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Introduction

Summary

T lymphocytes are a critical component of the adaptive immune system
mediating protection against infection and malignancy, but also impli-
cated in many immune pathologies. Upon recognition of specific antigens
T cells clonally expand, traffic to inflamed sites and acquire effector func-
tions, such as the capacity to kill infected and malignantly transformed
cells and secrete cytokines to coordinate the immune response. These pro-
cesses have significant bioenergetic and biosynthetic demands, which are
met by dynamic changes in T-cell metabolism, specifically increases in
glucose uptake and metabolism; mitochondrial function; amino acid
uptake, and cholesterol and lipid synthesis. These metabolic changes are
coordinate by key cellular kinases and transcription factors. Dysregulated
T-cell metabolism is associated with impaired immunity in chronic
infection and cancer and conversely with excessive T-cell activity in
autoimmune and inflammatory pathologies. Here we review the key
aspects of T-cell metabolism relevant to their immune function, and
discuss evidence for the potential to therapeutically modulate T-cell meta-
bolism in disease.

Keywords: T cells; cell activation; cell differentiation; cell proliferation;
inflammation.

of immune responses specific to the type of pathogen
present; and regulatory T (Treg) cells that exert immune-

Upon recognition of their specific antigen via the T-cell
receptor (TCR) in the context of appropriate co-stimula-
tory signals, T cells clonally expand and traffic to tissues,
where they perform effector functions including direct
killing of infected cells and secretion of cytokines coordi-
nating local immune responses. Following antigen clear-
ance, the majority of the expanded effector T-cell pool
contracts by apoptosis, but a residual population remains
and forms the memory compartment. These memory cells
comprise lymph-node-recirculating ‘central memory’ and
tissue-surveying ‘effector memory’ (EM) cells, as well as
tissue-resident memory populations — and all are
equipped with superior capacity to respond to secondary
antigen encounter. Two major lineages of T cells
exist — CD8" T cells, which, in addition to cytokine pro-
duction, mediate direct target cell lysis, and CD4" T cells,
which largely secrete cytokines to shape and orchestrate
the immune response. CD4" T cells can be further subdi-
vided into various inflammatory effector populations [e.g.
T helper type 1 (Thl), Th2, Th17] eliciting different types
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suppressive functions to prevent or control excessive or
inappropriate inflammatory immune responses.

Activation, proliferation and differentiation of T cells
are all supported by dynamic changes in their metabo-
lism, which is the subject of this review. We have broken
down the major aspects of metabolism into distinct mod-
ules, which will be discussed in turn: glycolysis; the tricar-
boxylic acid (TCA) cycle; mitochondrial oxidative
phosphorylation (OXPHOS); amino acid metabolism;
cholesterol and lipid metabolism and control of cellular
metabolism. For each module, we discuss key biological
features, relevance to T-cell function, associations with
disease and therapeutic potential.

Module 1: glycolysis

Upon antigen encounter, T cells significantly enhance
rates of glucose uptake, through increased expression of
the cell-surface transporter Glutl." In parallel, excretion
of lactate is augmented, indicating increased reduction of
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the end product of glycolysis, pyruvate, to lactate, rather
than its oxidation via the mitochondrial TCA cycle to
drive OXPHOS and ATP production (Fig. 1). This ‘War-
burg Effect’ (aerobic glycolysis) was first described in can-
cer cells,” and Otto Warburg postulated that the
phenomenon was necessitated by defective mitochondrial
function. However, we now understand that it is due to
the requirement of rapidly proliferating cells for the
biosynthetic precursor molecules produced during glycol-
ysis (Fig. 1), rather than increasing ATP production.
Indeed, increased mitochondrial ATP generation (yielding
an increased ATP : AMP ratio) would inhibit glycolysis,
therefore reduction and excretion of pyruvate as lactate
maintains high glycolytic rates.’ Additionally, reduction
of pyruvate to lactate generates NAD™, required for func-
tion of the glycolytic enzyme, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Glycolysis occurs in the cytosol, where 10 enzymatic
reactions convert glucose to pyruvate, producing multiple
intermediary precursor molecules required by proliferat-
ing cells (Fig. 1).> The intracellular signalling events
mediating increased glycolytic activity following T-cell
activation have been delineated in some detail. Co-stimu-
latory signalling via CD28 is critical, since ligation of the
TCR (CD3) alone fails to up-regulate Glutl and glucose

