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Abstract

Fundamental metabolic pathways are essential for mammalian cells to provide energy, precursors
for biosynthesis of macromolecules, and reducing power for redox regulation. While dysregulated
metabolism (e.g., aerobic glycolysis also known as the Warburg effect) has long been recognized
as a hallmark of cancer, recent discoveries of metabolic reprogramming in immune cells during
their activation and differentiation have led to an emerging concept of ““mmunometabolism.”
Considering the recent success of cancer immunotherapy in the treatment of several cancer types,
increasing research efforts are being made to elucidate alterations in metabolic profiles of cancer
and immune cells during their interplays in the setting of cancer progression and immunotherapy.
In this review, we summarize recent advances in studies of metabolic reprogramming in cancer as
well as differentiation and functionality of various immune cells. In particular, we will elaborate
how distinct metabolic pathways in the tumor microenvironment cause functional impairment of
immune cells and contribute to immune evasion by cancer. Lastly, we highlight the potential of
metabolically reprogramming the tumor microenvironment to promote effective and long-lasting
antitumor immunity for improved immunotherapeutic outcomes.
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Introduction

The profound effect of metabolic alterations in cancer cells on disease development is well
established and metabolic reprogramming is now considered one of the hallmarks of cancer
(Cairns, Harris, & Mak, 2011; DeBerardinis & Thompson, 2012; Galluzzi, Kepp, Vander
Heiden, & Kroemer, 2013; Hanahan & Weinberg, 2011). However, the metabolic
modulation of the immune system is not well defined. There is growing interest in the
emerging role of “immunometabolism” as an important regulator of the fate and function of
immune cells (Barton & Medzhitov, 2002; Ganeshan & Chawla, 2014; Grohmann & Bronte,
2010; Lochner, Berod, & Sparwasser, 2015; Pearce & Pearce, 2013). The changes in key
metabolic programs within immune cells are now known to be triggered not only by
nutrients or oxygen conditions, but also by immune signals (O’Neill & Pearce, 2016). It is
apparent that, other than energy production and biosynthesis, distinct metabolic pathways
can govern the phenotype and function of immune cells.

Recent advances in the field of cancer immunotherapy have generated new powerful
modalities for cancer management (e.g., immune checkpoint blockade, T cell therapy, and
cancer vaccines) and are beginning to re-shape the landscape of cancer therapy (Guo et al.,
2013; Hodi et al., 2010; Kantoff et al., 2010; Pardoll, 2012; Wang, Zuo, Sarkar, & Fisher,
2011). The immune checkpoint inhibitors (ICIs) that bolster antitumor immunity are now
FDA approved for the treatment of a broad spectrum of cancers, culminating in
unprecedented responses in patients with several types of advanced diseases (Ribas &
Wolchok, 2018). However, a substantial number of patients fail to respond to these clinically
approved immune-modulating drugs. Multiple mechanisms (e.g., elevation of immune
checkpoint molecules, recruitment of immunosuppressive cells or factors, impaired antigen
presentation) may contribute to immune escape of cancer cells and prevent effective
antitumor immunity (Chen & Mellman, 2013; Dunn, Old, & Schreiber, 2004; Hanahan &
Coussens, 2012; Motz & Coukos, 2013). Increasing evidence suggests that the deregulation
of energy metabolism could be responsible for the failure of cancer immunotherapy
(Martinez-Outschoorn, Peiris-Pages, Pestell, Sotgia, & Lisanti, 2017).

Complex and dynamic metabolic reprogramming is a common feature of cancer cells, which
accommodates the biosynthetic and bioenergetic demands for growth and adaptation to the
“stressful” tumor microenvironment (TME) (Viale & Draetta, 2016). Beyond the “Warburg
effect,” i.e., preferential use of glycolysis by cancer cells for ATP generation, hypoxia and
pH also play a major role in defining the metabolic TME (Cairns et al., 2011; Kareva &
Hahnfeldt, 2013; Warburg, 1956; Ward & Thompson, 2012; Xie & Simon, 2017). Metabolic
activity of cancer cells can shape the immune compartment by actively competing for key
nutrients (e.g., glucose, glutamine, lipids, and amino acids) or producing metabolic by-
products, which directly or indirectly impairs activation, fitness, and effector function of
immune cells (Ben-Shoshan, Maysel-Auslender, Mor, Keren, & George, 2008; Biswas,
2015; Cairns & Mak, 2017; Chang et al., 2015; Fischer et al., 2007; Lochner et al., 2015).
As a consequence, these dysfunctional immune cells not only fail to eradicate cancer cells,
but also may transition into tumor-supporting cells to facilitate cancer progression and
invasion. However, our knowledge of the fundamental impact of metabolic reprogramming
on immune cells within the TME or during cancer immunotherapy is relatively limited. In
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this review, we describe our current understanding of metabolic reprogramming in cancer
cells as well as immune cells during their activation and differentiation. We will also expand
on the intrinsic and extrinsic metabolic pathways involved in cancer-induced immune
dysfunction and potential development of novel strategies to metabolically reprogram the
cancer-immune interface, thereby enhancing or optimizing existing immunotherapies.

2. Cell metabolism: Overview

Mammalian cells rely on fundamental catabolic pathways to generate energy, precursors for
biosynthesis of macromolecules, and reducing power (NADPH) for redox regulation
(Vander Heiden, Cantley, & Thompson, 2009). Glucose, amino acids (primarily glutamine),
and fatty acids (FAs) are the main nutrients supporting these processes (Fig. 1) (Cantor &
Sabatini, 2012). Glucose is the preferred carbon source of energy via glycolytic metabolism
to provide acetyl-CoA for oxidation through the tricarboxylic acid (TCA) cycle in the
mitochondrion. The pentose phosphate pathway that branches off glycolysis provides an
alternative pathway for glucose breakdown to generate NADPH and ribose-5-phosphate for
biosynthesis of nucleic acids. When blood sugar levels drop, FAs from stored fat are split
into acetyl-CoA through fatty acid p oxidation (FAO) in the mitochondrion. This process is
associated with electron transfers to electron transport chain (ETC) to generate ATP. The
resulting acetyl-CoA joins the TCA cycle or when in excess in the liver, is processed to form
ketone bodies for use by extrahepatic tissues. Recent studies demonstrate that FAO-
generated acetyl-CoA enters the TCA cycle to form citrate, which can be exported to the
cytoplasm to engage NADPH-producing oxidation of isocitrate to a-ketoglutarate by
isocitrate dehydrogenase (Carracedo, Cantley, & Pandolfi, 2013; Palmieri et al., 2015;
Williams & O’Neill, 2018). Hence, FAO is also involved in replenishing cytosolic NADPH.

The TCA cycle coordinates oxidation of acetyl-CoA from diverse nutrients to generate
energy, and exit of intermediates from the cycle to support multiple biosynthetic pathways.
Typically, oxaloacetate (OAA) serves as a vehicle to carry the two carbons from acetyl-CoA,
first forming citrate followed by a series of isomerization and oxidation steps to generate
reducing equivalents to drive ATP production via oxidative phosphorylation. After the two
carbons are completely oxidized and released in the form of CO, through the cycle, OAA
will be recovered to load acetyl group again for the next cycle. However, in growing cells
that require biomass accumulation, TCA intermediates are drawn off as precursors for
biosynthesis of amino acids, lipids and other biomolecules. Under these conditions, OAA
would become limited and must be replenished by OAA-producing pathways termed
anaplerosis, which enables the TCA cycle to function as a biosynthetic pathway as opposed
to a purely bioenergetic process (Owen, Kalhan, & Hanson, 2002).

The most significant anaplerostic contribution is conferred by glutaminolysis, a series of
biochemical reactions to lyse the non-essential amino acid glutamine to form glutamate,
aspartate, pyruvate, lactate, alanine, asparagine, serine, proline, and citrate (DeBerardinis et
al., 2007). Glutamate is further converted to a-ketoglutarate, which enters the TCA cycle to
generate ATP. In addition to fueling the TCA cycle, glutamine serves as an inter-organ
shuttle of carbon and nitrogen and is the major source of nitrogen for non-essential amino
acids, nucleotides, and hexosamines (Hensley, Wasti, & DeBerardinis, 2013). In rapidly
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dividing cells such as lymphocytes and enterocytes of the small intestine, glutamine is
vigorously consumed and utilized for both bioenergy production and biomass accumulation
(Windmueller & Spaeth, 1974).

3. Metabolic reprogramming in cancer

To meet the demands of a highly proliferative state and survival in various unfavorable
microenvironments, tumors undergo fundamental alterations in their metabolism of
carbohydrates, lipids, and glutamine (DeBerardinis & Chandel, 2016). Cancer cells are
subsequently metabolically transformed, as characterized by increased glucose and
glutamine consumption, dependence on glycolytic ATP as a major energetic pathway, and
elevated de novo lipid synthesis to provide building blocks for membrane biosynthesis
(Pavlova & Thompson, 2016).

3.1 The glycolytic phenotype

The most prominent aspect of metabolic transformation is the glycolytic phenotype or the
Warburg effect, whereby cancer cells exhibit high glycolytic activity under aerobic
conditions (Warburg, Posener, & Negelein, 1924). Because Warburg also observed increased
aerobic glycolysis in normal proliferating cells and noted that it was reversible under normal
conditions, he postulated that aerobic glycolysis was a consequence of irreversible damage
to respiration in tumors (Warburg et al., 1924). Although later studies found mutations in
some mitochondrial DNA-encoded ETC genes and genomic DNA-encoded genes of the
TCA cycle (Baysal et al., 2000; Ward et al., 2010; Wu, Akhtari, & Alachkar, 2018),
damaged respiration as an intrinsic property or “origin” of cancer is not established ( Ju et
al., 2014; Stewart et al., 2015). In addition, hypoxia has long been known to stimulate
glycolytic metabolism (Semenza, 2012). However, hypoxia is apparently not a causal factor
of cancer glycolytic phenotype that occurs in both hypoxic and oxygenated regions of a
tumor. Tumor cells also undergo glycolysis when cultured in vitro under normoxic
conditions (Maxwell et al., 1999; Pollard et al., 2005).

In the last decade, advances in molecular biology and cancer genetics provide definite
evidence for a mechanistic link between dysfunction of oncogenic proteins or tumor
suppressors and hyperactive glycolysis in cancer (Levine & Puzio-Kuter, 2010). Ras, Akt, c-
Myc, EGFR, BCR-ABL and ALK promote glycolysis via upregulation of or interaction with
various glycolytic enzymes or intermediates including glucose transporter | (GLUT1) (Yun
et al., 2009), hexokinase 2 (HK2) (Ma et al., 2016), lactate dehydrogenase A (LDHA)
(Miller, Thomas, Islam, Muench, & Sedoris, 2012), and fructose-1,6-bisphosphate (F1,6BP)
(Lim et al., 2016). Many oncoproteins activate hypoxia inducible factor (HIF) via hypoxia-
independent mechanisms or a pseudohypoxic state to enhance tumor glycolysis (Lee et al.,
2008; Ma et al., 2016). A multitude of glycolytic enzymes including HK2,
phosphofructokinase 2 (PFK2), pyruvate kinase M2 (PKM2), LDHA, and pyruvate
dehydrogenase kinase (PDK) have been identified to be HIF-targeted genes (Marin-
Hernandez, Gallardo-Perez, Ralph, Rodriguez-Enriquez, & Moreno-Sanchez, 2009). The c-
Myc transcription factor that commonly amplified and overexpressed in numerous tumors
drives expression of GLUT1, HK2, PFKM, and LDHA (Miller et al., 2012). Loss of the
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tumor suppressor p53 inhibits the mitochondrial respiratory chain via suppression of SCO2
(the synthesis of cytochrome ¢ oxidase protein) and promotes glycolysis via TIGAR, a
TP53-induced glycolysis and apoptosis regulator (Won et al., 2012).

