Tumor initiation Tumaor progression

- . =
TNF,IL-1 / I
. Pro-tumor Lactate
CSF1,CCL2. DAMPs il 1L10.TGF-
Cancer-related CSF1.CCL2
inflammation DAMPs ; Tumor cell growth
Genetic - ", i
(egQHMGB1)  jnciapility Nutient @l "* (f2ra proiferation
Deprivation G} N
TLR Adenosine  TmmmlalaiB
TNFIL-1B _CAME 3 &
VEGFA & r ron v
MMPS ' LKB1 ARG1 Ferroportin \
VEGFA -t--p53 Ferritin |
RIGKART I NG _I LCN.HO1 "8
1 " L
M1 H|||= ccL18 | T \AMPK
I & TGFEp -_zrflycolysﬁ M2
Succinate PKM2 Lactate | pm OXPHOS
I— Glycolysis TAG '-\ Glutaminolysis
OXPHOS | FAD
Glutaminolysi: FAS+—ppARB/5 PGE:2
FAO : / = - : P Leukotriene
T Depletion of P N 3 Depletion of
FAS extracellular & IL-10 [ extracellular
amino acids i? amino acids
* ‘—]
————————> T effector cell suppression

» Promaotion of Treg cell

Fig. 5.2 Metabolic reprogramming of TAMs. An overview of the key metabolisms in M1 and M2
macrophages and their roles in tumor initiation and progression. During tumor initiation, macro-
phages are in M1 phenotype and metabolize through a glycolytic shift, HIF-1 activation, and
impaired OXPHOS to mediate the expression of NO, ROI, IL-1B, and TNF, to support genetic
instability and cancer-related inflammation that leads to tumorigenesis. HIF-1 also enhances
angiogenic molecule VEGF-A. In TAMs (M2 macrophages) in the tumor progression stage,
AMPK is activated via nutrient deprivation, Th2-derived IL-4, lactate accumulation, and activated
PKM2 suppresses glycolysis while upregulating OXPHOS. This induces immunosuppressive
macrophages that promote tumor growth. Amino acid, iron, and fat metabolism that contribute to
this process are also shown

Moreover, inflammatory TAMs also express PKM2 which in its inactive dimeric
form binds to HIF-1 to promote glycolysis in M1 macrophages, while in its active
tetrameric form switches macrophages into M2 phenotype [58]. TAMs enhance
cancer-related inflammation via HIF-1 which transcribes several key enzymes in
glucose metabolism, such as GLUT1, HK2, and PGK1 [59, 60]. HIF-1 can also
induce ROS and RNI production which contributes to the genetic mutation and
transformation [61]. Moreover, hypoxic TME-increased glycolysis leads to lactic
acid accumulation in the TME and skews TAMs to an M2 phenotype with high
expression of ARGI1, VEGF-A, Tie-2, and IL-10. These immunosuppressive and
pro-angiogenic factors promote TAM-related tumorigenesis [49, 62, 63]. The dis-
tinct modes of arginine metabolism in TAMs lead to different functions, with M1
macrophages producing NO showing antitumor effect, while polyamine-producing
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M2 macrophages induce cancer cell proliferation, remodeling, and growth [64—66].
TAMs that express ARG also contribute to T cell immunosuppression via inducing
T cell apoptosis [67].

The lipid metabolism in TME macrophages is altered in response to a variety of
stimuli. LPS and IFN-y, the M1 macrophage inducers, suppress fatty acid intake
and oxidation, while M2 macrophages are prone to increase fatty acid oxidation
(FAO) [68]. The uptake of lipids, especially triacylglycerol (TAG), is also critical
for FAO and M2 activation [69]. The underlying mechanism involves peroxisome
proliferator-activated receptors (PPARs), liver X receptors (LXRs), and signal
transducer and activator of transcription (STAT) [68, 70-72]. PPARs and LXRs are
nuclear receptors activated by lipids, such as free fatty acids, eicosanoids, and cho-
lesterol metabolites. PPARy mediates M2 macrophage polarization to promote
tumor progression and metastasis. PPARS activation in macrophages is triggered by
the clearance of apoptotic cells. The fatty acid synthase and PPAR activation are
induced in TAMs to contribute to tumor growth. The phagocytosis of apoptotic
tumor cells containing oxysterols activates LXRs in macrophages, leading to an M2
immunosuppressive phenotype.

Arachidonic acid metabolism also mediates the switch of macrophage pheno-
types. For example, M1 stimulation leads to increased prostaglandin E2, a cyclo-
oxygenase (COX)-derived eicosanoid, while IL-4 induces the upregulation of
15-lipoxygenase (15-LOX) in macrophages [73, 74]. The alveolar macrophages
express high levels of COX-1 and 5-LOX, but TAMs express high levels of COX-2
[72]. Anti-inflammatory factors including IL-10, IL-4, and TGFp induce AMPK
activation which drive TAMs to an immunosuppressive M2 phenotype and induce
OXPHOS [75]. These findings indicate distinct metabolic modes in TAMs mediate
both anti- and pro-tumor responses.

Glutamine metabolism is another important pathway for the differentiation and
functions of TAMs, and macrophages express high levels of glutaminase. Glutamine
is required for macrophage phagocytosis and antigen presentation. Also, key
enzymes in glutamine metabolism, such as AKG, GPT2, GLUL, and GATM, are
enhanced in M2 macrophages [49, 76]. However, the mechanisms by which gluta-
mine metabolism regulates TAMs remain unknown. In addition, M2 macrophages
can generate indoleamine-2, 3-dioxygenase (IDO), an enzyme degrading trypto-
phan [77]. Since IDO upregulates regulatory T cells via tryptophan catabolite,
TAMs promotes Treg cell generation to inhibit T cell function and establish an
immune-tolerant microenvironment [78].

Polarized macrophages show altered iron metabolism. M1 macrophages express
high level of H-ferritin, a protein for iron storage, but M2 macrophages express
increased ferroportin, the iron exporter. Thus, M1 macrophages favor iron seques-
tration and inhibit tumor growth, while M2 macrophages exhibit enhanced iron
release which promotes tumor progression [79, 80]. Hemeoxygenase-1 (HO-1), an
iron-releasing enzyme metabolizing heme to carbon monoxide (CO), biliverdin,
and ferrous iron, is inhibited in M2 but not in M1 macrophages [81]. Importantly,
iron is also involved in regulating HIF-1 stability by activating prolyl hydroxylases
(PHDs) in TAMs [82, 83]. The evidence suggests the iron metabolism is also crucial
for TAM-mediated regulation of carcinogenesis.
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5.3.2 Neutrophils

Neutrophils, also known as polymorphonuclear cells (PMNs), account for 50-60 %
of the peripheral blood leukocytes, with a potent phagocytic function. Neutrophil to
lymphocyte ratio is a risk predictive index for tumor recurrence [84]. In the TME,
neutrophils also have two biological phenotypes: antitumor N1 exerts tumor cyto-
toxicity to reject tumor by enhancing antitumor immune memory; pro-tumor N2
plays the opposing roles, i.e., enhancing tumor growth, invasion, and metastasis,
promoting tumor angiogenesis, mediating immunosuppression, and producing
enzymes to damage normal tissue cells to facilitate tumor growth, invasion, and
metastasis. Such dichotomy of neutrophils is similar to that of macrophages [85,
86]. Tumor-derived TGFp can switch N1 neutrophils to N2 which blunts CD8* T
cell responses to promote tumor growth [87]. Similar to macrophages, tumor-
associated neutrophils (TANs) can produce several factors such as ARGI, ROS,
MMPs, IL-6, and IL-1f to promote cancer progression, angiogenesis, and metasta-
sis [85, 86].

The metabolic reprogramming, aerobic glycolysis and pentose phosphate path-
way (PPP), controls the functions of neutrophils [88, 89]. Very few mitochondria
are in neutrophils; OXPHOS and ATP production are ineffective in these cells.
Neutrophils rely on PPP to produce NADPH that is essential for maintaining redox
balance and cell survival [90]. The chemotaxis, calcium mobilization, and oxidative
burst are driven by glycolysis since G6P deficiency blunts these functions of neutro-
phils [91]. Glycolysis and PPP are also involved in the formation of neutrophil
extracellular traps (NETs), a mixture of DNA, histones, and antimicrobial peptides
that traps and kills bacteria [90, 92]. NETs segregate circulating tumor cells and
accumulate in the vasculature to promote the inflammatory adherence, contributing
cancer-induced organ failure and metastasis [93]. Moreover, neutrophil-derived leu-
kotrienes contribute to the colonization of distant tissues via selectively expanding
the sub-pool of cancer cells to retain high tumorigenic potential. Knocking down of
5-lipoxygenase (5-LOX), the key enzyme for leukotriene synthesis, blunts the pro-
metastatic activity of neutrophils [94]. Together, these observations suggest that
metabolic change regulates the TAN functions and tumor development. Whether
and how the lipid and amino acid metabolism are reprogrammed and how these
metabolic changes regulate neutrophil functions await further investigation.

5.3.3 Basophils and Eosinophils

Basophils, a cell population derived from myeloid cells, respond to IgE-dependent
and IgE-independent stimuli and crosstalk with other immune cells such as lympho-
cytes, macrophages, and DCs [95]. These cells are involved in Th2 responses
through producing cytokines including IL-4, IL-13, and IL-25 and also contribute to
immunoglobulin synthesis, tumor angiogenesis, and hematopoiesis by secreting
IL-6, GM-CSF, and VEGF and arguably present antigens to T cells. Hence,
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basophils regulate both innate and adaptive immunity. However, the metabolic
reprogramming in tumor-associated basophils remains unknown.

Eosinophils are granulocytic leukocytes derived from hematopoietic progenitors.
They interact with both innate and adaptive immune cells. IL-3, IL-5, and GM-CSF
are crucial for eosinophil development, while CCL11, CCL24, and CCL26 contrib-
ute to eosinophil chemotaxis [96, 97]. Eosinophils express MHC-II and costimula-
tory molecules such as CD40 and CD80/86 to promote T cell activation and
proliferation [98]. Eosinophils also produce IDO and TGFp to mediate Treg and
Th2 polarization [99]. Interestingly, the infiltration of eosinophils in TME associ-
ates with improved prognosis in various types of solid tumors [96] but with poor
outcome in Hodgkin lymphoma [100]. The antitumor activity of eosinophils is
through their degranulation in the tumor. Consistently, eosinophils with CCL11
deficiency exhibit impaired antitumor potential [101]. Also, the necrosis and che-
mokines in cancer tissues induce the differentiation and migration of eosinophils
[102]. Systemic IL-2 and IL-25 therapy promotes eosinophil degranulation [103,
104]. The recruitment of eosinophils in TME is mainly mediated by high-mobility
group box 1 (HMGB1), a factor in damage-associated molecular patterns, which
elicits eosinophil degranulation by binding to the receptor for advanced glycation
end products (RAGE) [105]. Some receptors normally expressed in NK cells such
as NKG2D and 2B4 are also expressed in eosinophils to mediate tumor cytotoxicity
[106, 107]. These observations suggest that reprogramming the metabolism in
eosinophils may trigger the degranulation and improve antitumor immunity.

5.3.4 Mast Cells

Mast cells are derived from bone marrow hematopoietic stem cell-differentiated
precursor cells. These precursor cells enter the cavity or mucosa from blood and
then mature. As an important class of innate immune cells, mast cells play a key role
in allergic diseases such as asthma. After activation, mast cells not only produce and
release a variety of cytokines and chemokines, including histamine, serotonin, inter-
leukins, leukotrienes, prostaglandins, and proteases to promote inflammation, but
regulate the functional activity of DC, T cells, CD4* CD25* regulatory T cells, B
cells, and other immune cells in TME [108]. Similar to that in TAMs, PI3K-Akt
activation in mast cells correlates with enhanced glycolysis [109]. The metabolic
reprogramming of the tumor-associated mast cells is yet unknown.

