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The formation of long-lived memory T cells is a critical feature of the adaptive immune
response. T cells undergo metabolic reprogramming to establish a functional memory pop-
ulation. While initial studies characterized key metabolic pathways necessary for memory
T-cell development, recent findings highlight that metabolic regulation of memory T-cell
subsets is diverse. Here we describe the different requirements for metabolic programs and
metabolism-related signaling pathways in memory T-cell development. We further discuss
the contribution of cellular metabolism to memory T-cell functional reprogramming and
stemness within acute and chronic inflammatory environments. Last, we highlight knowl-
edge gaps and propose approaches to determine the roles of metabolites and metabolic
enzymes in memory T-cell fate. Understanding how cellular metabolism regulates a func-
tionally diverse memory population will undoubtedly provide new therapeutic insights to

modulate protective T-cell immunity in human disease.

he adaptive immune response provides criti-
Tcal protection against infections and cancer.
Upon T-cell receptor (TCR) recognition of anti-
gen-MHC complex and costimulatory signals,
activated CD8" and CD4" T cells proliferate
and differentiate into effector cells that mediate
clearance of infected and cancerous cells. T-cell
expansion is balanced by programmed cell death,
which mediates contraction of the effector T-cell
pool. Some cells survive this phase and have the
potential to develop into memory T cells, which
have stem-cell-like features of self-renewal and
the ability to differentiate and re-acquire effector
function upon secondary antigen challenge.
Within the CD8" and CD4" memory T-cell com-
partments, there is a high level of heterogeneity
that is associated with diversity in tissue location,

trafficking, and function. Memory T cells include,
but are not limited to, the following subsets and
defining markers: CD8" effector memory (Tem;
CD44MCD621°CCR7"), central memory (Tcm;
CD44™CD62LMCCR7™), tissue resident memory
(Trm; CD103"CD69"), or stem-cell memory
(Tscm; CD44°CD62L"Sca-1"CD122"Bcl-2")
cells; and CD4" memory Th1, memory follicular
helper (Tth), and Trm cells (Jameson and Maso-
pust 2018; Nguyen et al. 2019). The development
of a diverse memory T-cell pool is a critical fea-
ture of protective immunity.

T cells undergo metabolic reprogramming to
meet bioenergetic and biosynthetic demands
during times of cellular activation and quies-
cence. Over the past decade, studies have illumi-
nated key metabolic programs that dictate cell fate
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and memory development. However, we still lack
a complete understanding of how metabolites
and metabolic programs regulate memory
T-cell functional heterogeneity, which will have
direct clinical applications for adoptive T-cell
therapies targeting infectious diseases and can-
cers. Here, we discuss the emerging concept of
T-cell metabolism as an underlying regulator of
T-cell memory generation, functional diversity,
and stemness.

METABOLIC REGULATION OF MEMORY
T-CELL GENERATION AND DIVERSITY

Metabolic programs are critical regulators of na-
ive T-cell activation and differentiation into ef-
fector T cells (Geltink et al. 2018; Chapman et al.
2020). However, how metabolism regulates the
specific functions and fate decisions of memory
T-cell subsets is still underexplored. In this sec-
tion, we highlight our current understanding of
the metabolic profiles of memory T cells, the
metabolism-related signaling networks that reg-
ulate memory T-cell development, and how me-
tabolism may allow for diversification of the
memory T-cell pool (Fig. 1).

Metabolic Features of Memory T Cells

T cells undergo metabolic rewiring concomitant
to memory-cell differentiation. CD8" memory
T cells have a metabolic program that is reminis-
cent of quiescent naive T cells, characterized by
elevated mitochondrial oxidative phosphoryla-
tion (OXPHOS) relative to glycolysis (van der
Windt et al. 2012). Unlike CD8" naive T cells,
CD8" memory T cells have increased mitochon-
drial mass and spare respiratory capacity (SRC),
an indicator of the maximum mitochondrial
oxidative potential (van der Windt et al. 2012,
2013). CD28 costimulation induces mitochon-
drial elongation and fusion, which results in
more densely packed cristae that promotes asso-
ciation and increases the efficiency of the electron
transport chain (ETC) complexes (Cogliati et al.
2013; Buck et al. 2016; Klein Geltink et al. 2017).
Together, these changes in mitochondrial quan-
tity and functional capacity provide memory
T cells with a metabolic advantage that allows

for rapid recall and activation upon secondary
infection (van der Windt et al. 2013), a critical
feature of the memory T-cell response.

To promote mitochondrial oxidative metab-
olism, CD8" memory T cells also up-regulate mi-
tochondrial fatty acid oxidation (FAO), a key
metabolic program that promotes memory
T-cell generation. A seminal study that used
TRAF6-deficient CD8" effector T cells estab-
lished the paradigm that links FAO with memory
T-cell development (Pearce et al. 2009). Mecha-
nistically, TRAF6 deficiency is associated with
reduced adenosine monophosphate (AMP)-acti-
vated protein kinase (AMPK) signaling, which
up-regulates FAO, especially in the absence of
IL-2 that promotes metabolic stress; further,
treatment with the AMPK agonist metformin
partially restores CD8" memory T-cell develop-
ment in the absence of TRAF6 (Pearce et al.
2009). Additionally, IL-15 memory-like CD8"
T cells (term used to define peptide-activated
TCR-transgenic cells differentiated with IL-15
in vitro) increase the expression of carnitine pal-
mitoyl transferase (CPT1a), the rate-limiting en-
zyme for FAO (van der Windt et al. 2012). This
up-regulation allows for CPT1a-mediated FAO,
which promotes mitochondrial SRC and en-
hances CD8" memory T-cell development and
recall responses, as demonstrated by experiments
that have either inhibited (via shRNA or the phar-
macologic etomoxir) or promoted (by retroviral
overexpression) CPT1a activity (van der Windt
et al. 2012, 2013). Thus, CD8" memory T-cell
development and function are controlled by
FAO. Whether FAO is the key metabolic pathway
in CD4" memory T-cell development is under-
explored and will be important to determine.