uptake.”®  Specificall, CD28 ligation leads to
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Figure 1. Glycolysis pathway. Glucose is converted to pyruvate
through sequential enzymatic reactions occurring in the cytosol.
Intermediates of this process can be further metabolised to yield pre-
cursors for synthesis of nucleic acids, lipids and amino acids, which
are critically required for T-cell clonal expansion. Pyruvate can be
either oxidized in the mitochondria to drive the tricarboxylic acid
(TCA) cycle; oxidative phosphorylation (OXPHOS) and ATP genera-
tion, or reduced to lactate and excreted. The latter is favoured in
proliferating T cells to maintain high rates of glycolysis and precur-
sor molecule generation.
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phosphatidylinositol-3-kinase (PI3K)-dependent phospho-
rylation of Akt. Akt activity is sufficient and required for
CD28-dependent up-regulation of glycolysis."* The
molecular targets of phosphorylated Akt are not yet fully
defined; however, it is proposed to augment glycolysis via
mechanisms including inducing Glutl trafficking to the
cell surface; phosphorylation and augmentation of gly-
colytic enzyme activity and, importantly, activation of the
kinase, mammalian target of rapamycin (mTOR).” Akt
phosphorylates tuberous sclerosis complex-2, an inhibitor
of mTOR, triggering its proteasomal degradation and
thereby de-repressing mTOR activity. The mTOR is a key
regulator of cellular metabolism (discussed in more detail
below), and is critical to the increased glycolysis observed
in activated T cells.®® Additionally, transcription factors
induced following T-cell activation — and required for
metabolic reprogramming — include the nuclear receptor
oestrogen-related receptor-o (ERR-a),” myelocytomatosis
oncogene (Myc),lo’11 hypoxia-inducible factor (HIF)-1a 6
and interferon regulatory factor 4 (IRF4)."?

Use of glycolysis by T cells has implications beyond
precursor molecule production. In murine memory CD4"
T cells, notch signalling was shown to drive glucose
uptake by regulation of Glutl expression, which was criti-
cal for long-term survival of these cells in vivo. Inhibition
of notch signalling promoted apoptosis, which could be
rescued by provision of pyruvate.'> Similarly, we observed
that EM human CD4" T cells critically rely upon glycoly-
sis to prevent apoptosis. Mechanistically we also linked
this observation to provision of pyruvate, which main-
tained mitochondrial membrane potential and subsequent
mitochondrial reactive oxygen species (mROS) levels.'*

Glycolysis is also critical for gain of effector function in
activated T cells, and particularly for secretion of inter-
feron-y (IFN-7). The capacity to immediately up-regulate
glycolysis upon activation — associated with increased
cytosolic GAPDH abundance — permits rapid IFN-y pro-
duction by human EM CD8" T cells.” Consistently, CD4*
or CD8" T cells activated in the absence of glucose
demonstrate significantly impaired capacity to secrete
IFN—y.7’15 Mechanistically, this has been linked to chro-
matin remodelling at the IFNG locus,” and activity of
GAPDH, which, when not engaged in glycolysis, binds
IFN-y mRNA via an AU-rich region in its 3’ untranslated
region and prevents its translation.” Beyond IFN-y, gly-
colysis has been linked to other effector T-cell functions.
For example, CD4" Th17 cells isolated from experimental
models of multiple sclerosis demonstrate increased gly-
colytic enzyme expression, and Th17 cells differentiated
in vitro are highly glycolytic.'® The role of glycolysis in
the function of immune-suppressive Treg cells remains
controversial. Treg cells differentiated in vitro by treat-
ment with transforming growth factor-f demonstrate low
glycolytic capacity compared with inflammatory subsets
and no requirement of glycolysis for their suppressive
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function.'” However, Treg cells differentiated in vitro by
suboptimal TCR stimulation do require glycolysis for
expression of their hallmark transcription factor FoxP3,
through a mechanism involving recruitment of the gly-
colytic enzyme, enolase-1, to regulatory regions of the
FOXP3 locus and control of variant splicing.'® Directly
ex vivo, human Treg cells also appear to be highly gly-
colytic, and to require glycolysis for their proliferation
and suppressive function.'’

Given the importance of glycolysis for T-cell survival
and function, it is not surprising that alterations in gly-
colysis are reported in diseases associated with T-cell dys-
function, and furthermore that manipulation of glycolysis
in T cells represents a promising therapeutic target.
Highly glycolytic T cells are described in human inflam-
matory and infectious diseases,””*' and in experimental
models of systemic lupus erythematosus (SLE)** and allo-
geneic transplantation.”” Indeed, inhibiting glycolysis in
these models was beneficial. Furthermore, inhibition of
glycolysis, or treatment with dicholoracetate, which
favours conversion of pyruvate to acetyl-CoA rather than
lactate, impaired survival, proliferation and cytokine pro-
duction of Th17 cells, and ameliorated disease progres-
sion in experimental autoimmune encephalitis models.'®