53.5 CAFs

Fibroblasts are a large proportion of cells in the TME. These cells synthesize col-
lagen, laminin, fibronectin, and other matrix components to establish a structural
framework in the matrix. Fibroblasts can be activated during wound healing,
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inflammation, and stress. The TME-activated fibroblasts called cancer-associated
fibroblasts (CAF) or myofibroblasts specifically express a-smooth muscle actin
(aSMA) [110]. Apart from the local fibroblasts, CAFs can be derived from vascular
smooth muscle cells, pericytes, marrow-derived mesenchymal cells, and through
epithelial-mesenchymal transformation (EMT) [111]. CAF can reshape the extra-
cellular matrix by secreting matrix-degrading enzymes, particularly metalloprotein-
ases and derivatives to contribute to tumor drug resistance [112]. CAFs promote
tumor growth, angiogenesis, and metastasis by secreting several factors, including
insulin-like growth factor, hepatocyte growth factor, basic fibroblast growth factor,
Wnt ligands and MMPs, as well as cytokines and chemokines such as CCL7,
CXCL12, and VEGF-A [110, 111].

It has been observed that CAFs engage in aerobic glycolysis. Mechanistically,
IDH3a reduced by TGFf or platelet-derived growth factor (PDGF) breaks the equi-
librium between a-KG and fumarate/succinate that are allosteric regulators of
PHDs, thereby in turn increasing HIF-1 transactivation and enhancing glycolysis
[113]. CAFs also display increased glutamine metabolism and decreased OXPHOS
[114, 115]. They provide lactic acid, amino acids, and ketone bodies to cancer cells,
while cancer cells produce ROS to activate HIF-1 in CAFs to maintain the glycoly-
sis [110, 111]. The metabolic change of CAFs impacts the secretion of cytokines
and chemokines. For example, a-KG and fumarate/succinate are allosteric regula-
tors of lysine-specific demethylase, PHDs, and methylcytosine demethylase that are
epigenetic regulators [116]. Also, glycolysis and glutamine metabolism in CAFs are
regulated by p62-mTORC1-c-Myc pathway that promotes ROS and IL-6 produc-
tion and enhance tumor progression [114, 117].

Distinct from cancer cells, although CAFs favor glycolysis, the proliferation is
much slower when compared with normal fibroblasts, suggesting that the biosyn-
thesis of CAFs is not dependent on glycolysis [118]. However, cancer cells uptake
the CAF-secreted lactate for tumor anabolic metabolism, growth, and metastasis
[117]. GLUT4 is overexpressed on CAFs to release lactic acid, while GLUT1 is
upregulated in cancer cells to import glucose and metabolites. The lactate released
from CAFs further acidifies the TME to facilitate tumor progression and drug resis-
tance [119]. Hence, CAFs not only secrete growth factors but also fuel cancer cells
by providing lactate and other glucose metabolites. The cooperation of metabolites
shuttling between CAFs and cancer cells aggregates the TME that facilitate tumor
development.

5.3.6 NK and NKT Cells

Natural killer cells (NK cells) are a subtype of lymphocytes in innate immune sys-
tem. They express Ly49, NCR, and CD16 and play antitumor action by secreting
IFN-y and cytotoxic molecules such as perforin and granzyme or by antibody-
dependent cell-mediated cytotoxicity (ADCC) and T cell activation [120, 121].
Under resting state and short-term activation, they favor OXPHOS, while upon
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prolonged activation by high-dose IL-15, NK cells switch to glycolysis [122]. In the
TME, both IL-15 and hypoxia can lead to enhanced glycolysis in NK cells [123].
However, the mechanism by which TME affects the metabolic reprogramming and
how the altered metabolism modulates the activity of NK cells remain to be
elucidated.

NKT cells are a heterogeneous group of T cells that share properties of both NK
cells and T cells. They recognize non-polymorphic CD1d (an APC molecule) that
binds self and foreign lipids and glycolipids [124]. Upon activation, these cells pro-
duce abundant IL-2, IL-4, IFN-y, GM-CSF, and IL-21 so that they play antitumor
functions in TME [125]. However, the metabolic reprogramming in tumor-
associated NKT cells is yet unknown.

5.3.7 Endothelial Cells

In the TME, vasculatures deliver nutrients and oxygen to the tumor, which is the
basis of tumor survival and development. Tumor cells release pro-angiogenic sig-
nals to drive the metabolic reprogramming of endothelial cells (ECs) [126].
Inhibition of VEGF signaling is a clinically approved strategy, although the ben-
efits are limited since tumors acquire drug resistance within months after treat-
ment [127].

It has been found that the structure and function of vessels in TME and in normal
tissues are significantly different. They are dilated, tortuous, and hyperpermeable.
The ECs are poorly connected and lack a regular pattern. The basement membrane
has nonuniform thickness and composition [128]. These cause deprived oxygen and
nutrients. Hypoxia switches cancer cell metabolism away from OXPHOS to gly-
colysis, from glucose to glutamine as the major substrate for fatty acid synthesis
(FAS). Tumor-associated ECs resemble cancer cells to undergo a shifting from qui-
escence to rapid growth during vessel sprouting. These ECs are highly plastic [126,
129]. They require a baseline glycolysis flux to function as an endothelium and
maintain vascular barrier homeostasis. ECs preserve high concentration of oxygen
in the blood. Also, ECs protect themselves from oxidative stress using glycolysis.
They can also move from normoxic to hypoxic areas [130]. Glycolysis can produce
ATP faster than OXPHOS. Hence, similar to cancer cells, glycolysis contributes to
vascular sprouting and the survival and proliferation of ECs (Table 5.1) [131, 132].
Lactatedehydrogenase B, GLUT1, and glycolyticenzyme 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase-3 (PFKFB3) are increased in tumor-associated ECs.
PFKFB3 promotes the synthesis of fructose-2,6-bisphosphate(F2,6P2) and the acti-
vation of 6-phosphofructo-1-kinase (PFK1) which converts fructose-6-phosphate
(F6P) to fructose-1,6-bisphosphate (F1,6P2) [133]. Indeed, interfering with glycol-
ysis by inhibiting PFKFB3 (by 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one
(3P0)) or other key enzymes blunts angiogenesis-associated tumor growth [134].
However, the systemic complete and permanent inhibition of glycolysis may also
induce undesired effects. Fortunately, Partial and transient reduction of glycolysis
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Table 5.1 Cancer cell versus endothelial cell metabolism

_ Cancer Cell Endothelial Cell

Glycolysis Warburg effect Compartmentalized
Upregulated through oncogenes and tumor ~ Activated by growth factors
hypoxia
Switch PKM1 to PKM2
OXPHOS Reduced TCA activity Few mitochondria, low respiration
Upregulated in low glucose and stress
Glycogen Glycogen metabolized under hypoxic stress ~ Glycogen synthesis
Metabolism Stores depleted in low glucose, not in hypoxia
FAO Source of NADPH Possibly used for energy
Response to oxidative stress Might promote angiogenesis
Energy source in low glucose
PPP Redox homeostasis Redox homeostasis
Regulate cell death via ROS Might promote angiogenesis

G6PD regulates ROS signaling
High PPP for proliferation

AA Metabolism Glutamine as nitrogen source for polyamine  Glutamine as alternative energy source under
synthesis and anaplerosis stress
Energy and biosynthesis GLS blockade reduces proliferation
Glutamine inhibits NO production

renders ECs more quiescent without overt detrimental side effects [134]. Glycolytic
metabolites such as lactate can be uptaken by ECs through MCT1. Instead of being
metabolized, lactate induces HIF-1 activation and competes with a-KG to bind to
prolyl hydroxylase 2 (PHD?2), thereby enhancing the expression of angiogenesis-
related genes [135, 136]. Therefore, the partial and transient reduction of glycolysis
may be sufficient to inhibit pathological angiogenesis in the TME. These results
indicate that targeting glycolysis in ECs inhibits angiogenesis, but the viability
should be concerned.

The decreased supply of glucose in ECs can also be compensated by glycogeno-
lytic production of glucose-1-phosphate (G1P), which can be converted into
glucose-6-phosphate (G6P). The glycogenolysis-derived G6P only minimally con-
tributes to energy production in normal or low glucose conditions. G6P catabolism
might be important in the oxidative PPP (oxPPP) process to generate energy [137,
138]. PPP also produce ribose-5-phosphate (Rb-5-P) which can feedback into gly-
colysis through the biogenesis of F6P [139, 140]. Moreover, NADPH produced by
PPP protects ECs against ROS, enhances NO synthesis, and contributes to ATP
production [141]. Therefore, PPP may promote angiogenesis and regulates redox
homeostasis.

ECs have a high level of glutaminolysis to support ATP synthesis and fuel cell
proliferation in the conditions of decreased glucose supply (Table 5.1) [142]. ECs
can uptake glutamine from extracellular milieu and also produce glutamine from
glutamate. Inhibition of glutaminolysis induces EC senescence [143]. Glutamine
metabolism also promotes ornithine synthesis, a precursor of mitogenic polyamines
[144]. In addition, glutamine metabolite glucosamine can inhibit oxPPP and NO
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production by reducing NADPH [145]. How glutaminolysis mediate angiogenesis
has not been described.

Most ECs contain mitochondria that compose less than 5 % of the cell volume.
The mitochondria-derived ROS activates HIFs by inhibiting PHDs, which in turn
enhances glycolytic metabolism and angiogenesis [146]. Glycolysis-derived ATP
also in part contributes to maintaining EC mitochondrial network. However, the role
of mitochondria in tumorigenesis is yet unknown. FAO is induced in ECs upon
glucose deprivation, in which process AMPK is activated [147]. Whether and how
FAO influences angiogenesis is also unclear.

5.3.8 Dendritic Cells

DCs are divided into immature (imDCs), semi-mature (smDCs), and mature
(mDCs). imDCs show low expression of MHC class I molecules, lack of B7 costim-
ulatory molecules, etc. These cells induce immune tolerance since they cannot
effectively activate T cells [148]. Recent studies showed that semi-mature and
mDCs can also induce immune tolerance. smDCs have a unique feature which can
be induced by granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-4,
and TNF with bone marrow cells in vitro. smDCs obtain a significantly different
molecular phenotype, as compared with mDCs and imDCs, showing high expres-
sion of MHC class I molecules and moderate expression of costimulatory mole-
cules, but they do not secrete inflammatory cytokines such as IL-1, IL-6, and IL-12
[149, 150]. These cells produce inflammation-inhibiting factors including IL-10 and
can enhance the activation of CD4*CD25" Tregs [151].

As a major population of professional antigen-presenting cells, DCs are acti-
vated and mature by sensing pathogen-associated or damage-related stimuli, dis-
playing upregulation of MHC molecules and costimulatory molecules (e.g.,
CD80/86, CD40), cytokines (e.g., IL-12), and chemokine receptors (e.g., CCR7).
Then DCs migrate to lymphoid organs to present antigens and activate T cells.
However, tumor-associated DCs are immunosuppressive [152-154]. Moreover,
increased imDC numbers and decreased mDC and DC numbers with impaired func-
tions were observed in cancer microenvironment [149, 152].

The differentiation and function of DCs also rely on the metabolic reprogram-
ming. Under resting state, DCs favor OXPHOS, while they switch to glycolysis
after activation [155]. Also, glycolysis is essential for upregulated costimulatory
molecules (CD80/86, CD40) and cytokines (IL-12) and DC survival [50]. Indeed,
the activated DCs show increased NO production, enhanced PI3K-Akt activation,
and impaired OXPHOS [50, 155].

In the hypoxic TME, HIF-1 drives the transcription of mTOR and glycolysis-
associated genes, thereby promoting DC glycolysis, maturation, and activation
[156]. However, hypoxia also inhibits the recruitment of monocyte-derived DCs
from peripheral blood [157]. Hypoxia upregulates adenosine receptor (A2b), and
adenosine can bind this receptor to blunt DC differentiation and switch them to a
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Th2-promoting profile, i.e., express IL-10, TGFf, and COX-2 that lead to abnormal
differentiation of myeloid cells thereby causing Treg activation and DC defection
[158]. Mechanistically, adenosine can induce AMP-activated protein kinase
(AMPK) that promotes OXPHOS and inhibits glycolysis [50]. The lactic acid also
contributes to inhibit DCs by inhibiting glycolysis [159]. These impaired DCs also
secrete VEGF-A to promote angiogenesis and tumor growth [160].