Many sources of fatty acids may fuel FAO.
For example, IL-15 memory-like CD8" T cells
use lysosomal lipolysis of fatty acids synthesized
de novo from glucose as a cell-intrinsic source of
fatty acids for FAO (O’Sullivan et al. 2014). Ad-
ditionally, uptake of glycerol through aquaporin
9 promotes triacylglyceride (TAG) synthesis,
which restores intracellular lipids that may be
used for intrinsic lipolysis for CD8" memory
T-cell survival (Cui et al. 2015). In contrast,
skin CD8" Trm cells are dependent on uptake
of extracellular free fatty acids for their survival
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and function (Pan et al. 2017). Indeed, T-cell-
specific deletion of Fabp4 and Fabp5, two genes
encoding molecules that mediate lipid uptake
and transport (fatty acid-binding proteins 4
and 5 [FABP4/5]), impairs the long-term sur-
vival of CD8" skin Trm cells, but has no effect on
CD8" Tcm cells in lymph nodes (Pan et al.
2017). Fatty acids may also be an abundant me-
tabolite for T cells within adipose tissues, where
lipolysis is required for catabolism of stored tri-
acylglycerols upon metabolic demands (Zech-
ner et al. 2012). In support of this view, white
adipose tissue (WAT) contains diverse subsets
of CD8" and CD4" memory T cells, including
Tcm, Tem, and Trm cells, which acquire more
extracellular fatty acids than memory T cells iso-
lated from the intestinal lamina propria or
spleen (Han et al. 2017), suggesting that FAO
may be elevated in WAT memory T cells. These
findings show that the dependence of CD8" and
CD4" memory T cells on lipid sources for FAO
is likely cell and tissue context specific, and fur-
ther investigation is required to elucidate the key
enzymes and transporters associated with lipid
catabolism that contributes to memory T-cell
development and functional recall responses in
different tissues or disease contexts.

These studies provide strong evidence that at
least a subset of memory T cells is reliant upon
fatty acid—driven mitochondrial oxidation for
long-lived persistence and secondary responses.
However, a recent study that used mice with
T-cell-specific deletion of Cptla unexpectedly
demonstrated that CPT1a is largely dispensable
for CD8" T-cell effector responses and in vivo
generation of functional memory T cells in re-
sponse to Listeria monocytogenes-OVA bacterial
infection (Raud et al. 2018). Further, high-dose
etomoxir used in prior studies has off-target ef-
fects, including reducing levels of tricarboxylic
acid (TCA) cycle intermediates and mitochondri-
al OXPHOS independently of CPT1a (Raud et al.
2018). These findings raise two possibilities: (1)
there is context specificity for CPT1a-mediated
FAO, such as in different tissue microenviron-
ments as previously described; or (2) other nutri-
ents (e.g., glucose, amino acids) may contribute to
mitochondrial oxidative metabolism for memory
T-cell programming. Whereas treatment of CD8*

Metabolic Control of Memory T Cells

T cells with 2-deoxyglucose (2-DG), an inhibitor
of glycolysis, can enhance CD8" memory T-cell
generation in some contexts (Sukumar et al.
2013), more recent studies have also shown pos-
itive roles for glucose metabolism in memory
T-cell formation. For instance, Notch signaling
increases Glutl expression to support glucose up-
take and metabolism for CD4" memory T-cell
survival (Maekawa et al. 2015). Also, deletion of
von Hippel-Lindau (VHL), an E3 ubiquitin li-
gase that inhibits glycolysis via degradation of
the pro-glycolytic transcription factor hypoxia
inducible factor (HIF)-1o. under normoxia con-
ditions (Phan and Goldrath 2015), does not im-
pair memory CD8" T-cell formation, despite el-
evated glycolytic metabolism and impaired
mitochondrial SRC (Phan et al. 2016). Rather,
elevated glycolytic metabolism allows VHL-defi-
cient CD8" T cells to generate normal levels of
ATP (Phan et al. 2016). In summary, these results
suggest that memory T cells are metabolically
adaptable and can use many nutrient sources to
generate sufficient ATP for cellular survival,
which ultimately enables their longevity and
long-term protective function.

Signaling Networks for Memory T-Cell
Development

Mechanistic target of rapamycin (mTOR) is a
central signaling node that integrates extracellular
cues with intracellular signaling and metabolism.
Several studies have revealed that the two unique
mTOR complexes, nTORCI (defined by Raptor)
and mTORC2 (defined by Rictor), serve as criti-
cal regulators of CD8" memory T-cell develop-
ment and rapid recall responses (Araki et al. 2009;
Gubser et al. 2013; Pollizzi et al. 2015). Inhibition
of mTORCI by rapamycin treatment during the
expansion phase increases CD8" memory pre-
cursor cell (CD127MKLRG1°) generation and
the total memory T-cell pool, while treatment
during the contraction phase accelerates memory
T-cell differentiation but does not significantly
impact the total number of memory T cells (Araki
et al. 2009). In contrast, hyperactivation of
mTORCI signaling, mediated by deletion of tu-
berous sclerosis 1 (Tscl) or Tsc2, inhibits mem-
ory T-cell differentiation and function (Shrestha
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et al. 2014; Pollizzi et al. 2015). mTOR signaling
antagonizes CD8" memory T-cell differentiation
partly through repression of FoxO1/3a (Forkhead
box O1 or 3a) activity, which promotes memory
formation and persistence (Kaech and Cui 2012;
Pollizzi et al. 2015; Delpoux et al. 2018; Utz-
schneider et al. 2018). Mechanistically, FoxO1
induces expression of memory-associated genes
including Eomes and T-cell factor 1 (TCF-1), but
limits T-bet expression, a transcription factor
critical for effector T cells (Rao et al. 2012; Hess
Michelini et al. 2013; Delpoux et al. 2017). Thus,
mTOR signaling dictates memory T-cell fate and
function through regulation of transcriptional
programs.

mTORCI signaling also regulates memory
T-cell differentiation through metabolic repro-
gramming. Specifically, the switch from anabolic
metabolism (e.g., aerobic glycolysis, glutaminol-
ysis, etc.) to catabolic metabolism (e.g., FAO) like-
ly requires the down-regulation of mTORC1 and
up-regulation of AMPK signaling in response to
energy stress (Kaech and Cui 2012; Buck et al.