Despite the complex mechanisms underlying the cancer glycolytic phenotype, the potential
advantages of glycolysis versus respiration in cancer cells are evident (Lunt & Vander
Heiden, 2011; Vander Heiden et al., 2009). Although it yields a lower amount of ATP than
mitochondrial oxidative phosphorylation (OXPHOS), direct phosphorylation of ADP during
glycolysis is a more expedient way of ATP production. The enhanced rate of energy
production may be more important than ATP yield to cancer cells. A preference for
glycolysis is also evident in normal proliferating cells. Secondly, active OXPHOS is
associated with generation of reactive oxygen species (ROS), byproduct production, and risk
of oxidative stress. By diverting to glycolysis, actively proliferating cancer cells can avoid
robust ROS production and oxidative damage to membranes, DNA and proteins, thereby
favoring long-term survival of cancer cells. In addition to a bioenergetic role, glycolytic
intermediates serve as precursors for biosynthesis of specific amino acids (e.g., serine,
glycine) (Amelio, Cutruzzola, Antonov, Agostini, & Melino, 2014; Locasale, 2013) and
particularly lipids that are essential building blocks of biological membranes, which are
indispensable to increase tumor mass (Currie, Schulze, Zechner, Walther, & Farese, 2013).
These key benefits inherent with aerobic glycolysis drive cancer cells to favor glycolysis
over mitochondrial oxidation (Liberti & Locasale, 2016).

Although aerobic glycolysis as a signature of cancer cell metabolism has been successfully
exploited in FDG-PET diagnosis of tumors in clinical oncology (Alavi & Reivich, 2002), the
efforts in targeting glycolysis for treatment of cancer have not yet translated into clinical
benefits. Inhibitors of HK2 (Maschek et al., 2004; Robustelli della Cuna & Pedrazzoli,
1991), PFK2 (Clem et al., 2013; Mondal et al., 2018), PKM2 (Dayton, Jacks, & Vander
Heiden, 2016), LDHA (Le et al., 2010), and PDK (Michelakis et al., 2010) have antitumor
effects both in vitro and in vivo. However, clinical trial failures with the HK2 inhibitors, 2-
deoxyglucose and lonidamine have brought into question the feasibility of glycolysis-
targeted therapies (Sborov, Haverkos, & Harris, 2015). Apparently, a more comprehensive
understanding of functionally relevant mediators of tumor glycolysis and development of
their specific inhibitors are critical to the successful applications of anti-glycolysis strategies
as cancer therapies.

3.2 Thelipogenic phenotype

Another prominent metabolic change in tumor cells compared with their normal
counterparts is intensified de novo lipid synthesis, irrespective of the lipid precursors in the
circulation (Currie et al., 2013). This lipogenic phenotype occurs at early stages of
tumorigenesis including precursor lesions and becomes more pronounced in advanced stages
of cancer (Menendez & Lupu, 2007; Wang, Rajput, Watabe, Liao, & Cao, 2010). Tumor
cells depend heavily on or are “addicted” to the lipogenic phenotype as inhibition of de novo
FA synthesis interferes with growth or survival of malignant cells.

In both normal and neoplastic cells, FAs are synthesized from glucose-derived acetyl-CoA.
Acetyl-CoA in the mitochondrial matrix condenses with oxaloacetate to synthesize citrate as
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the first step of the TCA cycle. Once moved to the cytosol by citrate transporter on the
mitochondrial membraneg, citrate releases acetyl-CoA by the action of ATP citrate lyase
(ACLY). Acetyl-CoA is then carboxylated by acetyl-CoA carboxylase (ACC) to generate
malonyl-CoA, an intermediate for synthesis of palmitate by multimeric fatty acid synthase
(FASN) (Mashima, Seimiya, & Tsuruo, 2009). Palmitate is further modified to increase the
length of fatty acyl chain by Elongase or to add double bonds by Desaturase. FAs are
esterified to synthesize triacylglycerides (TAG) as storage lipid droplets or
phosphoglycerolipids as essential biological membrane components (Currie et al., 2013). It
is evident that acquisition of an accelerated lipid synthesis rate independent of uncertain
external lipid supplies confers a significant advantage to rapidly growing tumor cells
(Medes, Thomas, & Weinhouse, 1953; Menendez, Colomer, & Lupu, 2005).

Hyperactive lipogenesis in cancer is mediated by increased expression and/or activity of key
lipogenic enzymes, including ACLY, ACC and FASN (Hatzivassiliou et al., 2005; Swinnen,
Brusselmans, & Verhoeven, 2006; Yoon et al., 2007). Each of these enzymes is over-
expressed in different types of cancer. ACC1 is the rate-limiting enzyme of de novo FA
synthesis under normal physiological conditions. This enzyme is activated by high glucose
and insulin-induced dephosphorylation at Ser-79 and inhibited by glucagon and PKA-
mediated phosphorylation (Fullerton et al., 2013). There are also other serine residues
targeted for phosphorylation and inhibition by the energy sensor AMPK (Davies, Sim, &
Hardie, 1990). Recent investigations show links of certain tumor suppressors or
oncoproteins to dysregulation of ACC activity in cancer. For example, breast cancer type 1
susceptibility protein (BRCAL), a tumor suppressor, promotes phosphorylation of ACC
(Moreau et al., 2006). Loss of BRCA1 function leads to dephosphorylation and activation of
ACCL. Aldo-keto reductase family 1 B10 (AKR1B10), a novel protein overexpressed in
human hepatocellular carcinoma and non-small cell lung carcinoma, can protect ACC from
degradation through the ubiquitination-proteasome pathway (Ma et al., 2008). At the
transcription level, ACC is regulated by the transcription factors carbohydrate response
element binding protein (ChERBP) (Postic, Dentin, Denechaud, & Girard, 2007) and sterol
response element binding protein 1c (SREBP-1c) (Yahagi et al., 2005). In cancer cells, the
phosphoinositide 3-kinase (PI13K)-AKT (i.e., protein kinase B or PKB) pathway activates
SREBP-1c and expression of SREBP-1c-dependent ACC and other cholesterol synthesis
related genes (Campa et al., 2009). A recent study of breast cancer pathogenesis showed that
the ACC gene is present in recurrent amplicons associated with reduced patient survival
(Chin et al., 2006).

Compared to ACC, more evidence and therapeutic studies have attributed the cancer
lipogenic phenotype to FASN hyperactivity. Originally found as a tumor antigen in the blood
of cancer patients (Kuhajda, 2000), the large multimeric protein is abundantly expressed in
multiple types of cancer, representing one of the most frequent phenotypic alterations in
cancer (Flavin, Peluso, Nguyen, & Loda, 2010). Overexpression of FASN correlates with
cancer progression, poor patient prognosis (Gansler, Hardman, Hunt, Schaffel, & Hennigar,
1997), and drug resistance (Wu, Qin, Fako, & Zhang, 2014). Many studies with FASN
inhibitors of diverse mechanisms of action demonstrate that FASN hyperactivity is
indispensable for maintaining the malignant phenotype of cancer (Alwarawrah et al., 2016;
Lupu & Menendez, 2006a; Puig et al., 2009).
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The precise mechanisms responsible for tumor-associated FASN over-expression remain
poorly understood. FASN gene amplification does not appear to be common in cancer. A
number of studies on transcriptional regulation of FASN have highlighted the importance of
signaling through receptor tyrosine kinases (Bandyopadhyay et al., 2005; Mashima et al.,
2009) or G protein-coupled receptors (Mukherjee, Wu, Barbour, & Fang, 2012). EGF/EGFR
and ERBB2 have been shown to induce SREBP-dependent FASN expression via the PI3K-
AKT and MAPK/ERK pathways (Bandyopadhyay et al., 2005; Mashima et al., 2009).
Consistent with the regulatory role of the PI3K-AKT signaling, mutation of the PTEN tumor
suppressor gene in prostate cancer is coupled to FASN overexpression as a result of
constitutive PI3K-AKT activation (Van de Sande, De Schrijver, Heyns, Verhoeven, &
Swinnen, 2002). In hormonally responsive cancers, FASN overexpression seems to be
upregulated by steroid hormones as exemplified by the effects of estrogen E2 and androgen
in breast carcinoma and prostate cancer, respectively (Santolla et al., 2012; Swinnen,
Esquenet, Goossens, Heyns, & Verhoeven, 1997). Similarly, the stimulatory effects of
hormones also appear to involve activation of the PI3K-AKT and MAPK/ERK pathways
(Lupu & Menendez, 2006b). There is also evidence for cancer-specific inhibition of
ubiquitin proteasome-mediated degradation of FASN (Yu et al., 2013).

FASN consists of two identical multifunctional polypeptides, each containing seven
functional domains (Asturias et al., 2005; Chirala & Wakil, 2004; Maier, Jenni, & Ban,
2006), generating an X-shaped structure with a full set of active sites amenable for drug
development. A number of FASN inhibitors targeting different catalytic domains have been
developed as anti-obesity drugs or potential anti-cancer agents (Buckley et al., 2017). These
include Orlistat (FDA approved anti-obesity drug) and C75, the most frequently used FASN
inhibitor in culture and in experimental animals (Kridel, Axelrod, Rozenkrantz, & Smith,
2004; Kuhajda et al., 2000). However, their applications to treatment of cancer are limited
by the fact that they are nonselective suppressors of FASN in both normal and malignant
tissues, which could promote weight loss, anorexia, fatigue, and other cancer-associated
complications ( Jones & Infante, 2015). To specifically block lipid synthesis in cancer cells,
it will be necessary to develop FASN inhibitors that are more accessible to cancer cells or
exhibit differential inhibitory activities toward abundantly expressed FASN in cancer cells
versus limited FASN expression in normal tissues.

3.3 The glutaminolytic phenotype

As a source for nitrogen and carbon in an array of growth-promoting pathways, glutamine is
particularly crucial for proliferating cells (Rubin, 1990). Mirroring these critical metabolic
functions of glutamine in the growing normal cells, glutaminolysis is highly active in cancer
(Hensley et al., 2013). Multiple types of cancer cells exhibit increased glutamine
consumption and glutamine addiction (Wise & Thompson, 2010). The biochemical basis for
the strict dependence of cancer cells on glutaminolysis is now well understood. First and
probably most importantly, glutamine lies in the central position to produce the most non-
essential amino acids for protein synthesis. The constant supply of these amino acids
maintains cellular activity of mTORC1, also known as mammalian target of rapamycin
complex 1 (Duran et al., 2012), another mode for glutamine supply to promote protein
synthesis. Indeed, tracer experiments have demonstrated that more than 50% of non-
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essential amino acids used in protein synthesis are directly derived from glutamine in
growing cancer cells in culture (Alberghina & Gaglio, 2014). Glutamine supply is critical
for cell survival by preventing activation of amino acid-sensing kinase and the subsequent
integrated stress response (ISR) (Harding et al., 2003).

Glutamine is a substrate for glutamine fructose-6-phosphate aminotransferase (GFAT), a
rate-limiting step leading to biosynthesis of hexosamine and the downstream uridine
diphosphate A-acetylglucosamine (UDP-GIcNACc) (McKnight et al., 1992). UDP-GIcNAc is
required for O-linked protein glycosylation. Accordingly, glutaminolysis is required for
protein synthesis, protein glycosylation, and glycosylation-dependent protein folding and
trafficking, and suppression of the endoplasmic reticulum (ER) stress (Wellen et al., 2010).

