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SUMMARY

T cell metabolism plays a central role to support and shape immune responses and may play a key
role in anti-tumor immunity. T cell metabolism is normally held under tight regulation in an
immune response of glycolysis to promote effector T cell expansion and function. However,
tumors may deplete nutrients, generate toxic products, or stimulate conserved negative feedback
mechanisms, such as through PD-1, to impair effector T cell nutrient uptake and metabolic fitness.
In addition, regulatory T cells are favored in low glucose conditions and may inhibit anti-tumor
immune responses. Here we review how the tumor microenvironment modifies metabolic and
functional pathways in T cells and how these changes may uncover new targets and challenges for
cancer immunotherapy and treatment.
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Introduction

The ability of the adaptive immune system to eliminate invading pathogens has long
suggested that T cells may have the capacity to respond to the neoantigens or inflammatory
and damage signals to eliminate tumors[1]. However, tumor microenvironments can pose
particular challenges for anti-tumor T cell responses. It was first recognized in the early
1920s that tumors utilize glucose at a high rate and produce lactate in a process termed the
Warburg effect[2]. This metabolic program differs from that used by most normal tissues in
that nutrients such as glucose are not readily oxidized in mitochondria for maximal ATP
generation, but are instead conserved for biosynthesis of nucleic acids, lipids, and amino
acids to support cell growth[3]. While a key benefit of this metabolic program is to protect
tumor cells in hypoxic regions, oncogenes that drive this mode of metabolism do so even in
the presence of oxygen in a metabolic program termed aerobic glycolysis. Cancer cells
utilize aerobic glycolysis to differing extents, and high levels of glycolytic activity coupled
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with poor angiogenesis can lead to near glucose depletion and accumulation of waste
products, such as up to 20 or more millimolar levels of lactate in both vital and peri-necrotic
tumor zones[4]. T cells infiltrating the tumor microenvironment thus face significant
metabolic challenges to mount and sustain an anti-tumor response.

Despite these barriers, approaches to interfere with inhibitory immunomodulatory signals in
immune checkpoint therapies have shown that tumor infiltrating CD4 and CD8 T cells can
play key roles to control or mediate anti-tumor immunity[5]. Specifically, inhibition of
Cytotoxic T Lymphocyte Associated Protein 4 (CTLA4) and Programmed Cell Death 1
(PD-1) interactions with ligands have enhanced anti-tumor responses that can lead to
curative therapy in some cancers, most successfully in melanoma[5]. These findings suggest
that, at least in some cases, T cell mediated anti-tumor responses have initiated even in
potentially nutrient limited tumor microenvironment conditions, but are held in check by
immunosuppressive mechanisms.

It is now widely appreciated that T cell differentiation and effector function are coupled to
metabolic reprogramming processes, and that interfering with these reprogramming
pathways can impair T cell responses[6]. This has suggested that tumor-mediated immune
suppression may be associated with alterations to the metabolic pathways that would
normally support T cell effector function. Here we review evidence in support of this notion,
and propose that T cell “metabolic fitness” is central to effective anti-tumor immunity, and
is modulated by both the tumor nutrient microenvironment and by immune checkpoints.