2015), which are events associated with CD8"
memory T-cell development (Pearce et al. 2009;
Rolf et al. 2013). Indeed, impaired mTORCI1
function during T-cell activation is associated
with increased FAO-related programs and
Cptla expression (Pollizzi et al. 2015; Tan et al.
2017), whereas Tsc2-deficient T cells have re-
duced FAO programming (Pollizzi et al. 2015).
In addition, antigen-experienced Tscl-deficient
CD8" T cells have marked up-regulation of mi-
tochondrial and glycolytic metabolism in re-
sponse to IL-15 stimulation (Shrestha et al.
2014), suggesting that mMTORCI1 orchestrates dif-
ferentiation and metabolic signals to tune mem-
ory T-cell differentiation.

Metabolites are not only critical for fueling
metabolic processes, but also serve as signaling
molecules that modulate critical kinase pathways,
such as mTOR. For instance, the sensing of intra-
cellular amino acids, including leucine and argi-
nine, coordinates the recruitment and activation
of mTORCI1 at the lysosome (Saxton and Sabatini
2017). To date, the contribution of specific me-

Figure 1. Metabolic pathways and metabolism-associated signaling in memory T cells. T-cell receptor (TCR),
costimulatory molecule CD28, and cytokine receptor (e.g., IL-2 receptor and IL-15 receptor) signals induce
mTORCI and mTORC?2 activation via PI3K-Akt signaling (Chi 2012). mTORCI1 promotes glycolysis and other
anabolic programs to invoke effector T-cell responses (Zeng et al. 2016; Tan et al. 2017; Chapman et al. 2020),
while low mTOR signaling favors memory T-cell development and maintenance due to increased FoxO1/3a
transcriptional activity and catabolic mitochondrial metabolism (Araki et al. 2009; Rao et al. 2012; Hess Michelini
et al. 2013; Pollizzi et al. 2015; Delpoux et al. 2018; Utzschneider et al. 2018). High AMPK signaling regulated by
extracellular ATP (eATP) and intracellular ADP/AMP:ATP ratio also favors memory T-cell development by
limiting mTORCI1 signaling and promoting fatty acid oxidation (FAO) and mitochondrial oxidative phosphor-
ylation (OXPHOS) driven by the electron transport chain (ETC) (Rolf et al. 2013; Borges da Silva et al. 2018).
Triacylglyceride (TAG) synthesis from extracellular glucose or glycerol may generate long-chain fatty acids
(LCFAs), or LCFAs may be transported from extracellular sources to increase the intracellular fatty acid pool.
These LCFA can be transported via FABP4/5 to fuel CPT1a-dependent FAO in specific contexts (Cui et al. 2015;
Pan et al. 2017). Both FAO and aerobic glycolysis allow for generation of acetyl coenzyme A (acetyl-CoA), which
enters the tricarboxylic acid (TCA) cycle to support ATP production for memory T cells (Pearce et al. 2009; van
der Windt et al. 2012; Maekawa et al. 2015; Phan et al. 2016) and promotes mitochondrial metabolism that poises
cells for rapid secondary responses (van der Windt et al. 2012, 2013; Buck et al. 2016; Klein Geltink et al. 2017).
Acetyl-CoA also likely contributes to epigenetic remodeling (Peng et al. 2016). The amino acids serine and
methionine may contribute to mitochondrial one-carbon metabolism to promote memory T-cell generation or
proliferation via purine synthesis and epigenetic remodeling. Red inhibitory arrows indicate suppression of
mTORCI, CPT1a, and the ETC by rapamycin, low-dose etomoxir, and high-dose etomoxir, respectively. The
green arrow indicates activation of AMPK by metformin. Dashed arrows indicate that parts of the pathway are
omitted. (ADP) Adenosine diphosphate, (AMP) adenosine monophosphate, (AMPK) AMP-activated protein
kinase, (AQP9) aquaporin 9, (ATP) adenosine triphosphate, (CPT1a) carnitine palmitoyl transferase, (FABP4/5)
fatty acid-binding protein 4 and 5, (FoxO1/3a) Forkhead box Ol or 3a, (mTORC1) mechanistic target of
rapamycin (mTOR) complex 1, (mTORC2) mTOR complex 2, (PI3K) phosphatidylinositol 3-kinase.
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tabolites to memory T-cell development, mainte-
nance, and effector function is underexplored.
Intracellular L-arginine enhances CD8" T-cell
survival and antitumor responses, which appears
to be independent of mTOR signaling but is po-
tentially mediated by the nuclear proteins
BAZ1B, PSIP1, and C3P0 (encoded by TSN)
(Geiger etal. 2016). Additionally, asparagine pro-
motes functional responses of memory CD8"
T cells (Wu et al. 2021). Beyond amino acids,
the purinergic receptor P2RX7 senses extracellu-
lar ATP to promote the development of CD8"
Tem and Trm cells by enhancing AMPK signal-
ing and mitochondrial oxidative metabolism
(Borges da Silva et al. 2018). Thus, understanding
the contribution of metabolites on intracellular
signaling and gene expression is an exciting and
open area for future exploration and may lead to
the discovery of new therapeutic targets.