PI3K-Akt activation also contributes to enhanced expression of GLUT1, the glu-
cose transporter key for glycolysis, and disabled-2 adaptor (DAB2) on DCs which
suppresses T cell response against tumors [161]. The mTOR inhibition by rapamy-
cin in BMDCs promotes their antitumor activity, while mTOR inhibition in human
monocyte-derived and plasmacytoid DCs blunts the immunostimulatory actions
and T cell response [155].

Similar to macrophages, tumor-associated DCs (TADCs) can express enhanced
ARGI, IDO, and iNOS that deplete arginine and tryptophan in the TME so that sup-
pression of CD8" T cell function and survival is mediated [162]. Moreover, the reti-
noic acid metabolism in TADCs can promote Treg-mediated immunosuppression
[163]. These amino acid metabolism pathways suggest potential targets for cancer
immunotherapy. Recently, it was found that vaccines can trigger GCN2, a nutrient
sensor, in DCs that in turn activate the antigen-presenting function of DCs and CTL
response [164].

TADCs are also regulated by lipid metabolism. During DC activation, the FAS
can promote the antigen presentation by increasing ER and Golgi expansion [165,
166]. The scavenging receptors such as CD36 and MSR1 upregulated in TADCs
contribute to the uptake of lipids [167]. The lipid accumulation subsequently attenu-
ates DC function and T cell activation. Hence, it has been proposed that the switch
of glucose metabolism from glycolysis to OXPHOS in the TADCs may turn on the
FAS and lipid uptake, therefore impairing DCs in TME and inducing an immuno-
tolerogenic condition [155, 165, 168]. Furthermore, the limited nutrients in TME
can induce ER stress that will induce excessive lipid accumulation via TCA cycle in
TADCs and further inhibit CTL priming [169].

Abovementioned finding suggests that the altered metabolic programming in
TADCs impairs their activation and antitumor function. Rectifying the abnormal
metabolism may restore DCs’ ability to reject tumor in the TME.

5.3.9 Myeloid-Derived Suppressor Cells (MDSCs)

MDSCs, originally discovered in the 1970s, are a group of myeloid immature cells
in tumor-bearing mice [170, 171]. The morphology of these cells is similar to the
granulocyte-monocyte progenitor cells that are yet to differentiate into macro-
phages, DCs, or granulocytes. These cells are CD11b*Grl1* and can be subcatego-
rized into monocytic (Ly6Che"Ly6G~) and granulocytic (Ly6C*"Ly6G*) based on
the expression of Ly6C and Ly6G. In humans, MDSCs also express hematopoietic
stem cell surface markers CD34 and immature marker CD31, hardly expressing
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MHC class I molecules and maturation markers [172, 173]. MDSCs can secrete
MMP9 and undergo endothelialization to induce angiogenesis and promote tumor
survival and invasion [174]. With the development and progression of tumor, large
amounts of cytokines, such as VEGF, IL-10, and TGFp, can be released in the
TME. These cytokines not only recruit MDSCs to tumor but also promote their dif-
ferentiation into immunosuppressive cells [175]. On the other hand, MDSCs are
immunosuppressive through multiple means: MDSCs can suppress the maturation
and antigen presentation function of DCs directly or indirectly [176]. By direct
interaction, MDSCs suppress IFN-y production by CD8 T cells [177]. MDSCs
secrete TGFp, arginine enzymes, and reactive oxygen and nitrogen species to inhibit
T cell activation and proliferation [177] and to promote Treg cell generation [178].

Glycolysis, glutaminolysis, and TCA cycle metabolism and arginine metabolism
are upregulated during MDSC maturation. Fatty acid uptake and FAO mediate the
immunosuppressive function of MDSCs in TME [179]. Amino acid metabolism and
oxidative stress also mediate MDSC immunosuppressive functions. By expressing
IDO, MDSCs metabolize tryptophan to kynurenine, induce Treg expansion, and
inhibit T cell functions [180]. L-arginine and L-cysteine can be depleted by MDSC:s,
leading to the downregulation of CD3( and the inhibition of T cell activation [181,
182]. MDSCs express high levels of ARG and iNOS. ROS such as peroxynitrites
are produced under the conditions of limited L-arginine availability. ROS induces T
cell apoptosis by nitrotyrosylating and preventing tyrosine phosphorylation of key
signaling proteins for T cell activation [183]. Peroxynitrites also nitrate TCR, IL-2R,
and CD8 molecules, leading to T cell signaling disruption [184, 185]. Recent stud-
ies indicated that a lipid mediator derived from arachidonic acid via cyclooxygenase
2 (COX-2),i.e., prostaglandin E, (PGE,), can be secreted by tumor cells and MDSCs
[186, 187]. PGE, enhances MDSC development by inducing ARG, iNOS, and IDO
and promotes MDSC recruitment to the TME by inducing CXCL12 [188]. Taken
together, the metabolic reprogramming of MDSCs provided a potential target for
regulating the immunosuppressive network in the TME.

5.3.10 T Cells

The infiltration and activation of T cells in TME control tumor progression. CD8" T
cells are the major effector cells in tumor immunity. Upon activation by APCs,
CD8* T cells migrate to the tumor tissue to kill target cells through perforin (to dam-
age cell membranes), granzymes (to enter target cells and degrade DNA), and
FasL. In addition, CD8 T cells secrete cytokines such as IFN-y and TNFu« to pro-
mote antitumor immune response [189]. CD4* T cells differentiate into distinct sub-
types to promote or repress tumorigenesis. CD4* Thl T cells produce IFN-y to
promote tumor immune rejection. Thl cell infiltration in TME is associated with
good clinical prognosis. In contrast, Th2 cells and Tregs temper tumor rejection and
facilitate tumor immune escape. Th17 cells may both promote and inhibit tumor
progression in a tumor-type and stage-dependent manner [190].
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Table 5.2 T cell metabolism

Naive EffectorCD8 Memory Exhausted Th1 Th2 Treg Th17
CcD8 cb8 CcD8

Glycolysis +++ +++ +++ ++
OXPHOS +++ + ++ +++
PPP ++ arar amr
FAS ++ ++
FAO ++ ++ ++ ++
Glutaminolysis + ++ + ++ ++ 4
Tryptophan ++ ++ ++ ++
metabolism

For activated T cells to proliferate and release cytotoxic factors and cytokines,
they switch the metabolism to aerobic glycolysis to increase the uptake of glucose
and glutamine [191, 192]. However, the activation of PD-1 can inhibit the uptake
and utilization of these nutrients and promote FAO, thereby inducing T cell anergy,
exhaustion, and autophagy [193—-195]. Since H* secretion increases when tumor
cells release lactic acid, TME becomes acidic, leading to reduced T cell function
[196].

In the TME, tumor cells compete for nutrients to hinder antitumor functions of T
cells and lead to the metabolic reprogramming of T cells (Table 5.2). The efficiency
in tumor cell uptake of glucose is ten times of that in activated T cells. Because
glucose is the sole source of the energy required for effector T cells [192]. The lack
of glucose severely affects IFN-y production and the cytolytic activity of CTLs.
Moreover, the accumulation of metabolic wastes in TME, such as lactate and kyn-
urenine, can also inhibit T cell function [197]. Acidification and hypoxia of TME
also impairs the proliferation and function of CTL [192, 196]. De novo FAS is criti-
cal for the development of effector T cells, while the generation and survival of
memory T cells need FAO and OXPHOS [198].

Naive T cells get energy from OXPHOS, fatty acid oxidation (FAO), and low
levels of glutaminolysis, whereas these cells need much more nutrient for activation
[191, 192, 198]. Therefore, activated T cells show enhanced glycolysis, PPP, and
glutaminolysis and decreased FAO (Table 5.2). Glycolysis is required for the func-
tions of effector T cells, while PPP and glutamine metabolism are involved in bio-
synthesis. Upon activation, signaling pathways involving PI3K-Akt, mTOR, HIF-1,
and c-Myc are triggered in CD8", Th1, Th2, and Th17 cells to promote the expres-
sion of key factors in nutrient metabolism, such as GLUT1, PDK1, and HK2 [191—
193, 198]. This in turn leads to further enhanced glycolysis and glutaminolysis. In
addition, the activated T cells exhibit a noncanonical Myc-dependent transcriptome
coupling glycolysis and glutaminolysis to polyamine biosynthesis to maintain T cell
proliferation [198, 199]. The mTOR activation regulates the balance between effec-
tor and memory T cells by modulating T-bet, a key transcription factor for Th1 cell
differentiation [200]. The energy sensor AMPK, activated by increased ratio of
AMP and ATP, nutrient deprivation, and anti-inflammatory cytokines (e.g., IL-4,
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IL-10, and TGFp), suppresses IFN-y and granzyme B production and induces
OXPHOS and glutamine-dependent mitochondrial metabolism in T cells to sup-
press T cell-mediated antitumor response [201, 202]. Tumor-derived oxysterol
induces LXR activation to inhibit neutrophil recruitment and DC migration,
switches on M2 polarization, and suppresses T cell response to aid tumor immune
tolerance [70].

The metabolism of amino acids, such as arginine, tryptophan, glutamine, and
cysteine, is important for TIL functions (Table 5.2). For example, deficiency of argi-
nine impairs protein synthesis in TILs, leading to reduced TIL activation [203, 204].
L-arginine metabolism is dependent on the activities of NOS and ARG. NOS con-
verts arginine to NO and citrulline, and ARG hydrolyzes arginine into urea and
ornithine. Administration of ARG and NOS-specific inhibitors can activate TILs
[205]. Mechanistically, NO can react with ROS to produce reactive nitrogen species
(RNS) such as peroxynitrite which induce lymphocyte anergy and apoptosis by
nitration of tyrosine residues or the mitochondrial permeability transition pore
(voltage-dependent anion channel) [184, 206]. Moreover, RNS modifies chemo-
kines such as CCL2, by nitration or nitrosylation, to inhibit T cell infiltration into
the tumor. Indeed, drugs targeting nitration in TME induce T cell infiltration [207].
Effector CD8* T cells can also impair the CAF-mediated chemoresistance by inhib-
iting cysteine and glutathione metabolism in fibroblasts [208], suggesting a novel
intersection for combined chemotherapy and immunotherapy in cancer treatment.

As mentioned earlier, tryptophan deprivation in TME contributes to tumor pro-
gression. IDO, the rate-limiting enzyme in tryptophan metabolism, inhibits the pro-
liferation of effector T cells by depleting tryptophan in the TME [209, 210]. IDO is
mainly expressed in mesenchymal cells, such as ECs, macrophages, and DCs.
Tumor cells also express IDO upon IFN stimulation [211, 212]. By metabolizing
tryptophan, IDO leads to the release of kynurenine. The reduction of tryptophan and
the increase of kynurenine synergistically inhibit the activation and proliferation of
antitumor T cells [209]. Therefore, IDO upregulation in cancer patients correlates
with impaired T cell accumulation, proliferation, and function and poor prognosis.
Agents inhibiting IDO, such as INCB024360 and 1MT, can promote the antitumor
T cell function [209, 213].

A recent study revealed a new mechanism that cholesterol metabolism regulates
the antitumor responses of CD8" T cells [214]. Cholesterol is abundant in the plasma
membrane, which is key for the TCR clustering and immunological synapse forma-
tion. The deficiency of ACATI, a key cholesterol esterification enzyme, led to
potentiated effector function and proliferation of CD8* T cells. However, ACAT
knockout in CD8* T cells could not affect the glycolysis, OXPHOS, and FAO levels.
Inhibition of PD-1 did not alter the expressions of ACAT1 and other cholesterol
esterification genes. Combination of anti-PD-1 antibody and ACAT inhibition syn-
ergistically blunted the tumor development.