Besides regulation of protein metabolism and functional modifications, glutaminolysis is
involved in nucleotide biosynthesis that is essential for cell division. Glutamine is a nitrogen
reservoir for de novo purine and pyrimidine biosynthesis (Lane & Fan, 2015). Glutamine-
derived aspartate serves as a crucial carbon source for both purine and pyrimidine (Birsoy et
al., 2015). In agreement with an essential role of glutamine in nucleotide biosynthesis,
glutamine-deprived cancer cells fail to enter the S phase of the cell cycle, which can be
rescued specifically by exogenous nucleotides or supplementation with aspartate (Gaglio,
Soldati, Vanoni, Alberghina, & Chiaradonna, 2009).

In addition to amino acids, proteins, and nucleotides, glutamine metabolism is responsible
for production of most glutathione, an antioxidant vital to a cell’s immune defense and other
cellular functions (Welbourne, 1979). Glutamine can generate glutamate and glycine, and
regulates transport of cysteine as substrates to synthesize the tri-peptide (Glu-Cys-Gly)
(Welbourne, 1979). Recent studies also suggest that glutamine may participate in the
production of the reducing equivalent of NADPH to decrease glutathione (Botman,
Tigchelaar, & Van Noorden, 2014). This is most likely accomplished via the link from a-
ketoglutarate to malate and oxidation of malate by malic enzymes (DeBerardinis et al.,
2007). Together, the glutamine regulation of glutathione and NADPH production neutralizes
ROS activity to protect cancer cells from oxidative stress.

Mechanistically, glutaminolysis is re-wired in cancer as a consequence of oncogenic insults,
loss of tumor suppressors or compensation for other cancer-specific metabolic programs
(Altman, Stine, & Dang, 2016). Many proteins/enzymes in glutamine metabolism are
dysregulated by oncogenes such as c-Myc (Gao et al., 2009), Ras (Gaglio et al., 2011) and
YAP (Edwards et al., 2017). In particular, the c-Myc oncoprotein upregulates expression of
glutamine transporters and glutaminase 1 (GSL1) to generate glutamate and further flux to
a-ketoglutarate for the TCA cycle and glutathione production (Gao et al., 2009; Wise et al.,
2008). c-Myc also mediates glutaminolysis activation induced by other oncogenic pathways
(Csibi et al., 2014). K-Ras is another example of oncoprotein-mediated activation of
glutamine metabolism. The K-Ras harboring G12C or G12D mutations induces activity of
aminotransferases, glutamine-dependent production of nucleotides and NADPH (Son et al.,
2013).
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Glutamine metabolism could be stimulated by energy status of cancer cells. As discussed
earlier, the primary source of ATP in cancer cells are derived from glycolysis, a quick yet
inefficient way to generate ATP (Vander Heiden et al., 2009). Although this may be
sufficient to support cancer cell physiology, it is possible that overall ATP/ADP ratios are
relatively low in the context of cancer cells. Glutamate dehydrogenase (GLUD), the key
enzyme to convert glutamate to a-ketoglutarate, is activated allosterically by ADP or low
energetic state of cancer cells (Yang et al., 2009). Furthermore, hyperactive glycolysis and
glutaminolysis may be driven by common transcription factors such as HIF-1a that can be
activated through pseudohypoxia. Glutamine itself can increase stabilization of HIF-1a that,
in turn, directs glutamine toward biosynthetic products (Drogat et al., 2007; Kwon & Lee,
2005; Zhdanov, Waters, Golubeva, & Papkovsky, 2015).

Many classes of compounds that target glutamine metabolism, from initial transport to
conversion to a-ketoglutarate, have been evaluated for their anti-tumor potential in
preclinical models and clinical trials (Altman et al., 2016). Some of these compounds such
as CB-839 (an inhibitor of GLS) showed promising preclinical results and are currently
moving into clinical trials (Gross et al., 2014; Jacque et al., 2015). A general concern with
glutaminolysis-targeted compounds is their lack of selectivity toward cancer cells. None of
the glutamine-metabolizing enzymes has been found to be mutated or exclusively expressed
in cancer. The question is further complicated by dysregulation of multiple glutaminolytic
enzymes in cancer. No validated target has been identified for the glutaminolysis pathway
that is of general acceptance by the scientists in the field. Moreover, functional redundancy
or metabolic compensation from other isoforms could prevent or minimize the dependence
of cancer on a single glutaminolytic enzyme.

3.4 Mutations in TCA cycle enzymes in cancer

Although metabolic reprogramming is a well-recognized hallmark of cancer, a causal role
for metabolic dysfunction in cancer pathogenesis remains controversial, mainly due to the
lack of genetic mutations of key metabolic enzymes of the major metabolic pathways
discussed above. This view, however, has changed with the discovery of cancer-associated
mutations in three enzymes of the TCA cycle: isocitrate dehydrogenase (IDH), succinate
dehydrogenase (SDH) and fumarate hydratase (FH) (Laurenti & Tennant, 2016). These
mutations predispose carriers to a number of hereditary and sporadic malignancies. FDA has
recently approved an IDH1 mutant-targeted inhibitor Tibsovo (ivosidenib) to treat elapsed or
refractory acute myeloid leukemia (AML) (DiNardo et al., 2018).

Due to the central importance of the TCA cycle in cell metabolism, IDH, SDH or FH
mutations cause metabolic perturbations and re-wiring to synthesize anabolic building
blocks such as amino acids, FAs and nucleotides (Metallo et al., 2011; Tong et al., 2011).
The truncated TCA cycle is accompanied by increases in glycolysis to supply ATP,
glutaminolysis to maintain TCA intermediates and amino acid synthesis, and lipogenesis
from excess acetyl-CoA. Most clearly, these mutations are associated with the accumulation
of metabolites that are able to influence many aspects of cancer. For example, mutation in
IDH1 or IDH2 leads to loss of the enzyme’s oxidative decarboxylation activity while
concomitantly acquiring a neomorphic activity characterized by an ability to catalyze
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conversion of a-KG to 2-hydroxyglutarate (2-HG), a prototype oncometabolite (Dang et al.,
2009). Due to its structural similarity to a-KG, 2-HG can interact and inhibit a-KG-
dependent dioxygenase enzymes including the HIF prolyl hydroxylase (PHD) (Zhao et al.,
2009). PHD induces hydroxylation of HIF-1a in normoxia, allowing ubiquitination by the
E3 ubiquitin ligase pVHL (product of von Hippel-Lindau tumor suppressor gene) and
subsequent proteasomal degradation. Thus accumulation of 2-HG in IDH defective cells
mimics hypoxia to stabilize HIF-1a, another mode of pseudohypoxia (Yang, Soga, &
Pollard, 2013). Mutations of SDH or FH also appear to inhibit PHD activity via abnormal
accumulation of succinate or fumarate (Isaacs et al., 2005; Selak et al., 2005). Other
common consequences of these mutations of the TCA cycle are inhibition of NADPH and
glutathione, and increases in ROS production and oxidative stress (Yang, Soga, & Pollard,
2013). In sum, mutations in TCA cycle enzymes likely promote tumorigenesis through
inducing cancer-associated metabolic phenotypes such as increased dependence on
glycolytic and glutaminolytic metabolism, production of oncometabolites to activate
HIF-1a, and increased intracellular ROS.

4. Metabolic regulation of immune functions

The main function of the host immune system is removal of invading pathogens and
maintenance of tissue homeostasis. This highly interactive and complex immune network,
which comprises lymphoid organs and various types of immune cells together with immune
modulating factors (e.g., cytokines, chemokines, surface molecules), can be mobilized to
mount a properly controlled immune response to eliminate pathogens or transformed cells,
while avoiding massive tissue destruction. However, the failure of this system can result in
lethal infections, cancer, autoimmunity, and many other disorders (Parkin & Cohen, 2001,
Villani, Sarkizova, & Hacohen, 2018). There are two major arms of the immune system. The
innate immune system, e.g., natural killer (NK) cells, macrophages/monocytes, or
neutrophils, can provide immediate immunity as a first-line of defense. The adaptive
immune system, e.g., T lymphocytes, B lymphocytes, can be activated to generate an
antigen-specific long-lasting immune response (Delves & Roitt, 2000). In recent years, an
improved appreciation of the complex interplay between metabolic reprogramming and
immune cell development or functionality has emerged. A large body of research in the field
of immunometabolism is focusing on elucidating metabolic changes associated with
phenotypic differentiation and activation of major immune cell subsets (e.g., macrophages, T
cells), and more importantly, the functional outcomes of metabolic reprogramming in these
immune cells. These findings have advanced our fundamental understanding of distinct
metabolic alterations in defining the diversity and functional plasticity of immune cells.

4.1 Dendritic cells

Dendritic cells (DCs) are specialized antigen-presenting cells (APCs) that play an essential
role in innate and adaptive immunity. These cells can sense a wide range of inflammatory
stimuli derived from microbial pathogens or transformed cells through pattern recognition
receptors and initiate protective immune responses (Akira & Takeda, 2004; Banchereau &
Steinman, 1998; Barton & Medzhitov, 2002). It is well documented that DCs at different
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differentiation or activation stages are buttressed by diverse types of cellular metabolism to
fulfill their bioenergetic and biosynthetic demands.

Upon exposure to granulocyte-macrophage colony-stimulating factor (GM-CSF) and
interleukin 4 (IL-4), human monocytes differentiate into DCs, a process that requires lipid
metabolism and mitochondrial biogenesis (Ishikawa et al., 2007; Le Naour et al., 2001).
Blockade of FA synthesis markedly diminishes human DC development from peripheral
blood mononuclear cell precursors (Rehman et al., 2013). In contrast, DCs consume more
glucose and produce higher amounts of lactate after activation by toll-like receptor (TLR)
ligands (Everts et al., 2012; Jantsch et al., 2008; Krawczyk et al., 2010). This metabolic shift
toward glycolysis is dependent on inhibition of OXPHQOS by nitrite oxide (NO) produced
during DC activation. Activation and survival of DCs after TLR stimulation are severely
reduced by glucose restriction (Everts et al., 2012; Krawczyk et al., 2010). In addition to
glucose, DCs also express specific isoforms of enzymes essential for glycogen metabolism
to support their maturation and effector function, particularly at an early stage of activation
or under glucoserestricted conditions (Thwe et al., 2017). The engagement of TLRs triggers
a marked glycolytic flux, which is essential for de novo synthesis of FAs. FA synthesis can
then support expansion of the ER and Golgi for the expression of co-stimulatory molecules
and secretion of inflammatory cytokines (Everts et al., 2014). In contrast to activated or
mature DCs, tolerogenic DCs display high mitochondrial oxidative activity and manifest
substantially higher FAQ rate. As a result, inhibition of FAO can partially enhance T cell-
stimulating capacity of tolerogenic DCs (Malinarich et al., 2015). However, the molecular
and biochemical switch from glycolysis to OXPHOS in tumor-associated DCs that are
known to be functionally impaired or tolerogenic remains to be defined.

4.2 Macrophages

Macrophages are multifunctional innate immune cells involved in diverse physiological and
pathological states, including host defense, tissue homeostasis, tumor promotion or
destruction, and regulation of T cell immunity. Initial studies using in vitro stimuli have led
to identification of two main phenotypes of macrophage activation or polarization.
Inflammatory stimuli, such as IFN-y plus LPS, can induce classical activation of
macrophages (i.e., M1 phenotype), which is characterized by production of inflammatory
cytokines (e.g., TNF-a, IL-12) and reactive nitrogen and oxygen intermediates (RNIs,
ROIs), as well as enhanced microbicidal functions. In contrast, M2 polarization or
alternative activation of macrophages is often induced by anti-inflammatory stimuli (e.g.,
IL-4, IL-13, glucocorticoids), which is associated with a functional shift toward tissue
recovery or immunosuppression (Biswas & Mantovani, 2010; Wynn, Chawla, & Pollard,
2013; Xue et al., 2014).