An emerging area of interest is the contribu-
tion of metabolism to T-cell epigenetic events and
how this regulates cellular fate and function. Ef-
fector and memory T-cell subsets have unique
chromatin states that are not always static (Philip
et al. 2017; Youngblood et al. 2017; Pace et al.
2018), demonstrating that de novo changes in
chromatin accessibility can program, and poten-
tially reprogram, T-cell fate and function. These
effects may also be connected to metabolism, as
many enzymes involved in chromatin and nucle-
otide modifications (e.g., DNA methyltransfer-
ases and histone deacetylases) require substrates
and cofactors (e.g, S-adenosyl methionine
[SAM] and NAD") derived from metabolic pro-
cesses (Reid et al. 2017). As evidence of this
concept, HIF-1o-dependent accumulation of S-
2-hydroxyglutarate in CD8" T cells promotes his-
tone methylation associated with Tcm cells and
leads to cellular persistence and antitumor re-
sponses (Tyrakis et al. 2016). In addition, metab-
olites derived from the methionine cycle ( part of
serine and glycine-dependent one-carbon me-
tabolism), the TCA cycle, glycolysis, and FAO
may also contribute to epigenetic remodeling
(Reid et al. 2017). For example, lactate dehydro-
genase A ([LDHA], an enzyme in the aerobic
glycolysis pathway) supports aerobic glycolysis
to maintain acetyl coenzyme A (acetyl-CoA) pro-
duction and permissive histone acetylation of the

Ifng locus in CD4" T cells (Peng et al. 2016).
Several studies have implicated important roles
of one-carbon metabolism for memory T-cell de-
velopment and epigenome regulation. Mitochon-
drial one-carbon metabolism or serine uptake
promotes effector proliferation and consequently
memory T-cell generation by fueling purine nu-
cleotide synthesis (Ron-Harel et al. 2016; Ma et
al. 2017). Further, inhibition of Shmt2 (a crucial
one-carbon metabolism enzyme) reduces T-cell
survival, possibly due to reduced redox balance
mediated by glutathione that is produced via the
activity of glutamate cysteine ligase (catalytic sub-
unit encoded by Gclc) downstream of one-carbon
metabolism (Ron-Harel et al. 2016; Mak et al.
2017; Lian et al. 2018). Interestingly, the accumu-
lation of intracellular reactive oxygen species
(ROS) is associated with altered H3K27me3 in
Th17 cells (Johnson et al. 2018). Further, uptake
of extracellular methionine by activated T cells
promotes DNA histone methylation (e.g,
H3K27me3 and H3K4me3) and controls T-cell
effector responses (Sinclair et al. 2019; Bian et al.
2020; Roy et al. 2020). Establishing the contribu-
tion of metabolites to epigenetic-driven changes
in memory T cells will be important and also
challenging considering that enzymes and me-
tabolites not only induce broad chromatin mod-
ifications, but also fuel metabolic programs that
have wide influence on cellular physiology.

Metabolism as a Driver of Memory T-Cell Fate
Decisions

Precisely how memory T cells arise has re-
mained a key immunological question for
decades (Ahmed et al. 2009; Jameson and Ma-
sopust 2018). One model of memory T-cell
development proposes that there is an early “im-
printing” of memory-cell fate that accompanies
the first asymmetric cell division, which results
in bipolar segregation of the proteasome and
yields unequal degradation of T-bet in the two
daughter cells (Chang et al. 2007, 2011). In ad-
dition, factors that regulate cellular metabolism,
including mTOR and c-Myc, preferentially seg-
regate into the proximal daughter cell near the
T-cell-APC synapse (Pollizzi et al. 2016; Verbist
et al. 2016). This bipolar segregation of protein
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signaling is associated with cell fate, as proximal
daughter cells have reduced survival, while the
distal daughter cells have heightened persis-
tence, control of pathogen infections, and devel-
opment into memory T cells (Chang et al. 2007;
Pollizzi et al. 2016; Verbist et al. 2016). These
altered cell states are associated with changes
in metabolic programming, with elevated glyco-
Iytic activity in the short-lived proximal daugh-
ter cells (Pollizzi et al. 2016; Verbist et al. 2016)
and increased lipid metabolism in the long-lived
distal daughter cells (Pollizzi et al. 2016). Thus,
early metabolic reprogramming may contribute
to the fate decision of T cells into terminal effec-
tor or memory precursor cells.

A second model of linear differentiation pro-
poses that cell fate decisions occur later in the

Metabolic Control of Memory T Cells

effector T-cell stage, at which time cells either
become terminally differentiated and eventually
die by apoptosis, or further differentiate into per-
sisting memory T cells (Ahmed et al. 2009; Jame-
son and Masopust 2018). Indeed, CD8" effector
T cells acquire de novo methylation patterns as-
sociated with suppression of naive T-cell-associ-
ated genes (e.g., Sell, encodes CD62L) that can be
reversed in CD8" memory T cells (Youngblood
et al. 2017). These findings indicate that a subset
of CD8" effector T cells can undergo epigenetic
reprogramming as the cells mature into long-
lived memory T cells, supporting linear differen-
tiation. Metabolic reprogramming may also dic-
tate which effector subsets acquire memory-like
signatures after activation (Fig. 2). In support of
this idea, deletion of T'sc1 in antigen-experienced

* Quiescence
» Catabolic metabolism
* AMPK activity

* Clonal expansion
¢ Anabolic metabolism
* mTORC1 activity

¢ Mitochondrial metabolism,
aerobic glycolysis
* Glucose, fatty acids, glycerol?

* Mitochondrial metabolism
* Glucose, fatty acids, glycerol?, eATP

¢ Mitochondrial metabolism
* Glucose?, fatty acids, eATP

* Terminal effector precursors (anabolic)
* Memory precursors (catabolic)

¢ Mitochondrial metabolism?
* Glucose?, fatty acids?