reprogramming in T cell differentiation and effector function

To exert function, activated T cells must undergo metabolic reprogramming to shift from an
energy-oriented oxidative metabolism that supports quiescence and immune surveillance, to
primarily anabolic and biosynthetic to support rapid growth. After pathogen clearance, T
cells are eliminated in clonal contraction or return to a primarily catabolic metabolism as
long-lived memory cells[6]. Naive T cells are small and quiescent cells that require
relatively small amounts of glucose, amino acids and fatty acids to maintain basic energetic
and minimal replacement biosynthesis demands. Encounter with cognate antigen in the
context of appropriate costimulation triggers T cell activation and differentiation into
effector T (Teff), which reduce lipid oxidation and instead rely on high intake of glucose
and amino acids[7] to support proliferation and effector functions such as cytotoxicity and
cytokine production. The pathways that control these metabolic transitions are now
beginning to be unraveled. The T cell receptor (TCR) with CD28 costimulation activate the
Phosphatidylinositide 3-kinase (PI3K)/Akt/mTOR, cMyc, and Hypoxia Inducible Factor
(HIF1a) signaling pathways which promote glycolytic gene expression and post-
translational regulation essential to induce aerobic glycolysis and amino acid metabolism of
Teff[8-11] (Figure 1). In particular, activated effector T cells sharply increase glycolysis
and glutamine metabolism to support anabolic pathways of nucleotide and lipid synthesis
essential for cell growth[6, 7, 11, 12]. Inhibition of glucose or glutamine metabolic enzymes
can reduce effector T activation and function, as glucose deprivation or treatment with
inhibitors of glycolysis can impair Teff proliferation and cytokine secretion [11, 13-15].
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Indeed, inhibitors of nucleotide synthesis are potent immunosuppressive agents that are
standard of care for a variety of rheumatologic diseases[16]

The inability to gain access to appropriate nutrients, thus, poses a significant barrier to
effector T cell function. To avoid this potential limitation T cell activation leads to
upregulation of both glucose and amino acid transporters[17-19], and regulation of nutrient
uptake is now appreciated to be a critical component of T cell activation and function.
Indeed, genetic disruption of amino acid uptake through the transporters SLC7a5 or SLC1a5
impairs growth and proliferation of effector T cells[18, 19]. Likewise, T cells express a
panel of glucose transporters and genetic deletion of the glucose transporter Glutl (SLC2al)
sharply reduced T cell glycolysis and proliferation in vivo, preventing CD4 T cells from
inducing multiple inflammatory diseases, including mouse models of graft versus host
disease after allogeneic bone marrow transplant and colitis [15]. This was also true in
peripheral human CD4 T cells, where reduction in Glutl expression by siRNA impaired T
cell growth and proliferation after activation[15]. Further supporting the notion that glucose
uptake modulates T cell physiology after activation, transgenic overexpression of Glutl to
increase glucose uptake in T cells was sufficient to augment T cell stimulation by enhancing
proliferation and inflammatory cytokine production upon submitogenic stimulation[17].
Ultimately, this increased T cell activation lead to lymphadenopathy and a Systemic Lupus
Erythematosus-like autoimmunity as mice aged[17, 20].

After activation T cells can differentiate into functional Teff and regulatory T cell (Treg)
subsets that may play critical and differential roles to control tumors. These subsets have
now been shown to utilize and require distinct metabolic programs[6, 21]. While Teff are
key drivers of anti-tumor immunity, Treg can inhibit Teff to suppress immunity[22] and are
generally associated with poor prognosis in many cancers[23-26]. An exception is colorectal
carcinoma, where Treg have been reported in some cases to be associated with better patient
outcomes[27]. This discrepancy may be due to a role for inflammation to promote the
development and progression of colorectal carcinoma that Treg could suppress[28].
Metabolically, while activated CD8 T cells and CD4 Teff cells require high levels of Glutl
and glucose metabolism, Treg cells express low levels of Glutl and can be Glutl-
independent and not rely on high rates of glucose[10, 15, 20]. Treg are instead primarily
oxidative and can efficiently metabolize pyruvate through the tricarboxylic acid cycle (TCA)
or utilize lipid beta-oxidation as a primary metabolic mechanism[10, 15, 20]. Also unlike
Teff, Treg do not require the mTOR kinase and are preferentially generated when T cells are
deficient in mTOR kinase or if mMTOR complex 1 (mTORC1) is inhibited by rapamycin[29].
Opposing MTORCL1 is the AMP-activated Protein Kinase (AMPK), which is activated in
conditions where nutrients are limiting and promotes oxidative metabolism[30]. AMPK can
be highly phosphorylated and activated in Treg[20] and activation of AMPK by treatment
with metformin can decrease Teff and increase Treg frequency in vivo[20, 31]. Conditions in
the tumor microenvironment that restrict Teff nutrient uptake and metabolism may,
therefore, alter mTORC1 and AMPK signaling to impair Teff or induce Treg that may
suppress anti-tumor immunity[23-25]. Conversely, interventions that improve the ability of
Teff to compete with tumor cells for uptake essential nutrients may increase the metabolic
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fitness of T cells to improve the functional capacity of Teff to mediate an anti-tumor
immune response.