Conversely, impaired glycolysis is reported in other
pathologies, with significant functional implications for T
cells. For example, CD4" T cells from patients with
rheumatoid arthritis demonstrate hypo-metabolism of
glucose, due to decreased expression of the enzyme
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3), which was associated with depleted cellular
ROS levels and increased apoptosis. Indeed, survival
could be rescued by ectopic PFKB3 expression.”* Reduced
glycolytic rates can also be imposed on T cells by deple-
tion of glucose in their environment. This was recently
described in experimental tumour models, where highly
glycolytic tumour cells impaired T-cell immune function
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by glucose deprivation.”>?” Mechanistically, this was
linked to decreased mTOR atctivity25 ; decreased abun-
dance of a key glycolytic intermediate with T-cell calcium
signalling capacity,”® and dysregulated microRNA expres-
sion.”” Importantly, in these models, anti-tumour T-cell
function could be restored by augmenting T-cell expres-
sion of a key metabolic enzyme (phosphoenolpyruvate
carboxykinase 1),* raising promising potential for adop-
tive T-cell therapies for cancer. Moreover, existing thera-
pies — namely antibody blockade of the inhibitory co-
receptors programmed cell death protein 1 (PD-1) and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) —
also restored T-cell glycolysis, and interlinked cytokine
production and tumour clearance.”” In line with these
observations, PD-1 or CTLA-4 ligation significantly inhib-
ited glycolysis during T-cell activation, via repression of
PI3K-Akt signalling."*®

Module 2: TCA cycle

In addition to the described changes in glycolysis, mito-
chondrial function is also augmented in activated T cells.
Despite the shift in pyruvate metabolism towards lactate,
increased glycolysis still augments pyruvate production,
which along with fatty acids and glutamine, enters the
mitochondria to fuel the TCA cycle, generating additional
precursor biosynthetic molecules and driving OXPHOS
and ATP production.

Pyruvate enters mitochondria via the mitochondrial
pyruvate carrier, where it is first converted to acetyl-CoA
by pyruvate dehydrogenase, before entering into the TCA
cycle. In further multiple steps, acetyl-CoA is oxidized to
carbon dioxide and water, yielding GTP and reducing the
electron carriers NADH and FADH,, which, together,
drive OXPHOS. Along this cycle, several metabolic inter-
mediates are produced and used for anabolic processes
(Fig. 2).°

Glucose
Glycolysis

Figure 2. The tricarboxylic acid (TCA) cycle. N AI[:’)yruvate P-Lactate
Glucose-derived pyruvate, once converted in Fatty acid oxidation NADH PDH
the mitochondria to acetyl-CoA by pyruvate FA P Ac-CoA
dehydrogenase (PDH), enters the TCA cycle to |_’ =
yield biosynthetic intermediates (citrate, o- kﬁmin?[ r?Ci('j < N et i P Lipid biosynthesis
ketoglutarate and oxaloacetate) and reduced losynthesis NADHy

1 NAD
electron carriers (NADH and FADH,) that Mainte TCA - ko N _—
drive oxidative phosphorylation (OXPHOS) by \ CYCLE NAD utaminolysis

. . NADH .

the electron transport chain. Fatty acids and Fumarate a-ketoglutarate  <@—p»Glutamate <¢—ppGlutamine

glutamine can also fuel the TCA cycle, follow-
ing fatty acid oxidation and glutaminolysis,
respectively.

© 2016 John Wiley & Sons Ltd, Immunology, 150, 35-44

FADH,, NAD
FADH Succinate Succinyl-CoA NADH

37



S. Dimeloe et al.

The TCA cycle not only oxidizes glucose-derived
acetyl-CoA, but also integrates the metabolism of glucose,
fatty acids and another critical nutrient for T cells, glu-
tamine. Fatty acids, once converted to acyl-CoA, pass the
outer and inner mitochondrial membranes by concerted
activity of carnitine palmitoyltransferase 1 and 2 (CPT1
and 2), and carnitine-acylcarnitine translocase. In the
mitochondrial matrix, the process of f-oxidation breaks
down the long carbon chains into a series of two-carbon
acetate units, which, when combined with coenzyme A,
form acetyl-CoA (Fig. 2). Glutamine enters the TCA cycle
following its cytosolic conversion to glutamate by glutam-
inase, which is followed by mitochondrial entry of gluta-
mate through the mitochondrial glutamate transporter
and finally conversion of glutamate to a-ketoglutarate
(Fig. 2).