Tregs are generally divided into natural regulatory T cells (nTregs, CD4*CD25%)
and induced regulatory T cells (iTregs, CD4*CD257), both of them express Foxp3.
They express IL-10, TGFf, and IL-2 receptor a-chain (CD25), but do not produce
IL-2. Tregs suppress immune response and T cell activation through cell-cell inter-
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action and cytokines [215, 216]. Tregs are present in various tumors and play an
immunosuppressive role. AhR-enhanced IDO1 and kynurenine mediate Treg gen-
eration [217], while mTOR activation inhibits Treg development [218]. Thus the
elimination of Tregs in the TME, to some extent and excluding in colorectal cancer,
inhibits tumor growth. The function of regulatory T cells (Tregs) is not affected by
lactic acid and acidic environment. Of interest, Tregs favor OXPHOS, FAO, and
activated AMPK for the nutrient metabolism (Table 5.2) [218-220]. Hence they
survive well in the nutrient-deprived TME. Moreover, the HIF-1 upregulation in the
hypoxic TME promotes Treg expansion [221]. Interestingly, HIF-1 shows an impor-
tant metabolic checkpoint for the differentiation of Tregs or Th17 cells [222].

Th17 cells are a newly discovered class of T helper cell subsets. Naive CD4* T
cells preferentially differentiate to Th17 under the stimulation of TGFf and IL-6. In
addition, IL-23 is a key factor for the maintenance and expansion of Th17 cells
[223]. Recent studies found that the presence of Th17 in the TME antagonizes the
IFN-y-producing Thl cells to favor tumor growth [224]. Th17 cells also rely on
glycolysis and FAS for differentiation and activation [225] (Table 5.2).

5.3.11 B Cells

By producing antibodies and immune complexes, B cells can regulate the functions
of myeloid cells to promote tumor growth. It has been reported that c-Myc, but not
HIF-1, mediates LPS and antigen-stimulated activation of B cells and triggers the
glycolysis and mitochondrial metabolic activity. Tumor cells express BAFF which
can also induce the glycolysis and antibody production of B cells by a GLUT1-
dependent manner [226]. Therefore, metabolic reprogramming of B cells will be
also of interest to be investigated to better understand the immunoediting in tumor
progression.

5.4 Clinical Diagnostic and Therapeutic Applications

5.4.1 PET/CT and PET/MRI

Cancer cells favor glycolysis to metabolize glucose, regardless of oxygen tension,
which is termed as Warburg effect. Anaerobic glycolysis (fermentation) is more
rapid but less efficient than OXPHOS to generate ATP. This process produces lac-
tate and contributes to immunosuppression. At present, Warburg effect has offered
an opportunity to diagnose and monitor therapy response in many clinical cancers.
Position emission tomography-computed tomography/magnetic resonance imaging
(PET/CT or PET/MRI) is a clinical imaging technique combining PET and CT/MRI
[227-230]. PET imaging shows the spatial distribution of metabolic activity
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(especially the Warburg effect), while CT/MRI precisely aligns the anatomic imag-
ing. PET with distinct radiotracers can evaluate altered metabolisms of glucose,
fatty acids, amino acids, and other cancer markers. Hence, molecular imaging with
PET is very precise for detection and directing therapy and has been applied widely
in several cancer types.

5.4.2 PD-LI1, PD-1, CTLA-4, and IDO

Recent breakthrough in cancer immunotherapy based on the clinical application of
monoclonal antibodies targeting T cell immune checkpoints, including PD-1 and
CTLA-4, clearly demonstrates the significance of effector T cell activation in anti-
tumor response [231]. PD-L1:PD-1 and CTLA-4 signaling dampens antitumor
responses. The expression of PD-L1, a key immune checkpoint, can be induced by
hypoxia in tumor-associated DCs. PD-L1 is a target gene of HIF-1 and NF-kB, two
central transcriptional factors in hypoxic responses. PD-L1/PD-1 pathway inhibits
glycolysis and promotes FAO and lipolysis to mediate T cell metabolic reprogram-
ming [232-234]. Of interest, PD-1 is also expressed in cancer cells such as mela-
noma cells. Activation of melanoma-PD-1 promotes tumor progression by mTOR
pathway [235]. Preclinical data suggested that inhibition of PD-1 and prostaglandin
E synthases synergistically promotes tumor eradication [236]. Therefore, it has
been proposed to use PD-1 as a radiolabeled PET imaging tracer to efficiently dis-
tinguish PD-L1-positive and PD-L1-negative tumors.

CTLA-4 is a target gene of Foxp3 and has a major role in enhancing Treg activity
and suppressing T helper cells [237]. IDO activity can be induced by CTLA-4 in
plasmacytoid DCs via reversing CD80 signaling [238]. The increase of IDO, PD-L1,
and CTLA-4 in the peripheral blood of cancer patients correlates with advanced
disease and poor outcome, independent of the stages of cancer [239, 240]. Therefore,
combination treatments targeting several of these markers to modulate metabolisms
in immune cells may have a synergistic effect.

5.4.3 CAR-T

Cancer immunotherapy based on the adoptive transfer of autologous T cells has
shown promising efficacies. Chimeric antigen receptor (CAR)-T cells have been
used to exert potent antitumor effect [241, 242]. CARs consist of cytoplasmic
domain of the Fc receptor y chain or CD3{ modules and that of costimulatory cyto-
plasmic domains such as CD28, 4-1BB, and ICOS [243]. Little is known about the
metabolic reprogramming of CAR-T cells. As described in the above section, naive
and memory T cells rely on fatty acid oxidation, while activated effector T cells shift
to glycolysis and enhanced OXPHOS. A recent report showed that CD28 or 4-1BB
CD3{ CAR-T cells exhibited increased survival and proliferation, promoting
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central memory T cells. CD28-CD3{ CAR-T cells favored aerobic glycolysis, while
4-1BB-CD3{ CAR-T cells preferred FAO [243]. The choice of CAR impacted the
T cell metabolic reprogramming and differentiation, suggesting that modulating the
metabolism in T cells may also be important to enhance the antitumor effects of
CAR-T cells.

5.4.4 Drug Repositioning

Drug repositioning, also known as drug repurposing, re-profiling, re-tasking, or
therapeutic switching, is the application of known drugs and compounds to new
indications. It is an emerging and important application in drug development for
cancer therapy [244]. The computational approaches can enhance the efficiency and
success rates, particularly in terms of high-throughput shotgun repurposing. For
example, proton pump inhibitor (PPI) is an acid-activated drug that inhibits H/K--
ATPase to treat gastric cancer. PPI can synergistically modulate the acidic TME
with chemotherapy and improve chemoresistance [245, 246]. Terfenadine is a his-
tamine receptor H1 antagonist, which can prevent VEGF secretion from mast cells
in hypoxic microenvironment and induce ROS-mediated apoptosis and autophagy
of melanoma cells [247]. Simvastatin specifically inhibits HMG-CoA reductase so
that it restrains p53 mutation from activating mevalonate pathway for cholesterol
synthesis in breast and ovarian cancer cells [248]. System xc~ cystine/glutamate
antiporter, a heterodimer composed of the 4F2 heavy chain (SLC3A2) and the light
chain xCT, is a membrane amino acid transporter that mediates the exchange of
extracellular cystine and intracellular glutamate [249]. Sulfasalazine is a specific
inhibitor of xCT cystine transporter. It blocks the reduced GSH synthesis, leading to
oxidative stress in cancer cells, resulting in the suppression of NSCLC and gastric
tumor progression and breast cancer metastasis [249-251]. Metformin is an oral
drug used to treat type 2 diabetes mellitus by suppressing glucose production by the
liver [252]. Recently, metformin was reported to inhibit tumor progression and ame-
liorate the prognosis [253-255]. By inhibiting ATP-binding cassette subfamily G
member 1 (ABCG?2) and ectonucleotide pyrophosphatase/phosphodiesterase family
member 1 (ENPP1), metformin suppresses cancer cell chemoresistance to drugs
[256]. These drugs are being applied in clinical trials and show promising results.

5.4.5 Metabolism-Based Antiangiogenic Therapy

The current paradigm for anti-angiogenic therapy is to block VEGF and VEGFRs
[257]. However, the tumor cells can rely on other signaling pathways for pro-
angiogenesis. The hypoxic conditions caused by treatment often lead to the out-
growth of resistant tumor clones [258]. The EC metabolism requirement potentially
provides novel anti-angiogenesis therapeutic opportunities. Silencing PFKFB3 by
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3PO is capable to reduce EC glycolysis and vessel sprouting, without switching to
aerobic respiration [134]. More importantly, the effect of 3PO on glycolysis is
reversible, as normal sprouting was recovered after administration for 6 h in vivo
The moderate reduction in glycolysis by 3PO is sufficient for increasing the fraction
of quiescent ECs and reducing EC proliferation and migration [132, 133].
Combination of 3PO and VEGFR tyrosine kinase inhibitor SU5416 significantly
impaired angiogenesis, as compared with the optimal doses of any one of these
inhibitors alone [134]. In addition, 3PO is a chemotherapeutic agent to block tumor
proliferation [259]. Together these findings indicate that targeting tumor-associated
EC metabolism is a potential therapeutic strategy.

5.5 Concluding Remarks

The metabolism of cancer cells and immune cells in TME is instrumental for tumor
initiation, progression, and metastasis. The deprivation of nutrients from the envi-
ronment suppresses antitumor immune cells, such as CD8" T cells, M1 macro-
phages, and N1 neutrophils, promoting the differentiation and activation of
pro-tumor immune cells, including MDSCs, M2 macrophages, and Tregs [260,
261]. The extent to which metabolism pathways represent true vulnerabilities for
tumor development remains unclear. Targeting glycolysis, glutaminolysis, and FAO
has provided clinical benefits; the strategies integrating redox homeostasis and PPP
may also generate new opportunities [9, 10, 119].

The most serious challenge in reshaping the immune profiles in TME is to under-
stand the metabolic heterogeneity which is extremely complex depending not only
on tumor and immune cell types but also on tumor stages and etiology (Fig. 5.3).
Activation of signaling pathways including PI3K-Akt, mTOR, HIF-1, c-Myc,
etc. in tumor-associated immune cells regulates their metabolism for survival,
differentiation, and pro- or antitumor functions [10]. For example, HIF-1 activation
in cancer cells and immune cells may upregulate glycolytic metabolism and
enhance cancer-related inflammation during the initiation. In the tumor progression
stage, HIF-1 elevation in TAMs, TADCs, MDSCs, and Tregs contributes to
immunosuppression and angiogenesis by PD-L1 expression, lactate release, and
adenosine-adenosine receptor interaction that facilitate tumor growth [32, 46, 58,
60, 136, 221, 232, 233]. Other factors and molecules, such as noncoding RNAs,
complements, and coagulation-related factors, also regulate immune cell survival,
differentiation, and functions in TME [262-264]. However, whether and how these
molecules regulate metabolic reprogramming in tumor-associated immune cells
will be of interest to be investigated.

The metabolite exchange adds an essential dimension of heterogeneity in the
TME to contribute to tumor growth, metastasis and clinical resistance [12, 260, 261,
265]. Nonetheless, we posit that targeting the immune cell metabolism in TME in
addition to the traditional cancer therapies will lead to more precise and efficient
diagnosis and treatment of these fatal diseases.
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Fig. 5.3 Metabolic crosstalk between cancer cells and TME-immune cells
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Chapter 6
Regulation of Metabolism Across Different
Subsets of T Cells in Cancer

Xuerui Luo, Fuxiang Zhu, Zuojia Chen, Dan Li, and Bin Li

Abstract T cells play a critical role to defend against tumor and maintain immune
homeostasis. The diverse functions of T cells require precise regulation of meta-
bolic pathways. Recent studies reveal that metabolic changes are tightly linked to
the activation and function of T cells. Given the importance of these cells in tumor
progression, it is important to understand how the tumor microenvironment regu-
lates metabolism of T cells and how the metabolic reprogramming of T cells affects
tumor growth. Here, we review new findings and discuss how metabolic reprogram-
ming of different types of T cells affects the immune response in tumors.
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Inflammation and infiltration of leukocytes are a vital event during tumor progres-
sion. The immune cells that can be found in the tumor include those from the innate
immune system as well as those from the adaptive immune system. While many
types of immune cells (B cells, NK cells, and dendritic cells) regulate cancer pro-
gression, T cells are a major class of tumor-infiltrating lymphocytes. In fact, T cells
have been shown to affect survival, growth, and proliferation of cancer cells [1, 2].

