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One strategy to improve the potency of adoptive T cell therapy is to augment the function and persistence of
anti-tumor T cells. In this issue ofCell Metabolism, Chatterjee et al. (2018) demonstrate that intratumoral CD4+

T cell functions and memory can be improved by targeting a CD38-NAD+-Sirt1-Foxo1 metabolic circuit.
Adoptive T cell therapy (ACT) has revolu-

tionized tumor treatment, where autolo-

gous tumor-specific T cells can be

expanded ex vivo and infused into other-

wise refractory patients to lead to durable

responses and even cures. Despite these

successes, many ACT patients fail on

therapy or relapse following treatment.

To improve intratumoral T cell survival,

memory, and effector function, recent

efforts have focused on priming and

infusing multiple types of tumor-specific

cytotoxic or helper T cells. Mehrota and

colleagues (Chatterjee et al., 2018) now

report a clever ex vivo culture strategy

that reproducibly polarizes CD4+ T cells

into hybrid Th1/17 cells that secrete both

IL-17 and IFNg. Notably, these Th1/17

T cells have superior anti-tumor activity

that relies on glutamine-driven oxidative

phosphorylation and the shunting of

glycolysis into pyruvate to drive the

TCA cycle.

The differentiation of Th1 and Th17 cells

from naive CD4+ T cells is controlled

by distinct transcription factor networks,

where Tbet and Stat4 regulate Th1 func-

tions, and RORgt and Stat3 direct the

pro-inflammatory functions of Th17 cells.

Further, both Th1 and Th17 cells express
distinct cytokines important for their

unique effector functions, where Th1

ameliorate IFNg and lymphotoxin while

Th17 cells produce IL-17A, IL-17F, and

IL-22 (Damsker et al., 2010; Zhu et al.,

2010). The fact that Chatterjee et al.

(2018) can generate such hybrid Th1/17

cells ex vivo is thus somewhat surprising

and may reflect plasticity of Th1 and Th17

cells (Zhu and Paul, 2010). Indeed, Chat-

terjeeetal. (2018) showed thatTh1/17cells

express intermediate levels of Th1 and

Th17 chemokines and effectors, as well

as stemness-associated genes and meta-

bolic enzymes that suggested resistance

to tumor immunosuppression. In accord

with this hypothesis, Chatterjee et al.

(2018) found that IFNg production and

elevated glutamine metabolism of Th1/17

cells are necessary for their enhanced po-

tency in mouse ACT models of melanoma

and metastatic lung cancer. Importantly,

Chatterjee et al. (2018) showed promise

for clinically translating their findings,

where humanCD4+ T cells and tumor-infil-

trating lymphocytes (TILs) can be pro-

grammed ex vivo to generate cells pheno-

typically akin tomousehybridTh1/17cells.

T helper cell functions and survival are

dependent on their metabolic repertoire.
Th1 cells are primarily reliant on aerobic

glycolysis, whereas Th17 cells require

fatty acid oxidation (FAO) (Buck et al.,

2015). Chatterjee et al. (2018) observed

that hybrid Th1/17 cells have a distinct

metabolic phenotype, where their extra-

cellular acidification rate (ECAR, a mea-

sure of aerobic glycolysis) and oxygen

consumption rate (OCR) fall within an

intermediate range versus Th1 and Th17

cells. Distinguishing metabolic features

of Th1/17 cells include a shift in glucose

catabolism to pyruvate to fuel mitochon-

dria, a reduced dependency on FAO,

and increased levels of glutamine trans-

porters, glutaminolysis enzymes, and

glutamine uptake (Figure 1). These find-

ings suggest a superior competitive

phenotype of hybrid Th1/17 cells for intra-

tumoral glutamine. Accordingly, Chatter-

jee et al. (2018) showed that enhanced

glutaminolysis is necessary to sustain

Th1/17 cell survival, IFNg and IL-17 pro-

duction, and anti-tumor activity (Figure 1).

Interestingly, Chatterjee et al. (2018)

found elevated NAD+ levels in hybrid

Th1/17 cells versus Th17 cells and

showed that this is driven by glutaminoly-

sis. Moreover, hybrid Th1/17 cells have

increased activity of Sirt1, an epigenetic
27, January 9, 2018 ª 2017 Elsevier Inc. 3
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Figure 1. Metabolic Reprogramming Enhances Adoptive T Cell Anti-tumor Immunotherapy
Reprogramming CD4+ T cells to generate a Th1/17 hybrid population (middle) provides a metabolic advantage and confers cytokine-producing functions of Th1
cells (left) and the stem cell-like phenotype of Th17 cells (right). Th1/17 cells are highly dependent on glutaminolysis and glucose-dependent mitochondria
metabolism, whereas Th1 cells are dependent on aerobic glycolysis and Th17 cells oxidize fatty acids. Th1/17 cells have increased levels of NAD+ and Sirt1 and
Foxo1 activity, produce both IL-17 and IFNg, and express elevated levels of genes mediating memory and persistence; they also express reduced levels
of the CD38 NADase and genes that promote T cell differentiation. These phenotypes confer enhanced effector function, long-term persistence, and superior
anti-tumor potential.
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modulator and NAD+-dependent protein

deacetylase. The NAD+-Sirt1 circuit is

critical for functions of Th1/17 cells, as

Sirt1 deficiency, or treatment with inhibi-

tors of Sirt1 or of the NAD+ biosynthetic

enzyme Nampt, reduced the frequency

of Th1/17 cells, the expression of stem-

like markers, and their anti-tumor activity.

Finally, Chatterjee et al. (2018) showed

that blocking Sirt1 activity did not affect

the expression of glutaminolysis en-

zymes. These results suggest that high

NAD+ levels and Sirt1 activity regulate

Th1/17 cell functions, but not their meta-

bolic reprogramming.