M1/M2 polarization of macrophages displays distinctive metabolic programs. While M1
macrophages preferentially consume glucose (Rodriguez-Prados et al., 2010), alternatively
activated macrophages mainly use FAO and mitochondrial biogenesis (Vats et al., 2006).
LPS stimulation of macrophages enhances the levels of succinate, an intermediate of the
TCA cycle, followed by upregulation of glycolytic genes and reduced expression of
mitochondrial biogenesis genes. Inhibition of glycolysis in macrophages with 2-
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deoxyglucose decreases IL-1f production induced by LPS (Tannahill et al., 2013). In
response to I1L-4, signal transducer and activator of transcription 6 (STAT6) and PPARy-
coactivator-1p (PGC-1p), which link cellular programs of inflammation and lipid
homeostasis, initiate metabolic reprogramming in macrophages toward FAO and
mitochondrial biogenesis (Lin, Handschin, & Spiegelman, 2005; Puigserver et al., 1998;
Vats et al., 2006). M1 macrophages upregulate the glucose transporter GLUT1 (Fukuzumi,
Shinomiya, Shimizu, Ohishi, & Utsumi, 1996), whereas lipoprotein lipase and CD36, which
regulate uptake and transport of triacylglycerol, are induced in M2 macrophages (Feng et al.,
2000; Huang et al., 2014). Uptake and lipolysis of exogenous triacylglycerols generate FAs
for FAO and promote the expression of genes that define M2 macrophages (Huang et al.,
2014). However, the role of FAO in M2 macrophages needs to be investigated further. It was
recently reported that, while the CPT2-deficient macrophages showed a defect in FAO, these
cells were properly polarized to a M2 phenotype in vitro and in vivo (Nomura et al., 2016).
Additionally, inhibition of FAO in human macrophages with etomoxir has no effect on IL-4-
induced M2 polarization (Namgaladze & Brune, 2014).

Regulation of macrophage function by cholesterol metabolism was also documented
recently. Engaging type | interferon (IFN) signaling in macrophages results in metabolic
shift, reflected by a decrease in cholesterol biosynthesis and an increase in cholesterol
import. Artificially promoting this metabolic shift in macrophages induces the expression of
IFN-inducible genes and enhances the anti-viral immune response (York et al., 2015).
Intriguingly, limiting flux via the cholesterol biosynthetic pathway engages a STING (i.e.,
stimulator of interferon genes)-dependent type | IFN response, which not only delineates a
metabolic-inflammatory circuit involving lipid biosynthesis and innate immunity, but also
provides supporting evidence for involving metabolic reprogramming to modulate the host
immunity.

Amino acid metabolism has been implicated in functional modulation of macrophages. IFN-
v and LPS stimulation can upregulate inducible nitric oxide synthase (iNOS or NOS2) that
promotes the conversion of L-arginine into NO in macrophages. However, IL-4 treatment of
macrophages induces arginase 1 that catalyzes the conversion of L-arginine to L-ornithine
(Modolell, Corraliza, Link, Soler, & Eichmann, 1995). Indeed, distinctiveness of arginine
metabolism has been shown to correlate with diverse functions of macrophages, including
elimination of microbial pathogens and cancer cells, tissue remodeling and, in some cases,
support of tumor growth (Chang, Liao, & Kuo, 2001; Rath, Muller, Kropf, Closs, & Munder,
2014). A recent study showed that glutamine catabolism and UDP-GIcNAc-associated
modules are required during M2 polarization of macrophages. Glutamine deprivation or
inhibition of N-glycosylation can suppress M2 polarization and production of the chemokine
CCL22 (Jhaetal., 2015).

The NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome is a
widely studied intracellular pattern recognition multiprotein complex that tightly regulates
the innate immune response and the production of pro-inflammatory cytokines such as
IL-1B and IL-18 (Guo, Callaway, & Ting, 2015; Latz, Xiao, & Stutz, 2013; Martinon, Burns,
& Tschopp, 2002). Lipid synthesis stimulated by mitochondrial uncoupling protein-2
(UCP2) has been shown to regulate activation of the NLRP3 inflammasome in macrophages,
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which is supported by reduced production of IL-1f and IL-18 in LPS challenged UCP2-
deficient mice. Defective lipid synthesis in the absence of UCP2 resulted from decreased
expression of FASN (Moon, Lee, et al., 2015). Strikingly, FAO promoted activation of the
NLRP3 inflammasome in macrophages through NADPH oxidase 4 (NOX4)-dependent
upregulation of carnitine palmitoyltransferase 1A (CPT1A), a rate limiting enzyme that
controls mitochondrial FAO (Moon et al., 2016). Additionally, saturated FA palmitate, not
unsaturated oleate, can trigger the activation of the NLRP3 inflammasome in macrophages
(Wen et al., 2011). Stimulation of a glycolytic phenotype in macrophages is also linked to
NLRP3 inflammasome activation, evidenced by the observation that inhibition of glycolysis
in macrophages suppresses both caspase-1 activation and IL-1p maturation in response to
LPS and ATP (Moon, Hisata, et al., 2015). Together, metabolic reprogramming is essential
for the phenotypic polarization and functional activation of macrophages.

4.3 NKcells

4.4 Tcells

NK cells are innate immune lymphocytes that function as a key element of the first line of
defense against infection and cancer cells. These cells are actively involved in host defense
either through cytotoxicity and cytokine secretion (i.e., IFN-y) or through modulating the
functions of other immune cells (i.e., DCs, T cells) (Biron & Brossay, 2001; French &
Yokoyama, 2003; Long, Kim, Liu, Peterson, & Rajagopalan, 2013; Malmberg et al., 2017;
Vivier, Tomasello, Baratin, Walzer, & Ugolini, 2008). NK cells use mitochondrial OXPHOS
primarily in a resting state. Upon NK cell activation with cytokines (e.g., IL-2), dramatic
metabolic reprogramming occurs, indicated by elevated rates of glycolysis. Inhibition of
glycolysis is sufficient to reduce IFN-y and granzyme B production by activated NK cells
(Donnelly et al., 2014). The transcription factor Srebp is essential for cytokine-induced
metabolic reprogramming of NK cells. During elevated glycolysis and OXPHOS in NK
cells, Srebp is believed to promote metabolization of glucose to cytosolic citrate via the
citratemalate shuttle. Blocking Srebp activation dampens NK cell activation as well as
cytotoxicity against cancer cells (Assmann et al., 2017). Accordingly, metabolic
reprogramming toward glycolysis is a prerequisite for NK cell effector function. Differences
in the metabolic requirements for IFN-y production by murine NK cells also depend upon
the nature of the activation signal. While activation of NK cells by IL-12 plus IL-18 is
independent of glycolysis or mitochondrial OXPHQOS, stimulation of IFN-y production via
activating NK receptors requires glucose-driven OXPHOS (Keppel, Saucier, Mah, Vogel, &
Cooper, 2015), suggesting that metabolism can serve as a second signal for IFN-y
production resulting from NK cell receptor activation.

T cells are essential adaptive immune cells required for host defense, homeostasis, immune
tolerance, and immune memory. T-cell receptors (TCRs) are engaged to specifically
recognize various antigens derived from invading pathogens, malignant cells or the
environment. Based on lineage markers and functionality, T cells are classified into two
major subsets, i.e., CD8* T cells and CD4" T cells. CD8" T cells can be activated and
differentiated into cytotoxic T lymphocytes (CTLs) after recognition of antigenic peptides in
complex with MHC class | molecules. In contrast, CD4" T cells can be primed by antigen in
the context of MHC class Il molecules present on professional APCs, including DCs,
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macrophages, and B cells. Upon activation, naive CD4* T cells differentiate into effector
helper T cells depending on the cytokine milieu of the microenvironment ( Jenkins et al.,
2001; Kumar, Connors, & Farber, 2018; Tao, Constant, Jorritsma, & Bottomly, 1997; Zhu &
Paul, 2008). CTLs can mediate direct cytotoxic effects on target cells (e.g., infected or
transformed cells), whereas helper CD4* T cells mostly provide help for CTL function.
Although the majority of effector T cells die after eradication of pathogens or cancer cells, a
heterogeneous pool of memory T cells survive and remain in the body, which can be
mobilized to mount a more rapid and stronger immune response upon encountering
secondary infection from an antigenically similar pathogen (Gebhardt et al., 2009; Mueller,
Gebhardt, Carbone, & Heath, 2013; Sallusto, Lenig, Forster, Lipp, & Lanzavecchia, 1999).
Accumulating studies demonstrate that T cells undergo metabolic reprogramming during
activation, which leads to imprinting of their distinct fates and functions.

While naive T cells mainly utilize OXPHOS of various nutrients such as glucose and amino
acids to generate energy, differentiating T effector cells following antigen encounter and
activation shift toward glycolysis to support their rapid proliferation and function, e.g.,
production of cytokines (Chang et al., 2013; Frauwirth & Thompson, 2004; Rathmell,
Vander Heiden, Harris, Frauwirth, & Thompson, 2000). Several signaling pathways govern
the metabolic reprogramming of activated T cells. In addition to initiating intracellular
signals that drive cell proliferation, engaging CD3 and CD28 on T cells triggers activation of
signaling pathways involving PI13K and Akt (Appleman, van Puijenbroek, Shu, Nadler, &
Boussiotis, 2002; Pages et al., 1994; Siska & Rathmell, 2015; Ward, Westwick, Hall, &
Sansom, 1993). Akt is well-established in supporting cytokine production and cell survival,
both of which are required for activated T cells (Datta, Brunet, & Greenberg, 1999; Jones et
al., 2000; Kane, Andres, Howland, Abbas, & Weiss, 2001; Rathmell, Elstrom, Cinalli, &
Thompson, 2003). These signaling events promote glycolysis by inducing glucose
transporters (e.g., GLUT1) and rate limiting enzymes of glycolysis (e.g., HK2), and amino
acid transporters (Barthel et al., 1999; Frauwirth et al., 2002; Rathmell et al., 2003). It is
worth noting that many of these signaling and metabolic changes occurring in activated T
cells resemble alterations observed in cancer cells.

In addition to co-stimulation signals, activation of T cells is tightly regulated through
immune checkpoint molecules or co-inhibition signals to avoid aberrant immune responses,
such as those promoting autoimmunity. Cytotoxic T-lymphocyte associated protein 4
(CTLA-4), an immune checkpoint molecule that displays much higher affinity for the co-
stimulation B7 molecules on APCs, is induced during T cell activation. The competition for
binding to B7 molecules blocks co-stimulation signaling through CD28 and abrogates T cell
activation (Krummel & Allison, 1995; Walunas et al., 1994). Programmed cell death-1
(PD-1) is another immune checkpoint molecule that restrains T cell response (Freeman et
al., 2000), which can cause exhaustion of effector T cells during chronic infections and
cancer immune evasion (Crawford et al., 2014; Wherry, 2011; Wherry et al., 2007). It was
recently shown that engagement of PD-1 signaling in human CD4* T cells impairs their
capability to uptake and utilize glucose, amino acids, and glutamine. Instead, these T cells
display an increased rate of FAO, which correlates with elevation of the key enzyme CPT1A
(Patsoukis et al., 2015). Similar to PD-1 ligation, CTLA-4 also reduces glucose uptake in T
lymphocytes following co-stimulation (Frauwirth et al., 2002; Parry et al., 2005). However,
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molecular studies reveal that CTLA-4 inhibits glycolysis through down-regulation of
GLUT1 without impacting CPT1A level and FAO rate (Patsoukis et al., 2015), implicating a
role of CTLA-4 in maintaining the metabolic profile of non-stimulated cells. Additional
studies showed that both PD-1 and CTLA-4 signaling block CD28-mediated activation of
PI3K and Akt (Frauwirth et al., 2002; Parry et al., 2005, 1997), suggesting that Akt
represents a conserved mechanism used by immune checkpoint molecules to attenuate T cell
activation.