Figure 2. Metabolic reprogramming in memory T-cell subsets. Naive T (Tn)-cell activation, proliferation, and
differentiation into effector T cells (Teff) require the up-regulation of mTORCI1 signaling and switch to anabolic
metabolism (Chapman et al. 2020). Among Teff are terminal effector precursor cells with high anabolic programs
that will undergo apoptotic-mediated death and memory precursors with catabolic programs that can survive
contraction and develop into memory T cells. The development of memory T cells is associated with entering into
a quiescent state with elevated catabolic metabolism, a switch that relies on up-regulated AMPK (adenosine
monophosphate-activated protein kinase) signaling and down-regulated mTOR (mechanistic target of rapamy-
cin) signaling (Araki et al. 2009; Pearce et al. 2009; Kaech and Cui 2012; Pollizzi et al. 2015). Memory T cells
comprise subsets with diverse requirements for metabolic programs, nutrients, and metabolites. There are
context-dependent roles for aerobic glycolysis and mitochondrial metabolism in CD8" and CD4" memory
T-cell subsets (van der Windt et al. 2012, 2013; Maekawa et al. 2015; Buck et al. 2016; Phan et al. 2016; Klein
Geltink et al. 2017). Memory T cells require fatty acid oxidation (FAO) to support mitochondrial metabolism, cell
survival, and function, but the dependency on FAO and source of fatty acids, including glycerol-mediated
triacylglyceride (TAG) synthesis, varies among subsets and tissue localization (Pearce et al. 2009; van der Windt
et al. 2013; O’Sullivan et al. 2014; Cui et al. 2015; Pan et al. 2017; Raud et al. 2018). Extracellular ATP (eATP)
enhances mitochondrial metabolism and promotes central memory (Tcm) and tissue-resident memory (Trm)
development (Borges da Silva et al. 2018). mTORCI signaling and up-regulation of glycolytic metabolism may
also promote maturation and loss of cellular stemness (Karmaus et al. 2019). (Tem) Effector memory,
(T stem-like) stem-cell-like memory T cell.
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CD8" T cells leads to defective memory T-cell
development and function and is associated
with metabolic dysregulation and defective mem-
ory precursor-cell differentiation (Shrestha et al.
2014). In contrast, rapamycin treatment at the
effector stage enhances CD8" T-cell memory de-
velopment (Araki et al. 2009). Further, activated
CD8" T cells exposed to the short-chain fatty acid
(SCFA) butyrate display elevated FoxO1 expres-
sion and memory potential (Bachem et al. 2019).
Additionally, mitochondrial respiration supports
Akt-FoxOl1 signaling (Xu et al. 2021). Thus,
mTOR signaling and metabolic reprogramming
may contribute to memory fate differentiation at
the first cell division and later at the effector stage.

Metabolism also influences differentiation
into different subsets of memory T cells. For
instance, VHL-deficient CD8" T cells preferen-
tially develop into Tem cells, which have differ-
ent metabolic signatures compared to other Tm
cell subsets (Phan et al. 2016). Tcm cells are
shown to have elevated mitochondrial SRC
compared to Tem cells, suggesting Tcm cells
may rely more on mitochondrial respiration
(Phan et al. 2016). Tem cells may also be less
dependent on FAO when glucose levels are lim-
iting (Ecker et al. 2018). Consistent with these
observations, in vivo AMPK activation by met-
formin treatment promotes Tcm and Trm cell
generation but has little effect on Tem cells (Bor-
ges da Silva et al. 2018). This metabolic plasticity
may allow for the establishment of memory
T cells in the face of altered nutrient availability,
but further work is needed to understand
whether and how these metabolic adaptations
underpin memory T-cell subset diversification.

METABOLISM AND STEMNESS IN T-CELL
FUNCTION

Two critical features of CD8" and CD4" mem-
ory T cells are their ability to self-renew to
persist long term and to differentiate upon reac-
tivation. These two characteristics are reminis-
cent of hematopoietic stem cells (HSCs) (Fearon
et al. 2001; Kaech et al. 2002), and CD8" mem-
ory T cells have transcriptional profiles that
overlap with HSCs (Luckey et al. 2006). These
stem-cell-like qualities, also termed “stemness,”

are critical for the maintenance of a functional
memory T-cell pool. Here, we discuss the inter-
play between transcriptional and metabolic
programs in dictating memory T-cell stemness
in acute and chronic inflammatory environ-
ments.

Transcriptional and Metabolic Features
of T-Cell Stemness

Although memory T cells are defined by their
long-term persistence and ability to respond to
secondary antigen challenge, not all memory
T-cell subsets display equivalent stemness. Rath-
er, several subsets with enhanced stem-cell-like
qualities have been described, including CD8"
Tscm and CX3CR1™ peripheral memory
T (Tpm) cells (Table 1; Gattinoni et al. 2009,
2011; Turtle et al. 2009; Gerlach et al. 2016)
and CD4" Tfth and Th17 cells (Muranski et al.
2011; Karmaus et al. 2019; Nguyen et al. 2019).
The stem-cell-like memory T-cell subsets have
gained broad recognition in recent years due to
both their longevity and enhanced function in
many immune environments, including tu-
mors, chronic infections, and autoimmune dis-
eases. For instance, CD8" Tscm cells, which can
self-renew or differentiate into Tcm, Tem, and
Trm cells, have superior antitumor activity com-
pared to Tcm and Tem cells (Gattinoni et al.
2009). In addition, CD4" T cells can develop
into long-lived memory T cells with functional
recall responses (Hale et al. 2013; Tubo et al.
2016). Using IL-21 reporter mice, Liithje et al.
(2012) found that IL-21-expressing Tth cells de-
velop into a CD4" memory T-cell subset that
produces effector cytokines, including IFN-y
and IL-2, and can contribute to nongerminal
center responses upon secondary infections.
Further, functional analysis using the lympho-
cytic choriomeningitis virus (LCMV) infection
model shows that, while the CXCR5" Tth-cell
subset preferentially generates a Tth-like recall
response upon secondary LCMV challenge, they
can also give rise to CXCR5™ Thl-cells (Hale
et al. 2013). Compared to Thl cells, the Tth
memory-cell subset retains higher functional
plasticity (Liithje et al. 2012; Hale et al. 2013;
Kunzli et al. 2020). Further, Th17 cells can
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Table 1. Stem-cell-like memory T-cell subsets