Glucose metabolism and nutrient microenvironment limit anti-tumor

immunity

The abundance of glucose is critical for activated T cells and the potential depletion of
glucose in tumors[4] may promote competition for nutrients and suppress Teff cell function.
Metabolic stress with insufficient glucose can greatly alter T cell signaling and gene
expression. Culture of T cells in glucose-limiting conditions has been shown to inhibit
signaling through the mTORCL1 pathway to reduce phospho-S6 and lower expression of up
to a tenth of antigen-induced genes to impair cell adhesion, cell cycle progression and
proliferation of CD8 T cells, including IFNy, GM-CSF and granzyme B[6, 13]. IFNy
translation was recently shown to be regulated by sustained glycolysis, through
glyceraldehyde 3-phosphate levels and the association of the glycolytic enzyme
Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) with the 3’UTR of the ifny
mMRNA[32]. In addition, inhibition of glycolysis or use of primarily oxidative fuels, such as
galactose, can also lead to increased expression of immune regulatory receptors, such as
PD-1[32]. PD-1 is associated with T cell exhaustion and non-responsiveness through
inhibition of T cell receptor signaling and CD28-mediated costimulation (see Pauken and
Wherry, this issue). Glucose limitation has also been demonstrated to lead activated T cells
to enter a state of T cell functional inactivation or anergy[33].

Decreased glucose availability leads to changes in T cell effector function in part through
modulation of metabolically-sensitive signaling pathways (Figure 2). An increase in
AMP/ATP ratio activates AMPK to decrease anabolic pathways and favor oxidative
catabolic pathways[30, 34, 35]. AMPK can directly impact the balance of Teff and Treg as it
inhibits mMTORCIL that is essential for Teff function[29] and instead promotes Treg[20, 31].
This regulation may occur in part through decreased Treg lineage stability, which was
recently shown to be impaired in Treg with genetic loss of PTEN and constitutively active
PI13K signaling in vivo[36, 37]. The Sirtuin histone deacetylases (Sirt) are regulated by NAD
+ levels and have been shown to control T cell function through deacetylation and protein
stability of the Treg transcription factor, FoxP3[38-40]. Sirt1, in particular, also plays a key
role in Treg lineage stability and function. Sirtl deletion or inhibition was reported to
enhance FoxP3 acetylation and protein stabilization to increase Treg suppressive function in
vitro and in vivo[39]. Thus, decreased nutrient availability within tumors may lead to
decreased Teff function and to both improved or impaired Treg function depending on the
balance of signals and context (Figure 2). In addition, metabolites themselves can act as
signaling molecules. Decreased flux through in the Tricarboxylic Acid (TCA) cycle in the
mitochondria may lower succinate levels. Succinate was recently show to act as a danger
signal and may play a key role to induce inflammation through stabilization of HIF1a and
inflammatory cytokine transcription[41] or via the succinate receptor GPR91 to synergize
with Toll-like Receptor ligands[42]. Mitochondrial reactive oxygen species (ROS) are also
essential for T cell signaling and activation, and impaired mitochondrial ROS production by
disruption of mitochondrial electron transport blocked T cell activation[43]. Ultimately,
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insufficient glucose can also lead to Teff apoptosis induction via induction and activation of
pro-apoptotic Bcl-2 family proteins Noxa and Bax and instability of the anti-apoptotic Bcl-2
family protein Mcl1[44, 45] (Figure 2).