Activated T cells also increase uptake of FAs and promote lipid synthesis (Lochner et al.,
2015). ACC1 is an enzyme that converts acetyl coenzyme A to malonyl coenzyme A, which
is required for long-chain FA synthesis. T cell-specific deletion of ACC1 impairs expansion
of antigen-specific CD8" T cells due to increased cell death. Supplying exogenous FAs can
rescue the survival of ACC1-deficient CD8* T cells, supporting a critical role of FA
synthesis during the activation and expansion of CD8" T cells (Lee et al., 2014).
Differentiation of inflammatory Th17 cells also depends on de novo FA synthesis through
ACCL. Inhibition of ACC1 suppresses the differentiation of Th17 cells by promoting the
polarization of anti-inflammatory Foxp3™* regulatory T cells or Tregs (Berod et al., 2014),
accentuating the importance of selectivity for FA sources in dictating the development of
different T cell lineages.

As opposed to the activated effector T cells that preferentially use glycolysis, energy
metabolism in Tregs or CD8* memory T cells depends largely on OXPHOS and FAO. In an
asthma model, highly activated AMP-activated protein kinase in Tregs decreases GLUT1
expression and supports high lipid oxidation rates during Treg development (Michalek et al.,
2011). CD8* memory T cells with longevity post pathogen clearance (Beura & Masopust,
2014) carry a metabolic signature of enhanced mitochondrial FAO. In contrast to effector
CD8™ T cells, CD8" memory T cells use extracellular glucose to support OXPHOS and
FAO, indicating lipid synthesis is needed to provide substrates for FAO (O’Sullivan et al.,
2014). Several lines of evidence show that memory T cells require IL-7 and IL-15 for
survival and self-renewal (Becker et al., 2002; Kaech et al., 2003; Kieper et al., 2002).
During infection with Listeria monocytogenes, CD8* memory T cells possess substantial
mitochondrial spare respiratory capacity (SRC) in order to maintain cellular survival. 1L-15
was found to promote the expression of CPT1A (van der Windt et al., 2012). TAG synthesis
was shown to be a central component of IL-7-supported survival of human and mouse CD8*
memory T cells (Cui et al., 2015). IL-7 can induce the expression of the mammalian
glycerol channel aquaporin 9 (AQP9) in CD8* memory T cells. Lack of AQP9 impairs
glycerol transportation into memory CD8* T cells for TAG synthesis and storage (Carbrey et
al., 2003; Cui et al., 2015; Rojek et al., 2007). These observations enrich our understanding
of how cytokines define distinct T cell functions through mitochondrial metabolic
regulation.

Metabolism of amino acids, which serve as a fuel source as well as precursors for synthesis
of macromolecules, is another critical determinant for T cell development and function.
Protein synthesis requires metabolism of L-arginine, which is also a precursor of immuno-
modulating metabolites, such as polyamines and NO (Grohmann & Bronte, 2010). Elevation
of L-arginine sensed by transcription factors BAZ1B, PSIP1, and TSN in activated T cells
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induces a metabolic shift from glycolysis to OXPHOS, which facilitates the generation of
central memory T cells with enhanced survival capacity (Geiger et al., 2016), underscoring a
role of L-arginine for reprogramming metabolism as well as functionality of T cells.
Moreover, glutamine, the most abundant amino acid in blood, is required for energy
production to support rapid division of activated T cells (Sinclair et al., 2013). TCR
engagement can trigger amino acid transporter ASCT2-mediated uptake of glutamine and
leucine, resulting in the differentiation of Thl and Th17 cells (Nakaya et al., 2014).
Glutamine also appears to be critical for the fitness of CD8" CTLs and development of
CD8*" memory T cells (Blagih et al., 2015). Taken together, these extensive studies elucidate
the complexity of metabolic changes that can impact on the activation and differentiation of
immune cell types.

5. Metabolic alterations in immune cells during cancer progression

Metabolic reprogramming is a hallmark of cancer during tumorigenesis and progression
(Hanahan & Weinberg, 2011; Ward & Thompson, 2012). Cancer cells preferentially use
glucose to produce energy (i.e., Warburg effect) for supporting cell growth and proliferation
(Cairns et al., 2011; Vander Heiden et al., 2009; Warburg, 1956). Growth-factor signaling
within the TME activates PI3K-Akt, which in turn promotes the elevation of a number of
glycolytic genes (i.e., GLUT1, HK2, PFKFB3 and LDHA) and PDK that suppresses the
TCA cycle (Cairns et al., 2011; Semenza, 2003; Ward & Thompson, 2012). Consequently,
these molecular events culminate in deprivation of glucose and amino acids in the TME,
which directly causes dysfunction of tumor-infiltrating immune cells. In addition to
supporting cancer cell growth, the metabolic reprogramming in cancer cells generates waste
products, such as lactate, phosphoenolpyruvate, arginine and tryptophan by-products, which
can further contribute to an immune suppressive environment and shape the fate or function
of immune cells.

5.1 Immune evasion through metabolic competition

Although NK cells have intrinsic tumoricidal activity, they generally fail to control tumor
progression due to their functional defects in the TME (Carrega et al., 2008; Mamessier et
al., 2011; Platonova et al., 2011; Smyth, Hayakawa, Takeda, & Yagita, 2002). In a Kras-
driven lung cancer transgenic model, upregulation of fructose-1,6-bisphosphatase (FBP1) in
NK cells inhibits glycolysis, thereby impairing their tumor-destroying capability (Cong et
al., 2018). In addition to glucose, cancer cells also have a high demand for glutamine (Still
& Yuneva, 2017; Zhang, Pavlova, & Thompson, 2017). Glutamine withdrawal or systemic
blockade of L-amino acid transport inhibits induction of the transcription factor c-Myc
during NK cell activation. The loss of c-Myc reduces cell growth and tumor cytotoxicity of
NK cells (Loftus et al., 2018), suggesting an essential role of glutamine and amino acids for
NK cell function.

Increasing evidence indicates that glucose deprivation caused by the tumor Warburg effect
suppresses effector functions of tumor-reactive T cells. Cancer cells can escape from CD4*
T cell-mediated immune surveillance by increasing glycolysis via expression of HK2.
Insufficient glycolytic metabolite phosphoenolpyruvate (PEP) in CD4* T cells due to
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metabolic competition results in an increase in the SERCA-mediated Ca2* uptake and a
defective T cell activation (Ho et al., 2015). In a mouse sarcoma model, it was demonstrated
that competitive glucose consumption by tumors blocks mTOR activity, glycolytic capacity,
and IFN-y production within T cells, consequently disabling the tumor-protective ability of
T cells (Chang et al., 2015). Moreover, a substantial elevation of glycolysis-related genes is
commonly seen in human melanoma and lung cancer samples that are poorly infiltrated by T
cells, indicating that tumor glycolysis likely creates a barrier for T cell infiltration (Cascone
et al., 2018). The enhanced glycolysis of cancer cells causes excessive production of lactic
acid (LA) in the TME, which can further disturb T cell metabolism and function by blocking
export of LA from T cells. This is consistent with a positive correlation between serum
levels of lactate and tumor burden in cancer patients (Fischer etal., 2007). Therefore, it is
conceivablethat Tcellresponsivenessismodulated, at least partially, by tumor-triggered
glucose restrictions and glucose consumption may serve as an additional mechanism
underlying tumor immune evasion. Intriguingly, it was recently found that T cells infiltrating
murine and human tumors experience a loss of mitochondrial mass and function. This
impaired mitochondrial biogenesis in tumor-specific T cells resulted from defective Akt-
PPAR-y coactivator la (PGCla) signaling (Scharping et al., 2016), indicating that
repression of oxidative metabolism in tumor-infiltrating T cells abrogates their effector
function by limiting metabolic requirements.

5.2 Metabolic reprogramming and dysfunction of tumor-associated APCs

Active glycolysis in cancer cells and stromal cells (e.g., cancer-associated fibroblasts or
CAFs) are known to cause accumulation of LA, an end-product of glycolysis (Ghesquiere,
Wong, Kuchnio, & Carmeliet, 2014). Tumor-derived LA is a key factor involved in tumor
escape from immune surveillance, supported by its effect on inhibition of IL-12 production
by DCs and induction of a phenotype similar as tumor-associated DC during DC
differentiation (Gottfried et al., 2006).

Enhanced FA synthesis in DCs in response to TLR stimulation increases lipid storage
(Everts et al., 2014; Maroof, English, Bedford, Gabrilovich, & Knight, 2005). However, high
lipid content in tumor-associated DCs have been associated with dysfunction of DCs in the
TME. Prostaglandin E, (PGE,) is a prostanoid lipid that can enhance cancer cell survival,
growth, migration, angiogenesis, and immunosuppression. Cyclooxygenase (COX)-1 and 2,
the catalytic enzymes for production of PGE,, are highly upregulated in colorectal, breast,
stomach, lung, and pancreatic cancers (Dannenberg & Subbaramaiah, 2003; Wang &
DuBaois, 2010). PGE; produced by melanoma cells was reported to prevent accumulation
and activation CD103* DCs and to downregulate the expression of molecules essential for
anti-tumor type | immunity, such as IFN-y, T-bet, and IL-12 (Zelenay et al., 2015). DCs
from tumor-bearing mice or cancer patients also accumulate higher amounts of triglycerides
as compared with DCs from healthy hosts. Lipid accumulation in tumor-associated DCs is
believed to be largely caused by upregulation of scavenger receptor A (i.e., CD204), a
negative regulator of DC immunogenicity (Guo, Yi, Yu, Hu, et al., 2012; Guo, Yi, Yu, Zuo,
etal., 2012; Qian et al., 2011; Wang, Facciponte, Chen, Subjeck, & Repasky, 2007; Yi et al.,
2011; Yu, Guo, Fisher, Subjeck, & Wang, 2015). Indeed, lipid laden DCs exhibit reduced
capacity to process antigen and stimulate allogenic T cells. Use of an acetyl-CoA
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carboxylase inhibitor or anti-SRA antibodies to reduce lipid content in DCs can substantially
enhance the anti-tumor potency of DC vaccination (Herber et al., 2010). Tumor-derived
oxidized neutral lipids, such as triglycerides, cholesterol esters and FAs, but not non-
oxidized lipids, decreased the cell surface expression of peptide-MHC class | complexes and
block the tumor antigen cross-presentation activity of DCs (Ramakrishnan et al., 2014). The
X-box binding protein 1 (XBP1) is a major transcription factor mediating an ER stress
response, which has been documented to directly support tumorigenesis by promoting
cancer cell survival and metastasis (Chen et al., 2014; Lee, Iwakoshi, Anderson, &
Glimcher, 2003; Tang et al., 2014). Constitutive activation of XBP1 in ovarian tumor-
associated DCs can also induce a triglyceride biosynthetic program resulting in abnormal
lipid accumulation, which subsequently blunts antitumor immunity (Cubillos-Ruiz et al.,
2015), suggesting that targeting the XBP-1-mediated ER stress response may offer a unique
strategy to metabolically enhance the immune-genicity of DCs.