Metabolic Control of Memory T Cells

Stem-cell-like memory

Inflammatory

subsets Associated markers context Associated metabolism
CD4" Tth stem-cell-like CXCR5", Ly6C™""", Acute LCMV, NP-  Anabolic (glycolysis supports
PD-1%, Bcl-6%, IL-217, KLH persistence)
FR4"
CD4" Th17 stem-cell- CD27"""°, TCF-1* EAE, ocular Catabolic (reduced mTORC1
like autoimmunity activity and glycolysis-
associated gene expression)
CDS8" Tscm CD44'°, CD62L", Sca-1M, Pharmacologically Catabolic
CcD122M induced Wnt
signaling
CD8"CX3CR1™ CX3CR1™, CD27", Acute LCMV Unknown
peripheral memory CXCR3*
CD8'CXCR5" Tth-like ~ CXCR5", TCE-1", Tim-3~  Chronic LCMV Catabolic? (increased FAO-
associated gene expression)
CD8" progenitor- TCE-1", Eomes'®, T-bet™ Chronic LCMV Unknown
exhausted
CD8* TME-associated ~ TCF-1*, Tim-37, PD-1"~, Tumor Catabolic (elevated autophagy)
stem-cell-like Slamf7"
Human CD8" stem-cell- CD45RA*, CD62L", Blood (expanded in ~ Unknown
like CD27*, CCR7", CD95%, immunodeficient
CD122%, CXCR3", hosts)
LFA-1"

Summary of the stem-cell-like memory cells that are present in mice and humans, based on surface markers and transcription
factors and their identification in different inflammatory contexts as indicated. The known associated metabolism of these stem-
cell-like populations are also highlighted. CD4" Tth stem-cell-like (Liithje et al. 2012; Hale et al. 2013; Kunzli et al. 2020);
CD4" Th17 stem-cell-like (Muranski et al. 2011; Karmaus et al. 2019); CD8" Tscm (Gattinoni et al. 2009; Sukumar et al. 2016);
CD8*CX3CRI1™ peripheral memory (Gerlach et al. 2016); CD8"CXCR5" Tth-like (He et al. 2016; Im et al. 2016; Leong et al.
2016; Wu et al. 2016); CD8" progenitor-exhausted (Paley et al. 2012); CD8" TME-associated stem-cell-like (Wu et al. 2016;
Kurtulus et al. 2019; Miller et al. 2019; Siddiqui et al. 2019; Vodnala et al. 2019); human CD8" stem-cell-like (Turtle et al. 2009;
Gattinoni et al. 2011) cells. (TME) Tumor microenvironment, (LCMV) lymphocytic choriomeningitis virus, (NP-KLH)
4-hydroxy-3-nitrophenyl acetyl-keyhole limpet hemocyanin, (EAE) experimental autoimmune encephalomyelitis, (FAO)

fatty acid oxidation.

acquire Th1-like characteristics, including IFN-
vy production, and persist in vivo (Bending et al.
2009; Lee et al. 2009; Muranski et al. 2011). A
stem-cell-like CD27" Th17 subset is also found
within a chronic inflammatory environment (in
the animal model of multiple sclerosis, experi-
mental autoimmune encephalomyelitis [EAE]),
which can preferentially persist and give rise to
CD27 Thl-like Th17 cells (Karmaus et al.
2019). Thus, stemness is an inherent feature of
memory T cells that can regulate both their
persistence and function in different disease
settings.

TCF-1 is a critical transcriptional regulator
of T-cell stemness. TCF-1 activity is regulated
by the conserved Wnt-B-catenin signaling path-

way, which is involved in HSC self-renewal and
multipotency (Fleming et al. 2008). The induc-
tion of Wnt signaling arrests CD8™ effector T-cell
development and promotes the emergence of
CD8* Tscm cells (Gattinoni et al. 2009). In addi-
tion, in vitro polarized CD4" Th17 cells have el-
evated B-catenin and TCF-1 expression and can
further differentiate into cells with Th1-cell fea-
tures in vivo; these stem-cell-like Th17 cells can
rapidly respond to secondary stimulation and
persist in vivo (Muranski et al. 2011). Stem-cell-
like Th17 cells also express high levels of TCF-1 in
EAE (Karmaus et al. 2019). TCF-1 is likely a crit-
ical determinant of Tth-cell plasticity during re-
call responses, as TCF-1 promotes Tth-cell differ-
entiation, and loss of TCF-1 expression allows
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cells to acquire a non-Tth-cell phenotype (Choi
etal. 2015; Wuetal. 2015; Xu etal. 2015). Of note,
TCF-1 is a “core” transcription factor expressed
in both naive and memory T cells (Gattinoni et al.
2012), so one key future direction will be to un-
derstand how TCEF-1 interplays with other nucle-
ar proteins (e.g., transcription factors, epigenetic-
modifying enzymes) to influence the specific fate
decisions of stem-cell-like T cells.

Whereas clear roles of metabolism have been
attributed to memory T-cell survival (one facet
of stemness) as previously discussed, the func-
tion of metabolism in stem-cell-like functional
reprogramming is relatively understudied.
Chronic LCMYV infections are associated with
reduced mTOR and Akt activities and increased
FoxO1 activity that is essential for the persis-
tence and function of CD8" T cells (Staron
et al. 2014), suggesting that the chronic inflam-
matory environment may impact cellular me-
tabolism of CD8" T cells. We recently showed
that anabolic metabolism (e.g., glycolysis, cho-
lesterol biosynthesis) and mTORCI are essential
for Th17 cells to differentiate into TCF-1"T-
bet™ IEN-y-producing Thl-like cells, and that
inhibition of either mTORCI1 or glycolysis pro-
motes acquisition of stemness-associated fea-
tures (Karmaus et al. 2019). These findings are
also in line with those showing that differentia-
tion of “pathogenic” Th17 cells (i.e., those that
produce IFN-vy) is dictated by the intracellular
composition of lipids and cholesterol (Wang
et al. 2015). Of note, mitochondrial metabolism
and nutrient uptake regulate stemness of lung
cancer cells (Fernandez et al. 2018), but their
roles in inducing the stem-cell-like properties
of memory T cells remain unclear. CD8" T cells
with low mitochondrial membrane potential are
enriched in Tscm cells, further implicating mi-
tochondrial function as a regulator of stemness
(Sukumar et al. 2016). Interestingly, the uptake
of lipids (e.g., the SCFA acetate) promotes in-
creased function of reactivated CD8" memory T
cells through its interplay with glycolysis
(Balmer et al. 2016). Further, sodium sensing
by SGK1 may also balance stem-cell-like, non-
pathogenic Th17 cells from terminal, pathogen-
ic Th17 cells (Kleinewietfeld et al. 2013; Wu et al.
2013). In addition, methionine and SAM con-