Oxygen is critical for mitochondrial oxidative phosphorylation and, like glucose, can be
significantly depleted in tumors. Hypoxia due to poor vascularization is a characteristic of
many solid tumors, and gene signatures induced by HIF1a that indicate adaptation to
hypoxia are correlated with poor prognosis[46]. Hypoxia has also been described in non-
malignant diseases, such as in the gut in colitis[47] and in diseased joints in rheumatic
arthritis[48]. Moreover, the thymus and secondary lymphoid organs can be hypoxic under
physiological conditions[49]. The effect of hypoxia on T cells, however, appears context
specific. Th17 CD4 T cells have been reported to require HIF1a as a co-factor for the Th17
transcription factor RORyT, whereas other CD4 subtypes were reported to be largely HIF1a
independent or inhibited by HIF1a[9, 10]. Conversely, in vivo induction of T cell activation
markers after injection of concanavolin A or anti-CD3 was shown to be greatest in the most
highly oxygenated tissues[49], suggesting that depletion of oxygen in tumors may broadly
impair Teff cell function. Hypoxia has also been reported to impact Treg by enhancing
FoxP3 expression and the generation of induced Treg cells, and HIF1a-deficient Treg cells
display impaired in vivo suppressive function in T cell-mediated colitis[50]. Importantly,
hypoxia may protect tumor cells from anti-tumor immunity and was shown to promote
HIFla-dependent transcriptional upregulation of PD-1 ligand 1 (PD-L1) on cancer cells that
may inhibit PD-1 expressing T cells[51]. Indeed, tumor cells showed greater resistance to T
cell-mediated killing under hypoxic conditions[51].

In addition to decreased levels of essential nutrients, tumor cells utilizing aerobic glycolysis
produce high levels of lactate through lactate dehydrogenase-mediated reduction of
pyruvate. Lactic acid can suppress the proliferation and cytokine production of human
cytotoxic T lymphocytes (CTLs) and reduce cytotoxic activity[52, 53]. Moreover, blockade
of the lactate transporter MCT-1 leads to accumulation of intracellular lactate that can lower
glycolytic flux [52, 54]. In part, these effects are due to inhibition of cell signaling and
transcription. Lactic acidosis selectively inhibited JINK and p38-mediated stimulation of
IFNYy production without affecting MEK1 and ERK that promote cytokine release and
granule exocytosis[53]. Lactate also suppressed the PI3K/Akt/mTOR pathway in a feedback
that inhibited glycolysis[8, 55, 56] (Figure 2). An additional consequence of lactate
secretion is microenvironmental acidification. Although few studies have addressed the role
of low pH on immunity, acidification has been reported to regulate macrophage polarization
and induce Arginase 1, which can then deplete extracellular arginine levels to inhibit T cell
amino acid uptake necessary for efficient proliferation and activation[57, 58]. Moreover,
proton-pump inhibitors may reverse the dysfunction of tumor infiltrating lymphocytes and
were shown to increase the therapeutic efficacy of both active and adoptive
immunotherapy[59]. Despite these negative impacts, lactate itself can be consumed as a
metabolic fuel through conversion back to pyruvate and oxidation to provide a fuel in times
of nutrient depletion. While cancer cells can utilize lactate[60], the extent to which T cells
oxidize lactate and this may impact Teff or Treg is not clear. Given the preference for
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oxidative metabolism for Treg[7, 10, 20], it may be anticipated that the availability of excess
lactate as a fuel would preferentially support Treg.