While it is well recognized that aberrant B-catenin signaling plays an important role in
driving cancer development and metastasis (Klaus & Birchmeier, 2008; Reya & Clevers,
2005), its involvement in functional impairment of immune cells is beginning to be clarified.
Cancer cells can activate p-catenin signaling in DCs, resulting in inhibition of the cross-
priming of T cells (Liang et al., 2014). Tumor-infiltrating DCs also metabolize vitamin A to
produce retinoic acid via p-catenin signaling, which subsequently facilitates a regulatory T-
cell response and immune tolerance. Deletion of B-catenin or blocking of the p-catenin
pathway in DCs can effectively reduce regulatory T cell response and inhibit the growth of
mouse melanoma (Hong et al., 2015). A recent study reported that melanoma establishes an
immune privileged environment via a paracrine Wntba-f-catenin-peroxisome proliferator-
activated receptor-y (PPAR-y) pathway, which upregulates the expression of CPT1A for
increased FAQO in DCs. This metabolic shift toward FAO promotes the induction of
indoleamine 2,3-dioxygenase-1 (IDO1) while decreasing the production of
immunostimulatory cytokines (e.g., IL-12), culminating in a tolerogenic phenotype of DCs
and expansion of Tregs (Zhao et al., 2018). Based on these considerations, it is suggested
that manipulation of lipid accumulation in DCs can improve anti-tumor immunity and the
therapeutic efficacy of DC-based cancer vaccinations.

5.3 Metabolic reprogramming in suppressive immune cells

Although the metabolic conditions in the TME dampen antitumor function of tumor-specific
effector T cells, Tregs can continue to exert their immunosuppressive effect due to their
metabolic reliance on FAO (Maclver, Michalek, & Rathmell, 2013; Michalek et al., 2011).
Production of lactate and amino acids by the hypermetabolic cancer cells as well as
induction of HIF-1a in tumor can support the expansion of Tregs, which inhibit activation
and cytolytic function of effector T cells in the TME (Ben-Shoshan et al., 2008; Siska et al.,
2017).

The interactions between cancer cells and tumor-associated macrophages (TAMS) or
monocytes through metabolic pathways or signals may also play a role in tumor
development. Tumor produced LA can modulate TAM function to amplify tumor-promoting
inflammation in the TME. In the presence of tumor-derived LA, human and mouse
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monocytes/macrophages activated by TLR ligands display enhanced transcription of
IL-23p19 (Shime et al., 2008). IL-23 promotes cancer supporting inflammation through
upregulation of the matrix metalloprotease MMP-9, expansion of inflammatory Th17 cells,
and by preventing tumor infiltration of CTLs (Langowski et al., 2006; Numasaki et al.,
2003). Activation of human monocytes by LPS triggers the glycolytic flux and the secretion
of lactate. The abundance of tumor-derived LA can also influence activation of monocytes
because addition of LA to reduce lactate export or blocking of glycolysis by 2-deoxyglucose
strongly inhibits monocyte/macrophages activation-associated TNF production (Dietl et al.,
2010). Further evidence for the contribution of LA to dysfunction of TAMs is provided by
the observation that LA from cancer cells induces HIF-1a-dependent vascular endothelial
growth factor and arginase 1, which accelerate tumor growth in syngeneic murine cancer
models (Colegio et al., 2014).

Accumulating data indicate that TAMs undergo significant alterations in lipid profile. A
reprogramming of lipid metabolism in macrophages was observed in an orthotropic lung
cancer model, indicated by changes of several genes involved in lipid signaling. Compared
with healthy controls, TAMs exhibited elevated levels of COX-2, which positively correlated
with increased tumor angiogenesis (Nakao et al., 2005; Poczobutt et al., 2016). Expression
of high 15-lipoxygenase 2 (15-LOX2) and its lipid product called the 15(5)-
hydroxyeicosatetraenoic acid in renal cell carcinoma associated macrophages also correlated
with the amounts of the chemokine CCL2 as well as the immunosuppressive cytokine 1L-10,
which facilitates cancer-supporting inflammation and immune escape (Daurkin et al., 2011).
Cancer cells also regulate FA metabolism in TAMs to fulfill their tumor-promoting function.
Lewis lung carcinoma cells actively produce macrophage colony-stimulating factor (M-
CSF) to induce macrophage-intrinsic FASN and IL-10 production to facilitate tumor cell
invasion (Park et al., 2015). Mechanistic studies revealed that FASN acts upstream of the
nuclear receptor PPARPB/S, a key regulator of tumor angiogenesis (Abdollahi et al., 2007;
Muller-Brusselbach et al., 2007). FA binding proteins (FABPs) are lipid chaperones that can
reversibly bind hydrophobic ligands (i.e., saturated or unsaturated long-chain FAs,
eicosanoids and other lipids) and dictate their biological functions (Haunerland & Spener,
2004; Makowski & Hotamisligil, 2005). In the stroma of mousemammarytumor, epidermal
FABP (£-FABP) is highly upregulated in M1-like macrophages, whereas macrophages with
low expression of E-FABP are more M2 oriented, evidenced by differential production of
IFN-B. Agonistic activation of E-FABP strongly enhances the antitumor activity of
macrophages (Rao et al., 2015; Zhang et al., 2014). Therefore, the pro-tumor phenotype of
TAMs may be defined by their intracellular metabolic lipid profiles.

A potential link is implied between amino acid or nutrient depletion and dysfunction of
tumor-associated myeloid cells. Cysteine, which is required for protein synthesis and cell
proliferation, can be acquired by cells through importing extracellular disulfide-bonded

cystine via membrane cystine transporter X and reducing them to cysteine (Arner &
Holmgren, 2000; Mansoor, Svardal, & Ueland, 1992) or converting intracellular methionine
to cysteine through cystathionase (Gout, Buckley, Simms, & Bruchovsky, 2001; Ishii et al.,
2004). Myeloid-derived suppressor cells (MDSCs) consist of heterogeneous populations of
immature cells phenotypically characterized as CD11b*Gr1™* cells in tumor-bearing mice
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and CD11b*CD14~ CD33* cells in cancer patients (Gabrilovich, Ostrand-Rosenberg, &
Bronte, 2012). Expansion of MDSCs represents a major mechanism of cancer evasion of
antitumor immunity. Due to the absence of Alanine-Serine-Cysteine (ASC) transporter,
export of cysteine is blocked in MDSCs. However, MDSCs can import extracellular cysteine

through X transporter. As a result, MDSCs sequester cysteine in the TME and limit the

availability of cysteine to T cells (Srivastava, Sinha, Clements, Rodriguez, & Ostrand-
Rosenberg, 2010). Since T cells do not express cystathionase or the X~ transporter, their

proliferation and activation require cysteine mainly from other cells (Eagle, Washington, &
Friedman, 1966), lack of cysteine in the TME leads to impaired T cell activation (Srivastava
et al., 2010). Similarly, MDSCs suppress activation of T cells by depletion of arginine
through upregulation of arginase I, which decreases the expression of CD3C on T cells
(Rodriguez et al., 2009). In addition to MDSCs, arginase | is also highly expressed in mature
myeloid cells infiltrating mouse lung carcinoma or human non-small cell carcinoma. These
myeloid cells, not the tumor cells or infiltrating lymphocytes, are believed to be the primary
source of intra-tumor arginase | and can efficiently deplete extracellular L-arginine via
cationic amino acid transporter 2B. Similar to MDSCs, depletion of L-arginine by tumor-
associated mature myeloid cells inhibit the activation of antigen-specific T cells by
downregulating CD3( expression (Rodriguez et al., 2004). Tumor-infiltrating myeloid cells,
such as MDSCs, DCs or TAMs also catalyze tryptophan metabolism in the kynurenine
pathway through upregulation of IDO, which can inhibit T cell activation through depletion
of tryptophan and expansion of Tregs (Martinez, Gordon, Locati, & Mantovani, 2006; Munn
& Mellor, 2007, 2016). Accordingly, amino acid deprivation by tumor-associated myeloid
cells and resultant impairment of TCR signaling or T cell activation represents a major
mechanism by which cancer cells avoid immune recognition and/or attack.

Several recent studies also highlight involvement of metabolic pathways that impact on the
suppressive functions of MDSCs. Tumor-infiltrating MDSCs sorted from mouse and human
display a metabolic characteristic of activated FAO (Hossain et al., 2015). The increased
FAO and FA uptake are associated with elevated arginase | as well as an enhanced capacity
of MDSCs to inhibit T cells. In response to high level of FAO, MDSCs produce cytokines
that can sustain the expansion of MDSC (e.g., G-CSF, GM-CSF, IL-1p, IL-6 and IL-10),
which is blocked by inhibition of FAO (Hossain et al., 2015). Cancer cell-derived cytokines
including G-CSF and GM-CSF can signal through STAT3 and STATS5 in a paracrine manner
to induce expression of lipid transporters and lipid uptake in MDSCs (Al-Khami et al.,
2017). Intracellular accumulation of lipids increases further oxidative metabolism and
strengthens immunosuppressive function of MDSCs, which can be reversed by blocking
STAT3/5 signaling or ablation of the FA translocase CD36. Strikingly, lipid transport
proteins are highly upregulated in human tumor-infiltrating and peripheral blood MDSCs
(Al-Khami et al., 2017). Lectin-type oxidized LDL receptor 1 (LOX-1) is specifically
expressed on polymorphonuclear MDSCs (PMN-MDSCs) from cancer patients, but not on
those from healthy donors. LOX-1 expressing PMN-MDSCs display a gene profile
associated with immune suppression (Condamine et al., 2016). Consequently, tumor-derived
lipids cause profound metabolic changes in MDSCs, which can modulate their ability to
counteract the effector function of antitumor T cells.

Adv Cancer Res. Author manuscript; available in PMC 2020 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guo et al. Page 21

6. Reprogramming metabolic pathways to potentiate cancer
immunotherapy

There is support for the notion that metabolic changes alter the phenotype and function of
immune cells within the TME, which is believed to at least partially contribute to the failure
of current cancer immunotherapy. A major goal of immunotherapy is to overcome immune
suppression for efficient mobilization of tumor-specific T effector cells and generation of T
memory cells, which will allow for long-lasting immune-mediated elimination or control of
cancer. Since metabolic programing drives immune cell development and function, use of
metabolism-targeting drugs could offer new opportunities to improve cancer
immunotherapies. Evidence is beginning to emerge that metabolic regulation, e.g., inhibition
of cholesterol esterification (Yang, Bai, et al., 2016), blockade of conversion of adenosine
monophosphate (Allard, Pommey, Smyth, & Stagg, 2013), and targeting of the unbalanced
lipid accumulation in tumor-infiltrating DCs (Cubillos-Ruiz et al., 2015; Herber et al., 2010)
can be harnessed to strengthen or normalize immune functions for optimized treatment of
cancers.

6.1 Overcoming immune suppression by metabolic reprogramming of myeloid cells

An effective DC vaccination or DC-targeted immunotherapy is dependent on optimized
processing and presentation of tumor antigens by DCs as well as induction of co-stimulatory
molecules on the cell surface. mTOR regulates a variety of cellular responses (e.g.,
metabolism and survival) through nutrient sensing thereby representing a potential metabolic
target for modulating DC functionality (Kapahi et al., 2010; Meijer & Codogno, 2008;
Sengupta, Peterson, & Sabatini, 2010). Inhibition of mTOR prevents TLR activation-
induced metabolic switch to glycolysis in DCs (Amiel et al., 2012; Krawczyk et al., 2010).
Blocking mTOR expression or function also significantly prolongs the lifespan of activated
DCs, increases the levels of co-stimulatory molecules, and enhances their T cell-priming
capacity. Lastly, treatment of DCs with mTOR inhibitors during their activation improves
the therapeutic efficacy of DC vaccination to control the progression of mouse B16
melanoma (Amiel et al., 2012). Mechanistic studies show that mTOR inhibition reduces the
dependence of activated DCs on glycolysis to generate ATP and shifts the metabolic
pathway toward OXPHOS. This metabolic change is primarily attributed to the
downregulation of iINOS and NO (Amiel et al., 2014). These findings provide supporting
evidence for strategic targeting of the mTOR pathway in DCs to enhance their
immunostimulatory potential to improve immuno-therapeutic outcomes.