Increasing evidence reveals significant changes in glucose, lipid, and amino acid
in T cells upon activation, highlighting the importance of metabolic reprogramming
in these cells. Metabolic reprogramming to accommodate proliferation and
adaptation to the immune microenvironment has also been well recognized in cancer
cells [3, 4]. However, it remains to be elucidated whether tumor-associated T cells
also undergo metabolic changes during tumor progression and how these alterations
regulate malignancy. Here, we review current understanding of T cell metabolism in
the tumor microenvironment to improve future design of immunotherapies.

6.1 Metabolism in Cancer Cells

6.1.1 Glycolysis

Otto Heinrich Warburg, the recipient of the 1931 Nobel Prize in Physiology, pio-
neered cancer metabolism research. Thus, the observation that tumor cells have a
high rate of glycolysis despite the absence of oxygen is today known as the Warburg
effect. The conversion from mitochondrial oxidative phosphorylation to glycolysis
provides both energy (due to high consumption of glucose) and metabolic interme-
diates that are used by the tumor cells for growth and proliferation [4, 5]. This
switch is also useful to survival in the hypoxic tumor microenvironment. It has been
reported that a key mechanism in this process involves the activation of the tran-
scription factor hypoxia-inducible factor 1 (HIF1) through the phosphoinositol
3-kinase (PI3K)-AKT signaling pathway. HIF1 induces the expression of glycolytic
genes such as glucose transporter-1 (GLUT1), monocarboxylate transporter 4
(MCT4), and lactate dehydrogenase A (LDHA) through cooperation with other
transcription factors or oncogenes (c-Myc, Octl, p53) [6].

6.1.2 Lactate Metabolism

Lactate, which is a product of glycolysis, accumulates in the tumor microenviron-
ment. High levels of lactate have been observed to increase cancer cell stemness,
migration, and metastasis. Lactate also induces the expression of transforming
growth factor (TGFf), hyaluronic acid, and CD44, which are crucial for tumor
progression.

Lactate also affects immune cells through inhibition of p38 and JNK/c-Jun
signaling-dependent proliferation, cytokine production, and activity of cytotoxic T


https://en.wikipedia.org/wiki/Nobel_Prize_in_Physiology_or_Medicine

6 Regulation of Metabolism Across Different Subsets of T Cells in Cancer 199

lymphocytes (CTL) [7]. Recently, Claudio Mauro’s lab showed that extracellular
sodium lactate and lactic acid inhibit the motility of CD4* and CD8* T cells via sub-
type-specific transporters (Slc5al2 and Slcl6al, respectively). Sodium lactate-
mediated inhibition of CD4* T cell motility is caused by disruption of glycolysis,
while lactic acid effect on CD8* T cell motility is independent of glycolysis. More
importantly, sodium lactate induces Th17 differentiation through the induction of
IL-17, whereas lactic acid causes the loss of the cytolysis function in CD8+ T cells [8].

6.1.3 Other Metabolites

Glutamine, the most abundant amino acid, is also important for tumor cell prolifera-
tion. Glutaminolysis, which describes the conversion of glutamine to glutamate or
lactate, is high in tumor cells. In fact, the oncogene c-Myc has been shown to upreg-
ulate glutaminolysis in tumor cells [4, 5].

Lipid metabolic network contains import or export of lipids, fatty acid p-oxidation
(FAO) pathway, and de novo synthesis pathways (e.g., lipogenesis and cholesterol
synthesis). Fatty acids supply more than twice as much ATP per mole to cells com-
pared with glucose or amino acids. Many cancer cells show strong uptake and syn-
thesis of lipids, such as prostate adenocarcinoma and diffuse large B cell lymphoma.
Furthermore, fatty acid oxidation seems to help cancer cells survive during tumor
regression. In KRAS-driven pancreatic cancer model, mitochondrial respiration
highly affects tumor cell regression [3, 4, 9]. Besides, increased monoacylglycerol
lipase (MAGL) in tumor cells is associated with pro-tumorigenic growth. [10]
Collectively, metabolic reprogramming of tumor cells is a critical characteristic of
tumor progression [4, 5].

6.2 Metabolism in T Cells

As key players in the adaptive immune response, T cells can be divided into CD4*
and CD8" subsets. Activated CD4* T cells differentiate into different subtypes of
effector cells and induced regulatory T cells (iTreg) to regulate tumor growth. There
are several subtypes of effector T cells: Th1 cells activate CTL, macrophages, and
NK cells to induce an anti-tumor response through secretion of cytokine interferon-
gamma (IFNy), tumor necrosis factor (TNF), and IL-2; Th2 cells limit CTL prolif-
eration through IL-10, IL-4, and IL-5; Th17 cells can promote or inhibit tumor
progression in different conditions dependent on IL-17; and regulatory T cells
(Treg) promote tumor-induced immunosuppression through IL-10, TGFp, or inhibi-
tory receptors [11]. CD8" T cells, on the other hand, promote tumor cell lysis
through perforin, granzymes, and Fas-Fas ligand-mediated initiation of apoptosis
[5]. Changes in T cell metabolism during activation and differentiation have been
studied extensively, and we summarize established findings as below (Fig. 6.1).



200 X. Luo et al.

_—{(Ghut1)
Glucose Glucose
hél‘; /
=
S/
.;:; f
{
'-"r N PATP
Lactate Lactate «— Pyruvate
ety
= (PDK ) — (PDH)
e N

3 Ry 3
.. FAO [AcetyF : | (g
Fatty acid —— CoA ( TCA |

Fig. 6.1 The regulatory network of metabolisms in T cells

6.2.1 Naive T Cells

Quiescent naive T cells utilize oxidative phosphorylation, mitochondrial fatty acid
B-oxidation (FAO), and little glutamine metabolism to maintain viability. Although
naive T cells have low metabolic requirements, the migration and maintenance of
naive T cells in secondary lymphocyte organs still require ATP consumption.

Survival of naive CD4* T cells is maintained, in part, by interleukin-7 (IL-7) -
interleukin-7 receptor (IL7R) signaling. Glucose uptake through Glutl is essential
for survival of naive cells, and IL-7/IL7R signaling through PI3K/Akt/mTOR
increases the expression and translocation of Glut1 to the cell surface [12—14]. IL-7/
IL7R signaling through JAK3 and PI3K/Akt pathways also promotes phosphoryla-
tion and activation of STATS. Activated STATS translocates to the nucleus, where it
upregulates expression of genes necessary for survival and proliferation of T cells
[14]. Forkhead box P1 (Foxpl) and forkhead box protein Ol (Foxol) are also
important in this signaling pathway. By antagonizing the enhancer of IL-7Ra sig-
naling - Foxol - Foxpl keeps naive T cells in quiescent state [15]. Direct signaling
through the TCR also increases cell-surface expression of Glutl to promote glucose
uptake [16].
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6.2.2 Effector T Cells

Upon activation, metabolic reprogramming of naive T cells is required to support
rapid proliferation [4]. Increased OXPHOS, rate of glycolysis in comparison to rate
of OXPHOS, glutaminolysis, and decreased FAO are all observed during activation.
Although OXPHOS provides ATP to support T cells’ proliferation, glycolysis gen-
erates metabolic intermediates that can be shuttled to produce macromolecules nec-
essary for effector function and proliferation. For instance, metabolic switch from
primarily OXPHOS to OXPHOS and aerobic glycolysis is required for secretion of
cytokines like IFN-y and IL-2 (which are important for anti-tumor responses) in
effector T cells [17]. Although glycolysis requires more glucose to yield the same
amount of ATP, it produces ATP much faster than OXPHOS. The importance of
glucose metabolism has been shown in the acute graft-versus-host disease (GvHD)
and inflammatory bowel disease (IBD) mouse model, where depletion of Glutl
inhibits growth, proliferation, survival, and differentiation of Teff cells, but does not
affect the suppressive function of Treg cells [18]. Therefore, glycolysis is necessary
to meet the metabolic demands of effector T cells [16].

TCR and CD28 signaling activate HIF1 and c-Myc through the PI3K/Akt/mTOR
pathway. In turn, increased c-Myc directly regulates key genes including Glutl,
LDHA, and PKM2 and amino acid transporters (SLC3A2, SLC5A1, SLC7A1)
involved in metabolism [19, 20]. Metabolism is also implicated in T cell differentia-
tion. It was recently reported that an increase in amino acid transporter ASCT2
promotes development of Th1, Th17, and overall inflammatory T cell response after
activation [21]. Similar to c-Myc, mTOR signaling is also critical for metabolic shift
from primarily OXPHOS to OXPHOS and glycolysis. mTOR signaling complexes
are composed of mTOR complex 1 (mMTORC1) and mTOR complex 2 (mTORC2).
mTORC1 Rheb-deficient T cells are unable to differentiate into Th1 or Th17 cells,
but Th2 cells persist. However, mMTORCI1 is also important in Th2 cell differentia-
tion. In mTORCI raptor-deficient T cells, Th2 differentiation was significantly
impaired; these T cells failed to generate IL-2 [22]. In turn, mMTORC2 rictor-deficient
T cells enhanced Th1 and Th17 but not Th2 differentiation after activation [23].
Apart from mTOR, Th17 cell differentiation is also dependent on HIF1 to induce
glycolysis; HIF-1 regulates expression of glycolytic genes to facilitate metabolic
changes in Th17 cells [24].

Recently, single-cell RNA sequencing is used to investigate the molecular mech-
anisms governing heterogeneity of T cells. Computational analysis of Th17 cells
isolated from the central nervous system (CNS) and lymph nodes (LN) at the peak
of autoimmune encephalomyelitis (EAE) or differentiated in vitro under either
pathogenic or nonpathogenic polarization conditions revealed elevation of genes
governing pathogenicity and disease susceptibility. These included Gpr65, Plzp,
Toso, and Cd5I/AIM. CD5L/AIM is expressed specifically in nonpathogenic Th17
cells. Loss of CD5L converted nonpathogenic Th17 cells into pathogenic cells that
induced autoimmunity. CD5L modulated the intracellular lipidome, altered fatty
acid composition, and restricted cholesterol biosynthesis. This suggests that lipid
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Fig. 6.2 Metabolic signaling programs in T cells

metabolism is important for balance of immune protection and autoimmunity in
Th17 cells. Altogether, metabolic-associated signaling (mTOR, TCR) and transcrip-
tion factors (c-Myc, HIF1) regulate the differentiation of effector T cells [25, 26]
(Fig. 6.2).

6.2.3 Regulatory T Cells

Unlike other effector T cells, Treg cells preferentially utilize adenosine
5-monophosphate (AMP)-activated protein kinase (AMPK)-driven FAO to fuel
their growth and suppressive function. Rapid proliferation of tumor cells and poor
vascularization create a nutrient-deprived tumor environment that impairs TCR sig-
naling, OXPHOS signaling, and overall anti-tumor immune responses. However,
Treg cells are less susceptible to such metabolic hurdles because they primarily
utilize FAO rather than glycolysis to survive [7].
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Studies also show that glycolysis is a key metabolic checkpoint during differen-
tiation of Th17 and Treg cells. Deficiency of hypoxia-inducible factor 1 (HIF1) in T
cells controls T cell differentiation through decreased HIF1-dependent glycolytic
pathway and altered mTOR signaling [27]. HIF-1 is a transcription factor that con-
sists of an oxygen-sensitive HIF-1a subunit and a constitutively expressed HIF-1b
subunit [28]. HIF-1a is hydroxylated at prolines (Pro) 402 and 564 sites by prolyl-
hydroxylases PHD2 under normal condition. Prolyl-hydroxylated HIF-1a is bound
by the von Hippel-Lindau (VHL) tumor-suppressor protein, which recruits the elon-
gin C-elongin B-cullin 2-E3-ubiquitin-ligase complex, leading to proteasomal deg-
radation of HIF-1a [29]. Hypoxia signal-induced HIF1 expression in Treg cells
promotes Treg cell plasticity through binding to FOXP3 and proteasome-mediated
degradation of FOXP3. HIF-1a-deficient mice exhibit impaired Th17 cell differen-
tiation and IL-17 production, however increased Treg cell percentage [30]. Besides,
the treatment with glycolysis inhibitor 2-deoxyglucose (2-DG) dampens develop-
ment of Th17 cells but promotes differentiation of Treg cells. It has also been
observed that inhibition of mTOR signaling with rapamycin promotes Treg devel-
opment but does not affect their function [31]. Raptor/mTORC, but not mMTORC?2,
promotes cholesterol and lipid metabolism to regulate expression of CTLA4 and
ICOS [32].