Tryptophan metabolism in T cell mediated inflammation and cancer
immune escape

Similar to glucose, amino acids are critical nutrients for activated Teff [18, 19]. Likewise,
other immune cells, such as macrophages, also require essential amino acids to mediate
inflammation[61]. As tumor cells consume or release enzymes that degrade amino acids, the
accessibility of amino acids to support T cell and macrophage effector functions can become
limiting and waste products can accumulate. In addition to arginine depletion[62],
tryptophan has gained much attention as a potentially limiting amino acid in T cell
activation and effector function[63] and is regulated by Indoleamine 2,3 dioxygenase (IDO)
and tryptophan 2,3 dioxygenase. IDO metabolizes tryptophan to kynurenine in the
kynurenine pathway and can significantly decrease tryptophan concentration to render this
amino acid potentially limiting for T cells. In addition, kynurenine itself is a potent and
active suppressor of T cell activation (Figure 2). Mechanistically, kynurenine has been
shown to be an endogenous ligand to activate the Aryl hydrocarbon Receptor (AhR)[64],
which can induce Treg in the gut and in neuroinflammation [64-67] and may also do so in
tumors[68]. In addition to roles for IDO to modify allogeneic fetal rejection[63],
autoimmune disorders such as diabetes[69], inflammatory bowel disease[70, 71],
asthma[72], arthritis[73] and autoimmune encephalitis[74], it is now clear that many cancers
can express high amounts of IDO[65]. Tumor IDO levels have been correlated with poor
prognosis[75] and clinical trials are currently testing IDO inhibitors to promote anti-tumor
immunity[65]. Decreased levels of essential amino acids and accumulation of byproducts of
amino acid metabolism thus act in concert with microenvironmental changes induced by
tumor aerobic glycolysis and hypoxia to form a barrier to anti-tumor immunity.

Immunomodulatory receptors and checkpoints on T cell metabolic fitness

Just as it is critical for T cells to have access to appropriate nutrients including glucose and
essential amino acids, it is also crucial that T cells have the capacity to internalize and utilize
those available nutrients. Indeed, nutrient uptake and flux through metabolic pathways are
highly regulated and can be limiting in T cell activation regardless of nutrient availability in
the surrounding microenvironment[15, 18, 19]. T cell activation leads to upregulation of
cMyc and induction of HIF1a, which promote expression of glycolytic and anabolic
metabolic genes including those that regulate nutrient transport, such as Glutl, Slc7a5, and
Slcla5[9-11, 18, 19, 76]. cMyc plays a broad role early to support glycolytic and glutamine
metabolism in T cell activation while HIF1a appears to play a more selective role in
inflammatory Th17 CD4 T cell subsets[9, 10] and cytolytic CD8 T cells[77]. In addition,
costimulation through CD28 plays a key role to stimulate the PI3K/Akt/mTORC1 pathway,
which plays key transcriptional and post-transcriptional roles to promote anabolic gene
expression and intracellular trafficking of nutrient transporters[15, 55, 76, 78]. Inhibition of
the signaling and regulatory pathways that control nutrient transporters can sharply reduce T
cell metabolic fitness and ability to utilize or compete with tumor cells for available
nutrients, thus impairing effector T cell function while favoring Treg[10, 20].
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Inhibitory signals play key roles to control and moderate T cell responses in both normal and
anti-tumor immunity[5] and may do so in part by limiting the nutrient uptake and metabolic
fitness of effector T cells. CTLAA4 is upregulated in T cell activation and both opposes
CD28-mediated costimulation of effector T cells and promotes the function of Treg[79].
While the context of CTLAA4 signaling appears important, it was proposed that CTLA4 can
inhibit CD28-mediated activation of Akt through sequestration of CD28 ligands and
recruitment of the phosphatase SHP[79, 80] to reduce the ability of Akt to stimulate Glutl
expression, glucose uptake, and aerobic glycolysis in activated T cells[17, 81, 82]. Similar to
CTLA4, PD-1 has been shown to restrain effector T cell activation and function (see Pauken
and Wherry, this issue).