The transcription factor Foxo1 controls

T cell memory (Tejera et al., 2013),

and Foxo1 activity is suppressed by

AKT-directed phosphorylation, which se-

questers Foxo1 in the cytoplasm (Brunet

et al., 1999), and by acetylation, which

blocks DNA binding (Matsuzaki et al.,

2005). Chatterjee et al. (2018) showed

that the robust Foxo1 activity in Th1/17

cells is necessary for stemness and

anti-tumor potency, and that this is due
4 Cell Metabolism 27, January 9, 2018
to Foxo1 deacetylation by the NAD+-

Sirt1 circuit and reduced AKT activity

(Figure 1).

Importantly, the studies of Chatterjee

et al. (2018) revealed that one can induce

NAD+ levels to improve the anti-tumor

response of CD4+ T cells by inactivating

CD38, a NADase cell surface molecule

(Aksoy et al., 2006) that is expressed

at low levels in Th1/17 cells (Figure 1).

Indeed,mouseCD38 null CD4+ cellsman-

ifest phenotypes found in Th1/17 cells,

including increases in glutamine uptake,

glutaminolysis, mitochondrial biogenesis,

and improved anti-tumor activity, despite

expressing levels of PD-1 comparable

to exhausted intratumoral CD4+ T cells.

Further, treatment of CD4+ T cells with

neutralizing CD38 antibody augments

Sirt1 activity, IFNg production, and

ACT tumor control. Strikingly, Chatterjee

et al. (2018) showed that CD38-deficient

NK cells also express elevated levels

of IFNg and that CD38 loss compro-

mises the suppressive activity of regula-

tory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs). Thus, selec-

tive targeting of CD38 may coordi-

nately upregulate effector T cells while

disabling Tregs and MDSCs to improve

immunotherapies.

While the CD38-NAD+-Sirt1-Foxo1

regulatory circuit (Figure 1, middle) is

viewed as an exciting advance for ACT,

several questions remain. In particular,

studies are needed to define transcription

factor and signaling circuits that regulate

the expression of glutaminolysis enzymes

and glutamine transporters in Th1/17

cells and to resolve how enhanced

glutaminolysis controls the production

of NAD+, IFNg, and IL-17. For example,

elevated NAD+ in Th1/17 cells could

reflect increased activity of complex I of

the electron transport chain and/or sup-

pression of CD38 expression by gluta-

mine catabolism. Further, it is not clear

whether such metabolic control extends

to other features of Th1/17 cells, such

as their stem-like phenotype. It is also

not resolved how CD38 loss activates

NK cells while compromising Tregs and
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MDSCs. Moreover, although Chatterjee

et al. (2018) conclude that increased

Sirt1 activity in Th1/17 cells is not linked

to their glutamine-centric phenotype,

effects of Sirt1 inhibition on activity of

glutaminolysis enzymes and glutamine

uptake were not measured. This is an

important issue given the findings of

Chatterjee et al. (2018) that the mitochon-

drial biogenesis regulator PGC-1a is

upregulated in CD38 null CD4+ T cells.

Specifically, as Sirt1 deacetylates and

activates PGC-1a (Nemoto et al., 2005)

and PGC-1a is a Foxo1 target, this would

generate a feedforward NAD+-SIRT1-

Foxo1/PGC-1a pathway that sustains

mitochondria-driven metabolism in Th1/

17 cells (Figure 1, middle).

Regardless of the wiring of the meta-

bolic circuit of Th1/17 cells, the findings

of Chatterjee et al. (2018) do support

testing the efficacy of targeting CD38 in

clinical TIL trials. Importantly, they also

suggest that metabolic reprogramming
strategies, via targeting CD38 or by other

means, could be applied to improve the

efficacy of other forms of ACT, such as

chimeric antigen T cell receptor (CAR-T)

therapy.
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Regulatory T cells maintain tolerance and prevent autoimmunity, but their suppressive effects can hinder
immune responses against cancer. In Nature Immunology, Maj et al., 2017 report that regulatory T cells
can execute these actions through the nucleoside adenosine even after cell death.
Foxp3+ regulatory T cells (Tregs) are

capable of restricting undesired immune

responsesagainst self-antigens, allergens,

and commensal bacteria. Beyond these

important physiologic functions, Tregs

can also become an obstacle to beneficial

immune responses, especially in the

context of cancer. Tregs are often found

enriched in the tumor microenvironment

(TME) of solid cancers and help the tumor

evade host immunity. Understanding how

Tregs function in the TME is important

to improve anti-tumor immunotherapy.
Among the recognized mechanisms of

Treg-mediated suppression are direct

cell-cell contacts with inhibitory surface

molecules, consumption of ambient IL-2

to deprive its use by other T cells, and

secretion of inhibitory cytokines and other

mediators such as IL-10, IL-35, trans-

forming growth factor-b, and granzyme B.

In general, these suppressive mecha-

nisms require viable Tregs with intact

gene transcription and translation. Maj

et al. now report that many Foxp3+ T cells

in the TME of human ovarian cancer have
entered apoptotic cell death at a much

higher rate than Foxp3� T cells (Maj et al.,

2017), raising questions of whether Tregs

are more prone to become apoptotic and

whether apoptotic Tregs are still capable

of immunosuppression. Maj et al. (2017)

isolated viable T cells from human ovarian

tumors, induced apoptosis by activating

CD95, and observed that apoptotic Tregs,

but not conventional T cells, had potent

immunosuppressive function even sur-

passing that of live Tregs. The authors

made similar observations with murine
27, January 9, 2018 ª 2017 Elsevier Inc. 5
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