On the other hand, loss of tuberous sclerosis 1 (TSC1) in T cells (a negative regu-
lator of mTOR) enhanced Thl and Th17 and impaired Treg cell differentiation.
TSC1-null Foxp3* cells (transcription factor commonly used to identify Treg cells)
exhibited elevated IL-17 production, which was reversed by in-vivo knockdown of
the mTOR target S6K1. This suggests that TSC1 is important for the metabolic
changes that occur during development of naive CD4* T cells into Treg and Th17
cells [33].

AMPK acts as a sensor of nutrient stress and is important for the expansion of
Treg cells. AMPK mediates the metabolic reprogramming from glycolysis to
FAO. High phosphorylation of AMPK is seen in both nTreg and iTreg cells.
Furthermore, AMPK activator metformin (Met) promotes Treg cell expansion in
mice through Glutl and mTOR signaling pathway, suggesting Treg cells utilize dif-
ferent ratio of OXPHOS, glycolysis, and AMPK-driven FAO compared with other
effecter T cells [34].

Recently, glycolysis has also been identified to control the expression of the
Foxp3-E2 variant through the glycolytic enzyme enolase-1, which is important for
Treg function. The Foxp3-E2-related suppressive activity of iTreg cells is altered in
human autoimmune diseases, including multiple sclerosis (MS) and type I diabetes
(T1D). This is associated with impaired glycolysis and signaling via IL-2-STATS,
revealing that glycolysis is necessary for Treg cells to be able to perform their sup-
pressive functions [35]. Besides, FOXP3 also has been shown to be sufficient to
suppress glycolysis and promote oxidative metabolism. FOXP3-overexpressed
pro-B cells exhibit decreased ECAR, glucose uptake, and glycolytic rate, while
increased OCR. On the other hand, Toll-like receptor (TLR) signals promote gly-
colysis, proliferation of Treg cells through PI(3)K-AKT-mTOR signal, and enhanced
expression level of Glutl. However, TLR signals impair Treg cells’ suppressive
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Fig. 6.3 Effects of metabolism in Treg cell generation and function

function. Glutl transgenic mice show increased Treg cells but reduced FOXP3
expression level and impaired suppressive function, suggesting inflammatory sig-
nals and FOXP3 balance Treg cell proliferation and function [36] (Fig. 6.3).

6.2.4 Type I Regulatory T Cells

Type I regulatory T cells (Tr1 cells), a kind of FOXP3-negative regulatory CD4* T
cell, control inflammation through IL-10 production. The transcription factor aryl
hydrocarbon receptor (AHR) regulates expression of IL-10 and IL-21 in Tr1 cells.
Unlike Treg cells but similar to Teff cells, Tr1 cells favor glycolysis [37]. Aerobic
glycolysis controls Tr1 cell differentiation through HIF1-o and AHR. At early meta-
bolic reprograming of Trl cells, HIF1-a controls glycolysis. However, AHR pro-
motes HIF1-a degradation to regulate Trl cell metabolism at later time points.
Moreover, extracellular ATP (eATP) and hypoxia suppress Trl cell differentiation
through the induction of HIF1-a and inactivation of AHR. On the other hand, CD39
promotes Trl cell differentiation by limiting eATP level [37].

6.2.5 CD8'T Cells

CD8* T cells play an important role in the adaptive immune response to cancer.
Adoptive transfer of purified CD8" T cell populations has revealed that less differ-
entiated Tscms and Tcms (Tsem: stem memory T cells; Tcm: central memory T
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cells) and enhanced anti-tumor and anti-viral responses, due to increased prolifera-
tive and survival capacities [38, 39]. Thus, metabolic reprogramming of CD8* T
cells may be an important regulator of the anti-tumor response.

Upon activation and differentiation into effector T cells, naive CD8 T cells
divide. c-Myc has been reported to asymmetrically localize to the proximal daugh-
ter cell during division of activated CD8 T cells. This may be a mechanism to con-
trol proliferation, metabolism, and differentiation of CD8 T cells. Asymmetric
distribution of amino acids and mTORCI activity are required to sustain asymmet-
ric c-Myc levels in daughter T cells [40].

It has recently been elucidated that hypoxia regulates CDS8 cytotoxic T lympho-
cytes (CTL) through hypoxia-inducible factors (HIFs). Loss of the von Hippel-
Lindau tumor-suppressor VHL in CD8 T cells, the negative regulator of HIF, induces
HIF-dependent cell death after persistent infection. Increased HIF activity in VHL-
deficient mice upregulates glycolysis and effector and co-stimulatory molecule
expression, all of which enhance clearance of viruses and tumors [41].

6.2.6 Memory T Cell Metabolism

Generation of long-lived memory T cells after a primary immune response is now
beginning to be defined. After stimulation, CD8"-naive T cells differentiate into
effector T cells (Teffs) and distinct memory T cell subsets, including stem cell mem-
ory T cells (Tscms), central memory T cells (Tcms), and effector memory T cells
(Tems) [42]. Mitochondrial fatty acid oxidation (FAO) metabolism greatly contrib-
utes to the differentiation of memory T cells. In 2009, Erika L. Pearce et al. found
that tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) regulated
CD8 memory T cell development via fatty acid metabolism. TRAF6-deficient has
fewer CD8 memory cells and impaired fatty acid metabolism; this effect, however,
can be rescued by metformin. In vivo, metformin treatment protected TRAF6-
deficient mice after infection with L. monocytogenes and tumor challenge through
increased memory T cell generation [43].

While naive CD8* T cells primarily use fatty acid as a primary source of energy,
aerobic glycolysis is important for survival of long-term memory CD8* T cells. For
instance, overexpression of the glycolytic enzyme phosphoglycerate mutase-1
severely impaired the ability of CD8* T cells to form long-term memory. Conversely,
activation of CD8* T cells in the presence of an inhibitor of glycolysis, 2-deoxyglucose
(2-DG), enhanced generation of memory cells and anti-tumor response [44]. TRAF6
is specifically required for the formation of antigen-specific CD8" memory T cells.
The absence of TRAF6 in CD8" memory T cells is associated with decreased AMPK
activity, which reduces FAO [43]. In addition to TRAF6, a novel orphan protein
named lymphocyte expansion molecule (LEM) has been identified; it appears to
promote CD8 T cells’ response to chronic lymphocytic choriomeningitis virus
(LCMYV) infection. LEM regulates OXPHOS through interaction with CR6-
interacting factor (CRIF1) to promote the production of mitochondrial reactive
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oxygen species (mROS). Thus, it appears that LEM controls CTL expansion and
memory cell generation by increasing mROS production after activation [(45).]

Effector memory (EM) CD8 T cells experience increased glycolytic flux. To
begin, effector memory CD8 T cells exhibit distinct oxidative and glycolytic signa-
tures compared to naive T cells, such as increased glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) activity. Stimulation of T cell antigen receptor and CD28
induces a rapid glycolytic switch and IFNy production in EM CD8 T cells; these
events are dependent on Akt and mTORC?2 signaling [46].

6.3 Metabolism of T Cell in Diseases

The prospect of fine-tuning T cell metabolism to control immune responses in dis-
ease is attracting much attention to the field of immunometabolism. For instance,
glucose-deprived tumor microenvironment suppresses aerobic glycolysis of infil-
trating T cells. Glycolytic metabolite phosphoenolpyruvate (PEP) suppresses sarco/
ER Ca?*-ATPase (SERCA)-mediated ER calcium reuptake and modulates the Ca?*-
NFAT1 signaling in CD4+ T cells, suggesting the critical role of immune responses
in disease microenvironment [47]. The PGK1 enzyme transfers phosphate from 1,3-
BPG to ADP, generating 3-PG and ATP during glycolysis. Hypoxia induces ERK
activation and increases mitochondrial localization of PGKI1 in U87 cells through
the EGFR signaling pathway. Phosphorylated PGK1 (S203) (which was activated
by ERK) binds to PIN1 and the TOM complex to enter into mitochondria. In the
mitochondria, the phosphorylated PGK1 (S203) phosphorylates PDHKI1 at T338
site and activates PDHK1. Activated PDHKI1 inhibits PDH, a key enzyme in the
TCA cycle. This shunts the TCA cycle, but increases glycolysis and tumor cell pro-
liferation [48].

It appears that cholesterol metabolism is also important for modulation of anti-
tumor responses by CD8 T cells. A key cholesterol esterification enzyme - ACAT]1 -
appears to potentiate anti-tumor activity of CD8 T cells. ACAT 1 inhibitor avasimibe
alone or in combination with anti-PD-1 blocking antibody exhibits a good anti-
tumor effect in the murine melanoma model [49].

Monocytes and macrophages of patients with atherosclerotic coronary artery dis-
ease (CAD) produce excessive IL-6 and IL-1p, which are ROS dependent. In
patient-derived monocytes and macrophages, increased glucose uptake potentiates
ROS production, which - in turn - promotes dimerization of the PKM2 and enables
its nuclear translocation. Nuclear PKM2 phosphorylates STAT3 to induce IL-6 and
IL-1p production. On the other hand, reducing glycolysis or PKM2 tetramerization
dampens the pro-inflammatory phenotype of CAD macrophages [50].

In T cell acute lymphoblastic leukemia (T-ALL), the abnormal T cells exhibit an
increased rate of glycolysis compared to activated T cells; this is believed to be
important for the survival and proliferation of the T-ALL cells. Notch signaling
regulates glycolytic and mitochondrial metabolism by driving metabolic stress and
AMPK activation in T-ALL. AMPK signaling negatively controls mTORCI to
inhibit glycolysis in T-ALL and promote mitochondrial oxidative metabolism. Such
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regulation of complex I maintains T-ALL cell viability and allows disease progres-
sion [51].

Immunometabolism is a growing field with many discoveries remaining to be

had. Due to the critical role of metabolism in tumor-infiltrating lymphocytes, better
understanding of the pathways that regulate the proliferation, function, and differ-
entiation of these cells holds much promise for clinical translation. It is becoming
clear that metabolic reprogramming of immune cells can be exploited for therapeu-
tic purposes, but it is also important to consider effects that such treatments may
have on tumor cells themselves.
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Chapter 7
Innate and Adaptive Immune Cell Metabolism
in Tumor Microenvironment

Duojiao Wu

Abstract During an immune response, leukocytes undergo major changes in
growth and function that are tightly coupled to dynamic shifts in metabolic pro-
cesses. Immunometabolism is an emerging field that investigates the interplay
between immunological and metabolic processes. The immune system has a key
role to play in controlling cancer initiation and progression. Increasing evidence
indicates the immunosuppressive nature of the local environment in tumor. In tumor
microenvironment, immune cells collectively adapt in a dynamic manner to the
metabolic needs of cancer cells, thus prompting tumorigenesis and resistance to
treatments. Here, we summarize the latest insights into the metabolic reprogram-
ming of immune cells in tumor microenvironment and their potential roles in tumor
progression and metastasis. Manipulating metabolic remodeling and immune
responses may provide an exciting new option for cancer immunotherapy.

Keywords Immunometabolism ® Tumor microenvironment ¢ Dendritic cell ¢ T cell
* Macrophage

7.1 Introduction

As cancers edit and escape this initial immune detection, they also generate an
immunosuppressive microenvironment which restricts T-cell infiltration, activation,
and effector function both through direct repression (via cytokines, nutrients restric-
tion, etc.) and the recruitment of immunosuppressive populations [1].