PD-1is induced in T cell activation and is a marker and mediator of T cell exhaustion, such
occurs as in chronic viral infection[83, 84]. Upon ligation with PD-1 ligand (PD-L1) or
PD-1 ligand 2 (PD-L2), PD-1 induces changes leading to T cell inhibition that modify the
sensitivity of T cells to antigenic stimulation[85]. PD-1 signaling is associated with reduced
cMyc expression[84, 86] and inhibits activity of the PI3K/Akt/mTOR pathway[80, 87],
possibly by regulation of PTEN phosphorylation and increased phosphatase activity[87].
Through reduced cMyc expression and PI3K/Akt/mTORCL1 signaling, PD-1 can lower the
capacity of T cells to express Glutl, uptake glucose, and perform glycolysis[80, 88]
necessary for effector function[11, 15] (Figure 3). In particular, treatment of T cells with
agonist anti-PD-1 antibodies prevented T cell receptor and CD28-mediated costimulation
from activating Akt and increasing T cell glucose uptake or glycolysis[80]. Further, T cells
in allogeneic PD-L1-/- bone marrow transplant recipients had elevated levels of Glutl and
lactate production, suggesting a normal in vivo role for PD-1 signaling to restrain T cell
glucose metabolism[88]. CTLA4 and PD-1 can also both promote Treg[79, 89, 90], which
are Glutl-independent and rely primarily on oxidative metabolism[7, 10, 15, 20]. The extent
to which impaired glucose metabolism contributes to PD-1 regulation of Treg induction,
however, is unclear.

PD-L1 is expressed on a wide array of non-hematopoietic tissues[91] and can be induced by
IFNY[92] or hypoxia[51]. Importantly, many cancers have been now found to express PD-
L1 or PD-L2 and are associated with intratumoral PD-1+ T cells that appear exhausted[5].
Indeed, blockade of PD-1 interaction with ligand has emerged as an exciting new approach
to reactivate T cells and promote anti-tumor immunity[5, 93-96]. While this approach has
been remarkably successful in some cases, a significant portion of patients do not respond
and some cancer types are less susceptible than others[5]. In addition to differential
expression of PD-1 ligands in tumors, mechanisms by which PD-1 inhibits T cells may
provide new approaches to identify patients that may respond or to enhance the efficacy of
PD-1 checkpoint blockade therapy. One mechanism by which CTLAA4 or PD-1 blockade
may act to promote anti-tumor immunity is to relieve inhibition of T cell metabolism and
thus improve T cell nutrient uptake and metabolic fitness. By blocking CTLA4 or PD-1 and
allowing increased cMyc expression and PI3K/Akt/mTORC1 activity, T cells would be
expected to elevate expression of Glutl and glycolytic proteins. This improved metabolic
fitness would augment the ability of T cells to compete with tumor cells for limiting
nutrients that are essential for effector function and may counteract the negative effects of
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tumor cell waste products (Figure 4). It would be essential, however, that some nutrients are
available for even T cells with improved metabolic fitness to access. Indeed, some tumors
can deplete glucose to very low levels[4] that may impair an anti-tumor T cell response
regardless of immunomodulatory signals. It remains to be determined, however, to what
extent improved metabolic fitness and nutrient availability contribute to the patient
responses and the sensitivity of specific tumor types to CTLA4 and PD-1 blockade.