Small-molecule inhibitors have also been tested to repress the FAO cycle in myeloid cells,
e.g., etomoxir that irreversibly blocks CPT1A and ranolazine that targets the trifunctional
enzyme HADHA (Bressler et al., 1989; Maclnnes et al., 2003). In support of the role of FAO
in the suppressive function of MDSCs, administration of etomoxir or ranolazine effectively
reduces the growth of mouse 3LL lung carcinoma and MCA-38 colon carcinoma cells,
which is dependent on T cells (Hossain et al., 2015). FAQO inhibition confers an antitumor
effect that appears to involve MDSCs, since etomoxir treatment did not directly affect cancer
cells or T cell functions (e.g., proliferation, cytokine production, cytolytic activity) (Hossain
et al., 2015). Several additional studies also demonstrate that FAO inhibition significantly
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increases antitumor potency of low-dose chemotherapy or T cell therapy by targeting
MDSC-associated immune suppression (Coussens, Zitvogel, & Palucka, 2013; DeNardo et
al., 2011; Hossain et al., 2015).

6.2 Metabolic reprogramming of T cells for enhanced therapeutic efficacy

Adoptive cell therapy (ACT) is a form of immunotherapy that utilizes tumor-reactive T cells
to eradicate cancers (Chen & Mellman, 2013; Goff et al., 2016). However, a glucose-poor
tumor microenvironment limits aerobic glycolysis in tumor-infiltrating T cells, resulting in
suppression of their tumoricidal functions. Among melanoma patients that are refractory to
ACT, there is a high elevation of glycolytic activity in cancer cells, implicating a potential
role of tumor-intrinsic glycolysis in dampening the therapeutic potency of adoptively
transferred T cells (Cascone et al., 2018). The glycolytic metabolite PEP was recently shown
to serve as new metabolic checkpoint for sustaining TCR-mediated Ca2*-NFAT signaling
and effector functions of T cells. Tumor-specific CD4* and CD8* T cells can be
metabolically reprogrammed by increasing PEP production through overexpression of
phosphoenolpyruvate carboxykinase 1 (PCK1), which improves their effector functions.
PCKZ1 overexpression enhances the antitumor efficacy of adoptively transferred melanoma-
reactive T cells, which is associated with increased production of IFN-y and CD40L in
TILs, but not in T cells within peripheral lymphoid organs where glucose is abundant (Ho et
al., 2015). This finding indicates that metabolic reprogramming of antitumor T cells for
enhanced glycolysis may be potentially used to overcome glucose deprivation in the TME
and rejuvenate functionally impaired TILs.

While enhanced glycolysis can promote effector T cell functions as well as their terminal
differentiation, inhibition of glycolysis generates memory cell-like CD8* T cells that display
longevity and superior antitumor function (Sukumar et al., 2013, 2016). Inhibition of
glycolysis during ex vivo expansion of antigen-specific T cells promotes a transcriptional
program embodying characteristics of memory cells (Sukumar et al., 2013). Activation of
CDS8™* T cells in the presence of glycolytic inhibition enhances the generation of long-lived
memory T cells and improves their antitumor activity after transfer into B16 tumor bearing
mice (Sukumar et al., 2013). It is feasible that glycolysis-active effector T cells can lead to a
rapid therapeutic effect, however, long-lasting memory T cells are essential for control of
relapsed tumors. Therefore, a challenge remains relative to the appropriate timing of
metabolic reprogramming of T cells to achieve successful treatment outcomes in the setting
of ACT.

In mouse and human melanoma, hypoglycemia and hypoxia in the TME enhance PPAR-a
signaling and catabolism of FAs in vaccination-induced CD8" T cells, which can partially
preserve the effector functions of TILs. Such a metabolic switch associates with enhanced
uptake of FAs and exacerbated FAO. Metabolic reprogramming of CD8* T cells by
increasing FA catabolism enhanced the antitumor efficacy of ACT, which can also synergize
immune checkpoint inhibition therapy for improved tumor elimination (Zhang, Kurupati, et
al., 2017). This result is also buttressed by other studies demonstrating that memory CD8* T
cells, which rely on FAO and OXPHOS for energy production, are more efficient in delaying
tumor growth than effector cells (Crompton et al., 2015; Sukumar et al., 2013).
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The PI3K-Akt-mTOR pathway is implicated in regulation of the formation of memory CD8*
T cells (Araki et al., 2009; Macintyre et al., 2011; Okkenhaug et al., 2002). Pharmacologic
inhibition of Akt facilitates the expansion and differentiation of human tumor-specific
lymphocytes into memory T cells by enhancing FAO and SRC. Upon Akt inhibition, human
CTLs exhibit prolonged persistence after adoptive transfer into NSG mice. Transfer of
mouse B16 melanoma-reactive CTLs after treatment with the Akt inhibitor also show a
superior antitumor activity, indicated by reduced tumor growth and improved animal
survival (Crompton et al., 2015). However, sustained and strong activation of Akt was shown
to play a non-redundant role in CTLs to coordinate the TCR- and IL-2-induced
transcriptional programs that control expression of key cytolytic effector molecules,
adhesion molecules, cytokine and chemokine receptors that distinguish effector T cells from
memory or naive T cells (Laplante & Sabatini, 2012; Macintyre et al., 2011). Therefore,
despite the fact that Akt is dispensable for metabolism, the strength and duration of Akt
activity can dictate transcriptional programs in CTLs that determine their fate.

L-arginine can increase the survival of human and mouse T cells and favor their central
memory phenotype, which is superior to effector T cells in eradicating mouse tumors
(Geiger et al., 2016; Klebanoff et al., 2005). Supplement with L-arginine provides OT-I cells
with a higher survival capacity. L-arginine treatment of OT-I cells prior to adoptive transfer
into B16-OVA bearing tumor mice mounts an enhanced therapeutic effect and prolongs the
lifespan of mice. Alternatively, feeding B16-OVA tumor bearing mice with L-arginine also
renders more potent OT-1 T cell activation primed in vivo by OVA plus Alum immunization
as well as optimized tumor control (Geiger et al., 2016). These observations collectively
demonstrate that increasing L-arginine level in CD8" T cells enhances their antitumor
activity.

Manipulating cholesterol metabolism may also be exploited to potentiate the tumor
cytotoxicity of CD8™ T cells, which is often suppressed in the TME. Genetic ablation or
pharmacological inhibition of ACAT1, a key cholesterol esterification enzyme (Chang,
Chang, Ohgami, & Yamauchi, 2006), specifically enhances the proliferation and effector
function of CD8" T cells, not CD4* T cells (Yang, Bai, et al., 2016). This is achieved via
increasing plasma membrane cholesterol levels, causing enhanced TCR clustering and
signaling as well as formation of the immunological synapse. Selective ablation of ACAT1
in CD8™ T cells reduces the progression and metastasis of mouse melanoma in vivo. This
improved immunotherapeutic outcome can be recapitulated by using the ACAT inhibitor
avasimibe, which was previously tested in clinical trials for treatment of atherosclerosis
(YYang, Bai, et al., 2016).

Chimeric antigen receptor engineered T cell (CAR-T) therapy is an immunotherapeutic
strategy that combines the effector functions of T cells with extracellular variable regions of
an antibody to allow specific recognition of cancer cells independent of antigen cross-
presentation (Eshhar, Waks, Gross, & Schindler, 1993; Kuwana et al., 1987). CAR-T therapy
has achieved remarkable clinical responses in hematological malignancies, e.g., chronic
lymphocytic leukemia (CLL), acute lymphoblastic leukemia (ALL), and diffused large B
cell lymphoma. The new generation CAR-T therapy incorporates the cytoplasmic domains
of co-stimulatory molecules, i.e., CD28, 4-1BB (CD137), ICOS or OX40, either
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individually or in combination for enhanced proliferation and function of CAR-T cells
(Maus et al., 2014; Sadelain, Brentjens, & Riviere, 2013). Although similar responses were
observed in ALL patients receiving CAR-T therapy that has incorporated signaling domain
of CD28 or 4-1BB (Brentjens et al., 2013; Lee et al., 2015; Maude et al., 2014), the
presence of the 4-1BB signaling domain results in superior treatment outcomes in CLL as
compared to that of CD28 domain, which is due to increased persistence of CAR-T cells and
their resistance to exhaustion (Brentjens et al., 2013, 2011; Long et al., 2015; Porter et al.,
2015). Intriguingly, incorporation of CD28 or 4-1BB domains causes activation of distinct
metabolic pathways within CAR-T cells. CAR-T cells equipped with 4-1BB( display a
central memory phenotype and preferentially use metabolic pathways such as FAO to
achieve their bioenergetic demands for long term survival. In contrast, CD28C CAR-T cells
consume a greater amount of glucose and show increased aerobic glycolysis via activation of
the PI3K-Akt pathway during effector cell differentiation (Frauwirth et al., 2002; Kawalekar
et al., 2016; Sabbagh, Pulle, Liu, Tsitsikov, & Watts, 2008). These observations are
consistent with a previous report of a critical role of the 4-1BB signaling in long-term
survival of T cells (Sabbagh et al., 2008). Consequently, metabolic reprogramming
represents a critical mechanism for determining T cell responses during cancer progression
and T cell-based immunotherapies. Strategical engineering of CAR-T cells with altered
metabolic activities that favor the persistence and functionality of T cells in the hostile TME
can lead to improved therapeutic outcomes.

6.3 Metabolic reprogramming and immune checkpoint blockade therapy

The immune checkpoint proteins, which play a crucial role in regulation of the immune
response to maintain self-tolerance and prevent excessive immune activation, are often
dysregulated in tumors and immune cells, thereby resulting in immune evasion by cancer
cells (Keir, Butte, Freeman, & Sharpe, 2008). ICls, which reinvigorate antitumor immunity
by restoring T cell function while preventing their exhaustion, have shown striking and
durable clinical responses in several types of cancer (Brahmer et al., 2012; Hamid et al.,
2013; Hodi et al., 2010; Pardoll, 2012; Wei, Duffy, & Allison, 2018). Accumulating
evidence indicate that these immune check-point signals can cause metabolic
reprogramming of both cancer cells and immune cells. An early study showed that ligation
of CTLA-4 and PD-1 signaling reduced CD3/CD28 stimulation triggered elevation of
glucose metabolism and Akt activity in T cells (Parry et al., 2005). Indeed, tumor PD-L1
expression can promote tumor-intrinsic glycolysis and Akt-mTOR activation while
suppressing mTOR activity in T cells through glucose competition within the tumor niche.
In a mouse sarcoma model, treatment with ICIs (i.e., anti-PD-1/L1, anti-CTLA-4 antibodies)
inhibited glucose uptake in tumor cells and enhanced glucose uptake and glycolysis as well
as mTOR activity in T cells, which overlapped with increased IFN-y production by T cells
(Chang et al., 2015). In support of this finding, an increased glucose rate in TME and
improved glycolysis as well as cytolytic function of T cells is also observed in a mouse
melanoma model following treatment with ICls (Zhao et al., 2016), suggesting blockade of
immune checkpoint molecules can influence the metabolic profile in the TME by favoring T
cell functions.
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Recent studies by Patsoukis et al showed that activating the PD-L1/PD-1 signaling prevents
the development of effector T cells by inhibiting glycolytic reprogramming, promoting FAO
of endogenous lipids through overexpression of CPT1A, and inducing lipolysis (Patsoukis et
al., 2015). Given the impact of lipid metabolism on the proliferation and function of T cells,
use of metabolic modulator to improve therapeutic outcomes in the setting of immune
checkpoint blockade has been attempted. Anti-PD-1 antibodies combined with avasimibe,
which targets cholesterol esterification for treatment of atherosclerosis, demonstrated better
efficacy than monotherapies in controlling tumor growth (Yang, Bai, et al., 2016).