Tumors display altered metabolism relative to benign tissues [2, 3]. The common
feature of this altered metabolism is the increased glucose uptake and fermentation
of glucose to lactate. This phenomenon is observed even in the presence of com-
pletely functioning mitochondria and, together, is known as the “Warburg effect”
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[4]. These changes support abnormal survival and growth of malignant cells by
providing energy, macromolecular precursors, and reducing equivalents [5].
Recently, increasing evidence indicates that cancer cells subvert the metabolic char-
acteristics of the tumor microenvironment to shape immune responses within
tumors [6]. Papers by Chang et al. [7] and Ho et al. [8] show that Warburg metabo-
lism enables tumor cells to restrict glucose availability to T cells, suppressing anti-
tumor immunity.

Immunometabolism is an emerging field of investigation dissecting the contribu-
tion of key metabolic pathways to immune cell development, fate, and behavior [9,
10]. The present article aims at understanding immune cells’ metabolism in tumor
microenvironment and its potential role in tumor progression and metastasis.
Characterizing the reciprocal metabolic interplay between immune and cancer cells
will provide a better understanding of treatment efficacy and resistance and also
help develop a new strategy for cancer immunotherapy.

7.2 Innate Cells in the Tumor Microenvironment

7.2.1 Macrophage

Tumor-associated macrophages (TAM) are among the most abundant inflammatory
cells in tumors. Within the same tumor, the coexistence of two distinct TAM sub-
populations has been shown, both derived from tumor-infiltrating inflammatory
monocytes: M2-like MHC-IT'" TAM that reside in the hypoxic regions of the tumor
and perform angiogenic, immunosuppressive, and protumoral activities and M 1-like
MHC-II"&" TAM that are present in the normoxic tumor regions and possess proin-
flammatory and antitumoral characteristics [11, 12]. Recent studies on intracellular
metabolism in macrophages provide new insights on the functioning of these criti-
cal controllers of innate and adaptive immunity [13, 14]. The metabolic reprogram-
ming of M1 and M2 has been summarized in Fig. 7.1.

7.2.1.1 Classically Activated Macrophages (M1)

M1 macrophage metabolism is characterized by aerobic glycolysis, fatty acid syn-
thesis, and a truncated tricarboxylic acid (TCA) cycle. Although the importance of
glycolysis in inflammatory activation of macrophages was first noted almost a cen-
tury ago, its biochemical and bioenergetic importance had not been appreciated
until recently. The activated M 1 macrophages have high rates of glucose and gluta-
mine uptake and lactic acid production. However, neither glycolysis nor glutami-
nolysis are necessary for ATP generation. The decreased respiration and a broken
TCA cycle of M1 macrophages lead to accumulation of succinate, citrate, and nitric
oxide (NO), which support the production of key M1 cellular products or act as
signals to alter immune function [15, 16]. The endogenous metabolites can adopt
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Fig. 7.1 Metabolic reprogramming of macrophages in tumor microenvironment. Macrophages in
a tumor microenvironment have been characterized as M1- and M2-polarized subtypes. In M1
macrophages, there is decreased respiration and a broken Krebs cycle, leading to accumulation of
succinate and citrate, which act as signals to alter immune function. Downstream of TLR signal-
ing, mitochondrial ROS (mROS) can also support the function of M1. In M2 macrophages, the
Krebs cycle and oxidative phosphorylation are intact and FAO is utilized. Type 2 cytokine, such as
IL-4, activates STAT6 transcription factor. Then STAT6 promotes the metabolic transition to oxi-
dative metabolism by inducing genes of FAO and mitochondrial biogenesis. In addition, STAT6
transcriptionally induces PGC-1f, PPARy, which synergize with STAT6 to enhance oxidative
metabolism.GLUT! glucose transporter 1, G6P glucose 6-phosphate, HIF-1a hypoxia-induced
factor la, IL-1p interleukin-1p, IL-4 interleukin-4, OXPHOS oxidative phosphorylation, Pyr pyru-
vate, PGC-1 PPARy coactivator-13, PPAR peroxisome proliferation-activated receptor, ROS
reactive oxygen species, STAT signal transducer and activator of transcription, TCA tricarboxylic
acid cycle, TLR Toll-like receptor, TNF tumor necrosis factor

regulatory roles that govern specific aspects of inflammatory response, as recently
shown for succinate, which regulates the proinflammatory interleukin-1p(IL-1p)
hypoxia-inducible factor-1a(HIF-1a) axis. Furthermore, Lampropoulou V et al.
[17] report that itaconate modulates macrophage metabolism and effector functions
by inhibiting SDH-mediated oxidation of succinate. Collectively, these studies
demonstrate that endogenous metabolite-derived signals might be important inte-
grators and effectors of host immunity in tumor microenvironment. Both the
increased mitochondrial oxidation of succinate via succinate dehydrogenase (SDH)
and an elevation of mitochondrial membrane potential combine drive mitochondrial
reactive oxygen species (ROS) production [13]. Blocking ROS production by
uncoupling mitochondria inhibits this inflammatory phenotype. Therefore, remod-
eling of the TCA cycle is a metabolic adaptation accompanying inflammatory mac-
rophage activation.
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7.2.1.2 Alternatively Activated Macrophages (M2)

The metabolic signature of M2 macrophages is characterized by fatty acid oxidation
(FAO) and an oxidative TCA cycle. Tumor-promoting M2 macrophages are induced
under the influence of interleukin-4(IL-4), IL-13, IL-10, and macrophage colony-
stimulating factor (M-CSF) and lack the cytotoxicity of M1 macrophages. M2 mac-
rophages appear to contribute to immune suppression through the production of
IL-10 and transforming growth factor-p (TGF-p) [18]. Myeloid-derived suppressor
cells are immature myeloid-lineage cells that also can be immunosuppressive in the
tumor microenvironment. Major mechanisms of suppression include the expression
and functional activity of arginase [19] and the nitrosylation of surface proteins on
infiltrating T cells, including the T-cell receptor (TCR) [20]. Gene expression profil-
ing studies of human melanoma have revealed arginase transcripts expressed in a
subset of non-T-cell-infiltrated tumors [21], so myeloid-derived suppressor cells
may be a component of the phenotype of T-cell exclusion.

Processes that drive the glycolytic switch in M1 macrophages are downregulated
in M2 macrophages. One example is that M1 macrophages express u-PFK2, an
isoform of phosphofructokinase-2 that is highly active, promoting glycolysis [15].
In contrast, M2 macrophages express a different isoform, PFK FB1, which is much
less active [22, 23]. Another example is that the activation of the key metabolic
regulator pyruvate kinase M2 (PKM?2) attenuated an LPS-induced proinflammatory
M1 macrophage phenotype while promoting traits typical of an M2 macrophage
[24]. The activation of PKM2 using two well-characterized small molecules,
DASA-58 and TEPP-46, inhibited LPS-induced HIF-1a and IL-1f, the important
genes involved in glycolysis. The mechanistic target of rapamycin complex
2(mTORC?2) operated in parallel with the IL-4Ra-signal transducer and activator of
transcription 6(Stat6) pathway to facilitate increased glycolysis during M2 activa-
tion via the induction of the transcription factor IRF4. IRF4 expression required
both mTORC?2 and Stat6 pathways, providing an underlying mechanism to explain
how glucose utilization is increased to support M2 activation [25].

Since macrophage metabolism is certainly connected to its functionality, meta-
bolic reprogramming of M2-like TAM might be a new strategy to repolarize TAM
toward an antitumoral phenotype and thus dampen tumor growth and metastasis.
Although a system-level understanding of TAM metabolism is currently absent and
rather limited, there is an emerging evidence that unraveling the TAM phenotype
might lead to the identification of alternative, novel targets for TAM-directed
intervention.

7.2.2 Dendritic Cell

Dendritic cells (DCs) display different phenotypes and activity in tumors and exhibit
distinct pro-tumorigenic and anti-tumorigenic functions. DCs are supposed to play
a key role in inducing and maintaining the antitumor immunity. However, their
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antigen-presenting function is jeopardized in tumor microenvironment. Under cir-
cumstance, DCs are polarized into tolerogenic phenotype with immunosuppressive
function, which limit antitumor activity of effector T cells (TE). The metabolic
switch of DCs from the anti-tumorigenic phenotype to the tolerogenic phenotype
has been summarized in Fig. 7.2.

7.2.2.1 Immunogenic DCs

Catabolic metabolism centered around mitochondrial oxidative phosphorylation
(OXPHOS) is associated with cellular longevity and quiescence of DCs, whereas
cellular activation and proliferation are accompanied by a switch to glycolytic
metabolism to support anabolic pathways needed for biosynthesis [26]. The phos-
phatidylinositol 3’-kinase/Akt(PI3K/Akt) pathway, which could be antagonized by
the adenosine monophosphate (AMP)-activated protein kinase (AMPK), is required
for DC maturation [27]. The switch from OXPHOS to glycolysis is a direct conse-
quence of TLR-induced inducible nitric oxide synthase (iNOS) expression that
through the production of NO poisons the mitochondrial respiratory chain in an
autocrine fashion [28]. Bart Everts et al. [29] found that DC glycolytic flux increased
within minutes of exposure to TLR agonists and that this served an essential role in
supporting the de novo synthesis of fatty acids for the expansion of the endoplasmic
reticulum and Golgi required for the production and secretion of proteins that are
integral to DC activation. Signaling via the kinases TBK1, IKKe, and Akt was
essential for the TLR-induced increase in glycolysis by promoting the association
of the glycolytic enzyme HK-II with mitochondria [29] (Fig. 7.2a).

7.2.2.2 Tolerogenic DCs

In contrast to immunogenic DCs, tolerogenic DCs favor OXPHOS and
FAO. Tolerogenic DCs, as opposed to immunogenic DCs, are maturation resistant
and express increased levels of immunoregulatory factors, important for controlling
regulatory T-cell (Treg) responses [30]. Proteomic analysis of human DCs treated
with immunosuppressive drugs dexamethasone and vitamin D3 revealed increased
expression of genes associated with mitochondrial metabolism and OXPHOS along
with enhanced tolerogenic phenotypes [31-33](Fig. 7.2b). The direct inhibition of
glycolysis in TLR-activated DCs favors the induction of forkhead box P3(Foxp3)-
expressing helper T cells [29]. Consistent with a role for peroxisome proliferator-
activated receptor gamma (PPARY) coactivator 1a(PGCla) in regulating DC
activation, resveratrol, a drug favoring catabolic metabolism through activation of
the histone deacetylase (HDAC) sirtuin 1, inhibits the expression of hypoxia-
inducible factor 1a(HIF1a) and enhances PGCla expression in DCs, which render
these cells more tolerogenic phenotypes [34-37].

Plasmacytoid dendritic cells (pDCs) are a distinct lineage of DCs that are more
specialized for cytokine production, particularly type I interferon (IFN) production.
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Fig. 7.2 Metabolic reprogramming of dendritic cells in tumor microenvironment. Metabolic
switch from anabolic metabolism to catabolic metabolisms consistent with DC function transfer-
ring from immunogenicity to tolerogenicity. (a) Demonstrates activated DCs that need metabolic
reprogramming to provide the bioenergetic and biosynthetic support. The PI3K/Akt/mTOR path-
way, which could be antagonized by the AMPK, is required for DCs maturation. Signaling via the
kinases TBK1, IKKe, and Akt was essential for the TLR-induced increase in glycolysis by promot-
ing the association of the glycolytic enzyme HK-II with mitochondria. Acetyl-CoA converted from
citrate is a major acetyl donor for the acetylation pathway. (b) Illustrates that catabolic metabolism
centered around OXPHOS is associated with cellular longevity and quiescence of DCs. Enhances
catabolic metabolism through activation of the histone deacetylase (HDAC) sirtuin 1,inhibits the
expression of hypoxia-inducible factor 1a(HIF1a), and upregulates PGCla expression in DCs. In
contrast to immunogenic DC, autophagy and the oxidation of fatty acids and glutamine render these
cells more tolerogenic phenotypes. AMPK AMP-activated protein kinase, ATP adenosine triphos-
phate, ACC acetyl-CoA carboxylase, ACL ATP citrate lyase, AKT protein kinase B, FAS fatty acid
synthesis, GLUTI glucose transporter 1, G6P glucose 6-phosphate, HK hexokinase, LDH lactate
dehydrogenase, mTOR mammalian target of rapamycin, PDH pyruvate dehydrogenase, PDK pyru-
vate dehydrogenase kinase, Pyr pyruvate, PGC-1 PPARy coactivator-1, TBK! TANK-binging
kinase 1, IKKe inhibitor of nuclear factor-kB kinase subunit-, TCA tricarboxylic acid cycle
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In vivo pDCs depletion delayed tumor growth, showing that tumor-associated pDC
provides an immune-subversive environment, most likely through Treg activation,
thus favoring tumor progression [38]. Wu et al. [39] recently report that through an
autocrine type 1 IFN receptor-dependent pathway, induced changes in pDCs of cel-
lular metabolism are characterized by increased FAO and OXPHOS. Direct inhibi-
tion of FAO and of pathways prevented full pDC activation [39].