tribute to the regulation of cell state and epige-
netics in stem cells (Shyh-Chang et al. 2013;
Shiraki et al. 2014), implicating one-carbon me-
tabolism as a possible determinant of memory
T-cell stemness. The control of memory T-cell
stemness by metabolism therefore remains an
exciting new avenue of research that has direct
therapeutic applications, such as for adoptive
T-cell therapy.

Metabolism Balances Stemness with T-Cell
Exhaustion

Much of our understanding of stemness and
memory T-cell reprogramming has been derived
from studies using acute pathogen models. How-
ever, upon chronic antigen exposure in inflamma-
tory disorders such as chronic pathogen infection
or tumors, CD8" T cells can acquire an exhausted
cellular phenotype. Exhausted CD8" T cells have
high expression of inhibitory receptors (e.g., PD-
1, Tim3) and impaired capacity to expand and
produce cytokines (Schietinger and Greenberg
2014; Wherry and Kurachi 2015; Hashimoto
et al. 2018). Within these chronic inflammatory
environments, there isa subpopulation of CD8" T
cells that retains the capacity to proliferate, regen-
erate, and differentiate into terminally exhausted
cells. This TCF-1-dependent CD8" T-cell subset,
called either “progenitor-exhausted” or “stem-
cell-like” CD8" T cells (Paley et al. 2012; He
et al. 2016; Im et al. 2016; Leong et al. 2016;
Utzschneider et al. 2016; Wu et al. 2016), helps
sustain the immune response and may prevent
collapse of the memory T-cell pool during chronic
infections (Utzschneider et al. 2016).

As noted above, TCF-1 promotes CD8"
T-cell identity (Xing et al. 2016) and the gener-
ation and long-term persistence of the CD8"
memory T-cell pool during acute infections
(Jeannet et al. 2010; Zhou et al. 2010). TCF-1
expression, promoted by the transcription factor
c-Myb (Gautam et al. 2019), allows for increased
CD8" T-cell proliferation during chronic viral
infections (Utzschneider et al. 2016). The
TCF-1" population can share transcriptional
similarities to Tth cells, identified by a Tth-as-
sociated marker CXCR5 (He et al. 2016; Im et al.
2016; Leong et al. 2016; Wu et al. 2016). These
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CXCR5"TCF-1"PD-1"Tim3 CD8" T cells pre-
dominantly reside within the T-cell zones of
lymphoid tissues and promote the control of
chronic LCMYV infection (He et al. 2016; Im
et al. 2016; Leong et al. 2016; Wu et al. 2016).
The tumor microenvironment (TME) is anoth-
er chronic inflammatory site that induces an
exhausted-like phenotype in CD8" T cells.
Similar to the chronic LCMV environment, a
stem-cell-like subset that is TCF-1" exists within
the TME (Wu et al. 2016; Kurtulus et al. 2019;
Miller et al. 2019; Siddiqui et al. 2019). Further, a
TCF-1"CD8" T-cell population has been iden-
tified in human tumor samples (Wu et al. 2016;
Brummelman et al. 2018; Sade-Feldman et al.
2018). What is perhaps most exciting about
the identification of these CD8" stem-cell-like
T cells is that they are sensitive to anti-PD-1
and Tim3 or PD-L1 antibody checkpoint block-
ade therapy (He et al. 2016; Im et al. 2016; Kur-
tulus et al. 2019; Miller et al. 2019; Siddiqui et al.
2019), and, in melanoma patients, the increased
expression of TCF-1 and PD-1 predicts better
therapeutic responses to checkpoint blockade
therapy and patient outcome (Sade-Feldman
et al. 2018). Unlike PD-1"CD8" exhausted
T cells, TCF-1"CD8" T cells may retain a chro-
matin state with the potential to reprogram in
response to checkpoint blockade (Pauken et al.
2016; Scott-Browne et al. 2016; Ghoneim et al.
2017; Philip etal. 2017). The transcription factor
TOX mediates CD8" T-cell exhaustion, and the
loss of TOX leads to a decline of TCF-1" T cells
(Alfei et al. 2019; Khan et al. 2019; Scott et al.
2019; Seo et al. 2019; Wang et al. 2019; Yao et al.
2019), although it remains unclear whether
TOX is reciprocally regulated by TCF-1. Thus,
a critical future direction for the field will be to
determine whether TCF-1 acts as a molecular
rheostat for cellular stemness and exhaustion
and to determine the downstream targets that
dictate these cellular states.