Considering that production of LA and resultant low-pH TME impair proliferation and
cytolytic activity of CTLs, neutralization of the TME has been evaluated for its therapeutic
impact on cancer immunotherapy (Choi, Collins, Gout, & Wang, 2013; Romero-Garcia,
Moreno-Altamirano, Prado-Garcia, & Sanchez-Garcia, 2016). Buffering LA with oral
bicarbonate improves the pH of TME, resulting in enhanced CTL activity and improved
inhibition of tumor growth when combined with anti-PD-1 therapy (Pilon-Thomas et al.,
2016). Recently, 4-1BB costimulatory signaling was shown to provide metabolic support to
TILs in an immunosuppressive and metabolically challenged TME, which is known to
impose metabolic restrictions on T cell function (Menk et al., 2018). A short course of 4—
1BB treatment is adequate to improve metabolic sufficiency in endogenous or adoptive
transferred CD8" T cells through enhanced mitochondrial capacity and by engaging PGCla
pathways. Strikingly, 4-1BB stimulation combined with PD-1 inhibitor results in robust
antitumor immunity, further highlighting the potential of metabolic reprogramming to
enhance the fitness of CTLs for immunotherapy (Menk et al., 2018).

6.4 Targeting immunometabolism to ameliorate ICls-associated side effects

While IClIs are revolutionizing the treatment of cancer, accumulating evidence indicates that
these immunotherapeutic agents are associated with a diverse spectrum of autoimmune or
inflammatory complications (e.g., colitis, hepatitis, rheumatoid arthritis or RA,
inflammatory bowel disease, pneumonia), referred to as immune-related adverse events
(irAEs) (Postow, Sidlow, & Hellmann, 2018). A number of irAEs that emerge with ICls
have been observed, ranging from severe and potentially life-threatening pneumonitis
(Barjaktarevic, Qadir, Suri, Santamauro, & Stover, 2013; Topalian et al., 2012), hepatitis
(Hamid et al., 2013; Robert et al., 2015), and colitis (Beck et al., 2006), to autoimmune
arthritis (Cappelli et al., 2017) and dermatitis (Sibaud et al., 2016). Although the exact
pathways mediating irAEs are not completely understood, it is conceivable that blockade of
immune checkpoint molecules, such as CTLA-4 or PD-1, could cause aberrant T cell
activation and loss of self-tolerance with a myriad of off-target inflammatory and
autoimmune manifestations (Calabrese, Calabrese, & Cappelli, 2018; Calabrese & Velcheti,
2017; Sandigursky & Mor, 2018). As observed in cancer, metabolic alterations have been
implicated in abnormal immune activation in autoimmune disorders (Perl, 2017). In patients
with RA, CD4* T cells hyper-proliferate and differentiate into cytokine-producing effector
cells involved in disease pathology. In contrast to those from healthy controls, glycolytic
breakdown of glucose in T cells in RA is reduced as a result of diminished activity of the
regulatory enzyme PFKFB3, which impairs ATP production, autophagy, and redox balance
(YYang, Fujii, Mohan, Goronzy, & Weyand, 2013). Impaired glycolysis in RA T cells is also
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caused by up-regulation of glucose-6-phosphate dehydrogenase (G6PD) (Yang, Bai, et al.,
2016). Excess G6PD diverts glucose into the pentose phosphate pathway, resulting in the
accumulation of NADPH and consumption of ROS. Restoring oxidant signaling by
replenishing intracellular ROS can correct the pro-arthritogenic activity of T cells and
alleviate synovial inflammation (Yang, Shen, et al., 2016). Additionally, podosome
scaffolding protein TKS5, i.e., tyrosine kinase substrate with five Src homology 3 domains,
is critically involved in the pro-inflammatory and tissue-invasive behavior of T cells in RA
(Shen et al., 2017). Low glycolysis in RA T cells drives the overexpression of TKS5 by
reducing pyruvate and promoting FA biosynthesis. Pharmacologically restoring pyruvate
production or inhibiting FA synthesis suppresses the tissue-invasive and proinflammatory
functions of RA T cells in vivo (Shen et al., 2017).

Macrophages, a dominant cell population in the inflamed joint in RA, also undergo
metabolic reprogramming that drives their pro-inflammatory phenotype. Intestinally, as
opposed to a phenotype of ATPIPWNADPHNNROS!OW jn RA T cells, RA macrophages
gorge on glucose due to upregulation of glucose transporters and display increased ROS
production. Subsequent post-translational modifications of the glycolytic enzyme pyruvate
kinase further amplifies STAT3-dependent production of IL-1p and IL-6 (Weyand,
Zeisbrich, & Goronzy, 2017). Given the metabolic alterations in these hyper-inflammatory
pathogenic cells, it is possible to target cell-type-exclusive metabolic set points to alleviate
irAEs. However, a remaining challenge of metabolic interference as a means of
immunomodulation is the complexity of metabolic programing in different immune cell
types, e.g., coexistence of energy-deprived T-cells and glucose-overloaded macrophages as
cytokine super-producers in autoimmune disorders. Understanding how specific ICls
functionally and metabolically modulate tumor-specific and self-attacking immune cells will
be essential for rational development of metabolism modifying approaches to optimize
immune checkpoint blockade therapy.

Concluding remarks

The immune system needs to constantly adapt and respond to diverse environments, which
requires coordination of the bioenergetic machinery within the highly interactive immune
cell network to achieve efficient and appropriate effector functions. The emerging field of
immunometabolism highlights the importance of metabolism in the activation,
differentiation, and function of immune cells (O’Neill, Kishton, & Rathmell, 2016), which
also provides a molecular and biochemical basis for understanding metabolic changes in
immune cells during tumor progression or in the setting of immunotherapy. While
dysregulated cellular energetics in cancer cells is established as a means of conferring
growth advantage, recent studies are beginning to shed light onto the immunological impact
of metabolic events in cancer cells and consequent tumor escape from immune surveillance.
Metabolic regulation provides a key determinant of the behavior of cancer cells as well as
the functional fate of immune cells. The interplay between cancer cells and immune cells
promotes metabolic reprogramming in both entities, which is exemplified by altered
glycolysis, glutaminolysis, lipid metabolism, mitochondrial biogenesis, etc. Cancer cells are
believed to evade the immune system metabolically through multiple mechanisms (Fig. 2),
including nutrient competition, release of metabolites that impair immune cell activity or
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induce expansion of suppressive immune cells (e.g., M2 macrophage, MDSC, Treg). The
functionalities of these suppressive or regulatory immune cells are adapted to the hostile
TME and can facilitate tumor progression or invasion. Mechanistic understanding of the
metabolic reprogramming in the TME may provide a means for developing novel
approaches to enhance the antitumor potential of immune effector cells. Indeed, several
glycolysis inhibitors designed to target tumor glucose metabolism to reverse Warburg effect
have been investigated preclinically or are currently in clinical trials. However, the specific
effects of those inhibitors on immune cells, especially in cancer immunotherapy, remain
largely unknown. Identifying metabolic pathways shared by cancer and immune cells will
allow the selection of appropriate metabolism-targeting drugs as potential immune
modulators. Although immunotherapy is emerging as one of the most promising therapeutic
modalities for cancer, long-term clinical benefits are not achieved in the majority of patients.
Thus, pharmacological inhibition of metabolic pathways may be exploited for combinatorial
therapy with other types of immunotherapies for improved treatment outcomes.

Despite the recent progress in the field, several critical questions remain to be addressed.
Further research is required to better understand the timing of the major metabolic switches
during immune cell activation and differentiation. In addition to pharmacological agents,
there is a pressing need to use a broader spectrum of genetic modifications including
transgenic mouse models, which target diverse metabolic regulators to precisely determine
their immune modulating effects. Likewise, it is not well understood as to how antitumor
immune cells (e.g., TILs) and tumor-promoting cells (e.g., MDSCs) adapt to the metabolic
constrains within the TME and to what degree this impacts on their functionality.
Considering that memory T cells provide superior antitumor immunity, it is critical to
determine how metabolic pathways support their proliferative capacity and function in the
TME. Additional work is also needed to define the relative contribution of metabolic
targeting to tumor inhibition and immune activation. For instance, despite the safety of the
glucose analog 2-deoxyglucose (2-DG) and its efficiency in cancer cells, 2-DG has also been
shown to impair the metabolism of T cells, resulting in reduced antitumor function (Gu et
al., 2017; Sukumar et al., 2013). The overlapping nature of many metabolic pathways calls
for caution in target selection and drug design. Novel platforms that can deliver metabolic
reprogramming agents in a cell type-specific manner will be necessary to achieve selective
targeting. Future studies should address the mechanistic connection between immunotherapy
and the metabolism of cancer or immune cells. These include defining a therapeutic window
to be exploited for optimized metabolic interventions, elucidation of the metabolic
contributions mediated through immune checkpoint molecules for rational targeting to
maximize a durable antitumor response, and potential involvement of metabolic
reprogramming in tumor resistance to immunotherapies, e.g., ICIs ( Jenkins, Barbie, &
Flaherty, 2018). Answering these questions will expand our comprehension of the interplay
between metabolic regulation and the antitumor immune response, potentially providing new
avenues to improve cancer immunotherapy. It is anticipated that strategically targeting
metabolic vulnerabilities of cancer cells and concurrent metabolic strengthening of
antitumor fitness or function of immune cells should translate the current success of
immunotherapy to additional cancer types and extend clinical immunotherapeutic benefits to
a larger proportion of patients.
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Fig. 1.

O\?erview of cell metabolism. The metabolism of glucose, fatty acids, and glutamine
generates intermediates to support cell survival and proliferation. Glycolysis and FAO
provide acetyl-CoA for oxidation through TCA cycle. The pentose phosphate pathway
branching off glycolysis generates NADPH and ribose-5-phosphate for nucleotide synthesis.
Cytosolic aspartate and acetyl-CoA generated by TCA cycle metabolites oxaloacetate and
citrate are used for nucleotide and FAS, respectively. The intermediate malonyl CoA from
the FAS pathway blocks CPT1, the rate-setting enzyme of FAO. CPT1, carnitine
palmitoyltransferase I; ETC, electron transport chain; FAO, fatty acid oxidation; FAS, fatty
acid synthesis; FASN, fatty acid synthase; FH, fumarate hydratase; GLUD, glutamate
dehydrogenase; GLS, glutaminase; mIDH1/2, mutant isocitrate dehydrogenases 1 and 2;
LDH, lactate dehydrogenase; SDH, succinate dehydrogenase; TCA, tricarboxylic acid.
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Fig. 2.

Mgtabolic evasion of the immune system by cancer. Cancer cells metabolically alter the
tumor immune compartment through nutrient competition, release of immunosuppressive
metabolites that can also facilitate the expansion and function of suppressive immune cells,
such as M2 macrophages, myeloid-derived suppressor cells (MDSCs). Tumors impair
effector function of T cells by limiting the nutrient availability in the tumor
microenvironment (TME), e.g., glucose or amino acids deprivation. This can cause a
mitochondrial function loss in T cells and poor tumor infiltration by T cells. Accumulation
of lactate due to Warburg effects also inhibits glycolysis in T cells. Tumorinfiltrating
dendritic cells (DCs) display a defect in antigen cross-presentation and T cell priming due to
the presence of lactate, lipid accumulation, and enhanced FAO. Suppressive immune cells,
including tumor-associated macrophages (TAMs) and MDSCs, can adapt to the
metabolically challenged TME via their metabolic reliance on FAO, which lead to amplified
immune suppression and tumor promotion. The hypoxia TME further enforces the activity
of infiltrating myeloid cells in restricting the availability of amino acids that are essential for
T cell activation. Targeting metabolic pathways in both tumor and immune cell can be
therapeutically exploited to overcome immune suppression and reinvigorate immune
functions for improved antitumor immunity.
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