Concluding remarks

The recent excitement of advances in promoting anti-tumor immunity by checkpoint
blockade raises significant questions about how tumors and the tumor microenvironment
inhibit T cells and how this can be overcome. Understanding the signaling and physiological
limitations to T cell and macrophage functions in a tumor may reveal improved approaches
and better identify patients that may respond to these treatments. This is particularly
important given the high rate of patients that fail to respond to current cancer immune
checkpoint blockade therapy[5]. Regulation of cell metabolism is now known to play a
critical role in T cell function and fate[6]. Given the metabolic changes of decreased
nutrients and increased waste products within tumors and the ability of tumors to express
immunomodulatory ligands that impair T cell metabolic fitness and capacity to uptake and
utilize nutrients, it is highly likely that restrictions on T cell metabolism play critical roles in
the anti-tumor response. An important goal for future studies is to better define the
metabolic programs of T cells within tumors and establish how these pathways reflect the
potential success in patients of checkpoint blockade therapies. Moreover, data on
metabolism of other regulatory cells such as myeloid-derived suppressor cells or
mesenchymal stem cells is scarce. Metabolic limitations to T cell physiology may also play
roles in chimeric antigen receptor (CAR) T cell therapies in which T cells are genetically
engineered to express tumor-directed antigen receptors[97]. The increased number of tumor-
reactive T cells in CAR therapy could be offset by limited nutrients and conditions that
restrict T cell metabolic fitness. In addition to T cells, it is also important in assessing the
tumor microenvironment to consider macrophages. Indeed, activated macrophage subsets
are metabolically similar to T cells[98]. Levels of glucose uptake can influence macrophage
inflammatory function, as genetically increased Glutl expression stimulated greater
cytokine production and stimulated classically activated inflammatory M1 macrophages[99].
Thus, approaches to modify metabolism may have dual effects on T cells and macrophage
populations. These conditions are also likely not limited to solid tumors, as leukemic cells
can often express immunomodulatory proteins and are associated with an exhausted T cell
phenotype not dissimilar to that which occurs in chronic viral infection or in solid
tumors[100]. In this case, decreased T cell metabolic fitness may impair Graft-vs-Leukemia
responses[88]. Together, evidence now shows that physiologic requirements of T cellsand T
cell metabolic fitness are crucial to understand Teff and Treg function and that immune
metabolism and cancer metabolism are inexorably linked in efforts to optimize and
maximize anti-tumor immunity.
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Figure 1. Metabolic regulation and feedback in T cell immunity
T cell activation and signaling through T cell receptor (TCR) activates PI3K/Akt/mTOR and

cMyc pathways, leading to increased glycolysis and metabolism in effector T cells (Teff).
AA, amino acids; FA, fatty acids; Costim, costimulation.
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Figure 2. Regulation of tumor associated T cells by changes in tumor microenvironment
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Proliferating tumor cells deplete critical nutrients such as tryptophan (Trp) or glucose. The
increased metabolic activity of tumor cells results in high concentration of metabolites such
as lactate or kynurenines (Kyn), which can activate the Aryl Hydrocarbon Receptor (AHR).
Both nutrient depletion and metabolite production negatively impact T cell effector function,
metabolism, and survival by modulation of the PI3K/Akt/mTOR pathway, AMPK, and

SirT1. In addition, immunosuppressive regulatory T cells (Treg) are favored in tumor

microenvironment. Kyn, kynurenines; Trp, tryptophan; AHR; Aryl Hydrocarbon Receptor.
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Figure 3. Immune checkpoint blockade may regulate metabolic reprogramming of T cells
Blockade of PD-1 and CTLA4 may increase the metabolic fitness of Teff by enhancing the

activity of PI3K/Akt/mTor and increasing cMyc expression that then stimulate aerobic
glycolysis and anabolic metabolism. AA, amino acids; FA, fatty acids; Costim,
costimulation.

Trends Immunol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Siska and Rathmell

Tumor No Therapy

Uncompetitive T cell
]

:Competitive T cell Checkpoint

J | blockade

O I (Anti - PD-1
/ ! Anti - CTLA4)

“<j Nutrients
—>' Waste products

Figure 4. T cell metabolic fitness and anti-tumor immunity
Effector T cells require high levels of glucose and amino acid uptake and are inhibited by

lactate and other metabolic waste products. Solid tumor that consume nutrients and
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accumulate waste products may limit the capacity of T cells to mount an anti-tumor immune
response. Blockade of immune checkpoint modulatory signals, such as inhibition of PD-1 or
CTLAA4, can enhance effector T cell signaling and metabolism to improve T cell metabolic

fitness and capacity to compete for nutrients in increasingly challenging metabolic

environments.
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