In addition to TCF-1-related networks, we
propose that metabolic programs also promote
fate decisions for the stem-cell-like cell popula-
tions and more dysfunctional exhausted popula-
tions in chronic inflammatory conditions, such as
autoimmunity and cancer. Indeed, we found that
CD27"TCF-1" Th17 cells from EAE share tran-

Metabolic Control of Memory T Cells

scriptional features with CXCR5"CD8" stem-
cell-like cells and CXCR5" Tth cells (Karmaus
et al. 2019), raising the possibility that metabolic
state is a critical determinate of CD8" T-cell stem-
ness. Indeed, several recent studies highlight the
ability to condition cells ex vivo, in part by influ-
encing cellular metabolism and ROS production,
for enhanced cellular persistence and effector re-
sponses to tumors (O’Sullivan et al. 2019; Guru-
samy et al. 2020; Klein Geltink et al. 2020;
Vardhana et al. 2020; Verma et al. 2021). Further,
enhanced BATF function by targeted deletion of
Regnase-1 promotes mitochondrial fitness and
programs long-lived CD8" effector T cells that
aid in antitumor immunity (Wei et al. 2019).
Blocking the MAPK signaling pathway by
MEK1/2 inhibitor treatment promotes FAO and
the generation of Tscm-like cells, resulting in
more potent antitumor responses in a model of
adoptive T-cell therapy (Verma et al. 2021). Con-
versely, accumulation of depolarized mitochon-
dria in tumor-infiltrating lymphocytes enforced
terminal exhaustion (Yu et al. 2020). The meta-
bolic requirements that dictate stem-cell-like re-
programmable responses from exhausted T-cell
programs may be directly linked to epigenetic
states (Philip et al. 2017; Reid et al. 2017; Pace
et al. 2018; Khan et al. 2019; Yu et al. 2020). In
addition, the level of PD-1 signaling may influence
cellular stemness, as PD-1 signaling can induce
FAO in activated T-cell subsets (Patsoukis et al.
2015). Whether other inhibitory receptors associ-
ated with exhaustion can promote metabolic re-
programming remains underexplored.

The stem-cell-like or exhausted states are
also likely dictated by extracellular nutrients
within tissue microenvironments. An excellent
example is the TME, which is limited in some
critical factors, such as oxygen, but elevated in
others, such as cholesterol and potassium. Ele-
vated cholesterol in the TME induces CD8"
T-cell exhaustion through the up-regulation of
inhibitory receptor expression (e.g., PD-1 and
2B4) by the endoplasmic reticulum (ER)
stress-XBP1 pathway (Ma et al. 2019). In addi-
tion, CD8" T-cell proliferation is negatively
regulated by liver X receptors (LXRs), nuclear
receptors involved in cholesterol homeostasis
(Bensinger et al. 2008). Altered cholesterol levels
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may also induce T-cell exhaustion through
regulation of the strength or duration of TCR
signaling. For example, inhibition of cholesterol
esterification potentiates CD8" T-cell antitumor
responses by promoting TCR clustering and
synapse formation (Yang et al. 2016), while ele-
vated levels of cholesterol sulfate impair TCR
signaling by inhibiting TCR-CD3 immunore-
ceptor tyrosine-based activation motif (ITAM)
phosphorylation (Wang et al. 2016). In addition
to changes in cholesterol, elevated potassium
within the TME serves as an underlying, indirect
positive regulator of stem-cell-like TCF-1"CD8"
T cells (Vodnala et al. 2019), but can also inhibit
effector T-cell responses in the TME, likely
through repression of glycolytic programming
that is linked to effector responses (Eil et al.
2016; Peng et al. 2016). Moreover, increased ex-
tracellular potassium limits nutrient uptake
(e.g., glucose), leading to starvation-induced au-
tophagy and depletion of cytoplasmic acetyl-
CoA. In turn, reduced acetyl-CoA is correlated
with less histone acetylation, which limits the
epigenetic imprint of T-cell exhaustion to pro-
mote a stem-cell-like state (Vodnala et al. 2019).
These studies highlight that local extracellular
nutrients can alter the cellular metabolic state
and intracellular metabolites to influence func-
tional and epigenetic reprogramming.

CONCLUDING REMARKS

In this perspective, we have highlighted that,
relative to naive and effector T cells, memory
T cells have altered metabolic profiles and mi-
tochondrial morphology, which retain the cells
in a metabolically quiescent-like state that en-
ables more rapid responses upon secondary
challenges. To date, the role of metabolites and
metabolic programs on memory T-cell subset
differentiation is highly underexplored. Further,
while the contribution of metabolism on mem-
ory T-cell functional reprogramming and stem-
ness is not well characterized, emerging evi-
dence has identified anabolic metabolism (e.g.,
glycolysis) as a critical determinant of these fea-
tures. This possibility is supported by studies in
stem cells, which show that metabolism contrib-
utes to stem-cell pluripotency (Intlekofer and

Finley 2019). Additionally, specific metabolites
and nutrients (e.g., potassium) have been linked
to the regulation of memory T-cell persistence
and stemness, in part through epigenetics. Thus,
metabolic programs likely underlie not only the
generation and maintenance of memory T cells,
but also the regulation of memory T-cell subsets
that retain features of functional reprogram-
ming and stemness.

Much remains unanswered in each area dis-
cussed in this perspective. Several outstanding
questions include (1) How does nutrient diversity
within unique microenvironments shape CD8"
and CD4" T-cell memory formation and func-
tion? (2) Do recall responses of memory T cells
rely on the same or distinct metabolic programs
that promote initial effector T-cell programs? (3)
How do metabolites and metabolic enzymes con-
tribute to the programming of memory T-cell
stemness? and (4) What are the molecular targets
and upstream signals of TCF-1 that dictate cellu-
lar stemness or exhaustion within acute and
chronic inflammatory environments? With the
emergence of new technologies, including sin-
gle-cell RNA sequencing and ATAC-sequencing,
the field has the potential to progress rapidly in
understanding how metabolism regulates specific
memory T-cell subsets and developmental stages.
Further, systems immunology approaches to in-
tegrate transcriptome, proteome, and metabo-
lome analyses should allow us to better define
stem-cell-like cells from terminally differentiated
or exhausted cells, thus refining functional anal-
yses of these cells. These discoveries, combined
with the ability to efficiently screen and target
metabolism-associated molecules and enzymes
using CRISPR-Cas9 technology (Wei et al.
2019; Huang et al. 2021), may allow us to deter-
mine new therapeutic targets for improving
memory T-cell generation and functional repro-
gramming in vaccination and immunotherapy
strategies.
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