How the effects of fatty acid synthesis differ so markedly in DCs isolated from
tumors compared with those TLR-activated DCs is an important unanswered ques-
tion. However, scientists speculate that accumulated fatty acids are supporting FAO
and therefore tolerogenicity in the cancer setting [40]. These adaptations allow
tolerogenic DCs a metabolic advantage in low-glucose, lactate-rich environments;
they resist suppression of DCs function and proliferation in competition of
nutrients.

7.3 Adaptive Cells in Tumor Microenvironment

Among the tumor-infiltrated lymphocytes (TILs),T cells are the most abundant cells
[41]. CD8* T cells have a central role in antitumor immunity, but their activity is
suppressed in the tumor microenvironment. Reactivating the cytotoxicity of CD8* T
cells is of great clinical interest in cancer immunotherapy.

7.3.1 Effector T Cells(TE)

Most tumor cells express antigens that can mediate recognition by host CD8" T cells
[41]. Resting CD8* T cells undergo dynamic shifts in cell metabolism and switch
from an oxidative metabolism to aerobic glycolysis upon activation. This transition
is essential to support growth and differentiation into cytotoxic T cells capable of
dividing every 6-8 h and of producing inflammatory cytokines and the cytolytic
granules perforin and granzyme-B [42]. Chang et al. [7] report that glucose con-
sumption by tumors metabolically restricts T cells, leading to their dampened
mTOR activity, glycolytic capacity, and IFN-y production. Targeting aerobic gly-
colysis in the tumor has increased the supply of glucose to TILs, thus boosting their
effector function. The checkpoint blockade antibodies against CTLA-4, PD-1, and
PD-L1 restore glucose in tumor microenvironment, permitting T-cell glycolysis and
IFN-y production [7](Fig. 7.3). Recently, Ho et al. [8] uncovered the glycolytic
metabolite phosphoenolpyruvate (PEP) as a new metabolic checkpoints for T-cell
activity. PEP plays an important role in sustaining T-cell receptor-mediated Ca2*-
nuclear factor of activated T cell (NFAT) signaling and effector functions by repress-
ing sarco/ER Ca2*-ATPase (SERCA) activity. Together these data suggest that both
nutrients and substrates concentration in a local microenvironment can have a
marked impact on immune cell function.
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Fig. 7.3 Metabolic reprogramming of T lymphocytes in tumor microenvironment. Upon activa-
tion, lipid oxidation is downregulated in resting T cells, and glycolysis increases along with gluta-
mine oxidation, in order to produce biosynthetic precursors required for rapid cell growth and
proliferation. The checkpoint blockade antibodies against CTLA-4, PD-1, and PD-L1, which are
used clinically, restore glucose in tumor microenvironment, permitting T-cell glycolysis and IFN-y
production. At the end of an immune response, the cells that survive to become memory T cells
revert back to lipid oxidation with increased capacity for efficient energy generation. The mTOR
pathway plays a key role in these metabolic shifts. Mechanistically, rapamycin treatment reduced
mTORCI activity and led to increased AMPK phosphorylation that correlated with an increased
ability of CD8* T cells to perform lipid oxidation. AMPK AMP-activated protein kinase, ATP
adenosine triphosphate, CTLA-4 cytotoxic T-lymphocyte-associated protein 4, GLUTI glucose
transporter 1, G6P glucose 6-phosphate, mTOR mammalian target of rapamycin, PD-I pro-
grammed cell death protein 1, PDL-1 programmed death-ligand 1, Pyr pyruvate, TCA tricarbox-
ylic acid cycle

The lipid requirements of membrane synthesis are essential for TE function as
well. Inhibiting cholesterol esterification in CD8*T cells led to potentiated effector
function and enhanced proliferation [42, 43]. Inhibiting cholesterol esterification
increases the plasma membrane cholesterol level of CD8*T cells, which causes
enhanced T-cell receptor clustering and signaling as well as more efficient forma-
tion of the immunological synapse [43, 44]. Sterol regulatory element-binding pro-
tein (SREBP) is another critical target for meeting the heightened lipid requirements
of membrane synthesis during blastogenesis [45].

TE function has been regulated by transcriptional or posttranscriptional mecha-
nisms. Aerobic glycolysis (the Warburg effect) is a metabolic hallmark of activated
T cells and has been implicated in augmenting effector T-cell responses, including
expression of the proinflammatory cytokine IFN-y, via 3’ untranslated region
(3’UTR)-mediated mechanisms [46]. Another study shows that lactate dehydroge-
nase A (LDHA) is induced in activated T cells to support aerobic glycolysis but



7 Innate and Adaptive Immune Cell Metabolism in Tumor Microenvironment 219

promotes IFN-y expression independently of its 3'UTR. Instead, LDHA maintains
high concentrations of acetyl-coenzyme A to enhance histone acetylation and tran-
scription of Ifng. Ablation of LDHA in T cells protects mice from immunopathol-
ogy triggered by excessive IFN-y expression or deficiency of regulatory T cells [47].

T-cell exhaustion is characterized by the stepwise and progressive loss of T-cell
functions [1]. The exhausted T cells acquired a distinct metabolic profile from that
of TE and TM cells. Two related studies by Bengsch et al. [48] and Scharping et al.
[49] indicate dysfunctional mitochondria are identified as a key correlate of CD8*
T-cell exhaustion. PD-1 pathway blockade resulted in transcriptional rewiring and
reengagement of effector circuitry in the exhausted CD8* T cells’ epigenetic land-
scape [50]. Manipulating glycolytic and mitochondrial metabolism might enhance
checkpoint blockade outcomes [51].

7.3.2 Memory T Cell (TM)

A successful immune response relies not only on the ability of T cells to extensively
proliferate and attain effector function but also to form long-lived memory T cells
that can respond again to future antigen encounter. There is intense interest in
understanding how long-lived cellular immunity is generated. CD8* cytotoxic T
cells further differentiate into long-lived quiescent memory CD8* T cells (TM). TM
cells require efficient energy generation to support basic cellular functions and pre-
vent cell death [52, 53]. Pearce et al. reported that CD8*TM cells possessed substan-
tial mitochondrial spare respiratory capacity (SRC). SRC is the extra capacity
available in cells to produce energy in response to increased stress or work and as
such is associated with cellular survival. The mTOR pathway plays a key role in this
metabolic remodeling. Tumor necrosis factor (TNF) receptor-associated factor 6
(TRAF6), an adaptor protein in the TNF-receptor and interleukin-1R/Toll-like
receptor superfamily, is known to be required for the transition from effector to TM
cells [52, 53]. TM cells express high levels of the mitochondrial lipid transporter-
carnitine palmitoyltransferase la (CPTla), and retroviral CPTla expression
enhanced CD8* TM generation in an adoptive transfer model.

Mitochondrial dynamics underlies TM fate. TE cells have punctate mitochon-
dria, while TM cells possess fused networks. By altering cristae morphology, fusion
protein Opal and fusion in TM cells are required for electron transport chain (ETC)
complex associations favoring OXPHOS and FAO [54]. Enforcing fusion in TE
cells imposes TM cell characteristics and enhances antitumor function. Thus,
targeting mitochondrial dynamics may offer a novel adjuvant strategy to therapeuti-
cally influence cancer therapy.

Elevating L-arginine levels induced global metabolic changes including a shift
from glycolysis to oxidative phosphorylation in activated T cells and promoted the
generation of central memory-like cells endowed with higher survival capacity and,
in a mouse model, antitumor activity [55]. During the process, three transcriptional
regulators (BAZ1B, PSIP1, and TSN) sensed L-arginine levels and promoted T-cell
survival [55].
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7.3.3 Regulatory T Cells (Treg)

Treg cells respond to immune and inflammatory signals to mediate immunosuppres-
sion. The evidences show maintaining lineage and survival integrity of Treg cells
require simultaneous response to both environmental signals and metabolic homeo-
stasis [56, 57]. Treg cell-specific deletion of Atg7 or Atg5, two essential genes in
autophagy, leads to loss of Treg cells and greater tumor resistance. Mechanistically,
autophagy deficiency upregulates metabolic regulators mTORCI1 and c-Myc and
glycolysis, which contribute to defective Treg function. Furthermore, mTORC1 acts
as a fundamental “rheostat” in Treg cells to link immunological signals from TCR
and IL-2 to lipogenic pathways and functional fitness and highlight a central role of
metabolic programming of Treg cell suppressive activity in immune homeostasis
and tolerance [57].

Tissues with low-glucose and high-lactate concentrations frequently require
immune responses to be more pro-tolerant, avoiding unwanted reactions against
self-antigens or commensal bacteria. Angelin et al. report that the Treg transcription
factor Foxp3 reprograms T-cell metabolism by suppressing Myc and glycolysis,
enhancing OXPHS, and increasing nicotinamide adenine dinucleotide oxidation
[58]. These adaptations allow Tregs a metabolic advantage in low-glucose, lactate-
rich environments. This metabolic phenotype may explain how Tregs promote
peripheral immune tolerance during tissue injury but also how cancer cells evade
immune destruction in the tumor microenvironment.

Why do TE, TM, and Treg cells adopt markedly different types of metabolism
upon activation? One possibility is that the shift to glycolysis in TE may be opti-
mally suited to the rapid, short-term bursts of activation that are required at sites of
infection or inflammation, whereas FAO in TM may be better able to energetically
support cell survival, as T cells continue to fight virus infection or tumors over a
long time period. Understanding T cells metabolism may therefore lead to novel
approaches for selective immune modulation in cancer and autoimmune diseases.

7.4 Remaining Questions and Bottleneck

Intense ongoing investigation of immune cell metabolism is yielding an exponen-
tially growing amount of information. Armed with new information and a compre-
hensive understanding of how metabolism dictates immune cell fate, researchers
may discover novel therapeutic strategies for treatment of tumor. For example, as
we discussed in Sect. 7.3, the long-term survival and antitumor immunity of adop-
tively transferred CD8*T cells is dependent on their metabolic fitness. Scientists
utilized a lipophilic cationic dye tetramethylrhodamine methyl ester (TMRM) to
identify and isolate metabolically robust T cells based on their mitochondrial mem-
brane potential (A¥m) [59]. Transfer of these low-AWm T cells was associated with
superior long-term in vivo persistence and an enhanced capacity to eradicate
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established tumors compared with high-AWm cells. The use of AWm-based sorting
to enrich for cells with superior metabolic features was observed in CD8* and CD4*
T-cell subsets.

At present, there are still obvious obstacles in reaching clinically effective con-
clusions about immunometabolism in tumor: the vast metabolic heterogeneity
within a tumor and the lack of metabolic resemblance between tissue culture and
in vivo conditions [60]. The in vitro studies performed cannot faithfully recapitulate
the conditions of tumor local environment [61]. Therefore, the use of a reductionist
approach to investigations, by focusing on specific nutrients, can produce mislead-
ing information which hampers reaching further conclusions. As a starting point,
developing standardized techniques allowing assessment of the metabolism of
human physiology is critical.
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