The importance of oxidative metabolism of glucose,
fatty acids and glutamine for T-cell function has been
examined in several studies. As discussed above, when
glucose availability or metabolism is restricted in quies-
cent T cells, provision of pyruvate critically maintains
survival.'>'* Pyruvate oxidation further increases upon T-
cell activation'® and inhibitors of pyruvate dehydrogenase
(pyruvate dehydrogenase kinases) are concomitantly
down-regulated.” T-cell activation, proliferation and
interleukin-2 (IL-2) production are significantly impaired
under glucose-limiting conditions, but rescued by provi-
sion of pyruvate or galactose (which forces respiration
over aerobic glycolysis),' indicating that mitochondrial
substrate oxidation plays a significant role in these pro-
cesses.

Fatty acid oxidation (FAO) is also reported to be criti-
cal to T-cell function. Specifically, it was shown that
CD4" Treg cells, differentiated in vitro, had a high capac-
ity for FAO compared with inflammatory CD4" T-cell
subsets, and that the CPT1 inhibitor, etomoxir, impaired
Treg cell differentiation and suppressive function in vitro,
without impacting inflammatory subsets.'” Conversely, in
human ex vivo populations, non-Treg CD4" T cells
demonstrated increased FAO capacity than Treg cells.
However, Treg cells required FAO for their suppressive
capacity, whereas non-Treg function was FAO-indepen-
dent."”” FAO has also been linked to superior mitochon-
drial capacity and longevity of memory CD4" and CD8"
T cells — as further discussed below.

Glutamine availability is critical for T-cell survival, pro-
liferation and effector function upon activation.’' Acti-
vated T cells dramatically increase glutamine uptake,
through increased expression of glutamine trans-
porters,”**> and concomitantly increase expression of
enzymes involved in glutaminolysis.”> These changes are
instructed by CD28-ERK signalling, and induction of Myc
expression is required.'"” Mechanistically, glutamine is
required for full mTOR activation,” which is probably
related to its role facilitating direct mTOR complex I
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(mTORC1) activation by other amino acids (as discussed
below).”>** Additionally, glutamine critically fuels the
TCA cycle, particularly when glucose availability is lim-
ited, maintaining abundance of key intermediates such as
pyruvate and citrate.”

Another substrate that can enter the TCA cycle, follow-
ing conversion to acetyl-CoA, is acetate. We recently
observed this pathway to have important implications for
T-cell effector functions. Specifically, upon infection, sys-
temic acetate levels increased. Upon uptake into CD8"
memory T cells, acetate entered the TCA cycle and
expanded the citrate-derived acetyl-CoA pool. This pro-
moted post-translational acetylation of GAPDH, increas-
ing its efficiency and interlinked IFN-y production.
Consistently, acetate-exposed memory CD8" T cells medi-
ated superior protection in a Listeria infection model.*

Increased T-cell glucose oxidative capacity is reported
in human inflammatory diseases including SLE,***7 and
in experimental models of SLE**** and allograft.’® In SLE
models, increased glucose metabolism was successfully
targeted to ameliorate disease, by combined inhibition of
glycolysis and mitochondrial oxidation,*** whereas fur-
ther promotion of glucose oxidation with dichloroacetate
favoured inflammatory T-cell differentiation in vitro and
conferred no protection in vivo.” Increased FAO capacity
of T cells in pathology has also been reported —specifically
in an experimental model of graft-versus-host dis-
ease — and indeed was also targeted successfully by
in vivo treatment with the CPT1 inhibitor etomoxir.”
Finally, the importance of glutamine metabolism for T-
cell activation and function has been exploited therapeuti-
cally in an experimental skin transplantation model,
where pharmacological inhibition of glutaminolysis, either
alone or in combination with inhibition of glycolysis and/
or mitochondrial respiration, promoted graft survival.”®

Module 3: oxidative phosphorylation

As well as generating precursor molecules for biosynthe-
sis, a key function of the TCA cycle is to reduce the elec-
tron carriers NAD" and FADH to NADH and FADH,,
respectively. Subsequent oxidation of these molecules
drives activity of the mitochondrial electron transport
chain to yield ATP (Fig. 3). Another important product
of OXPHOS is mROS, produced at complexes I and III.
Increased activity of the TCA cycle in activated T cells
augments OXPHOS. TCR-induced calcium signalling
supports this metabolic change, potentially by increasing
calcium-dependent TCA enzyme activity. A direct conse-
quence of increased OXPHOS is elevated production of
mROS, which is critical to T-cell proliferation and effec-
tor function. The mROS induce IL-2 production via
NFAT activation, and T cells lacking the capacity to pro-
duce mROS at complex III fail to proliferate and mediate
inflammation in vivo.”® The importance of mROS for
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Figure 3. Oxidative phosphorylation (OXPHOS) by the electron transport chain (ETC). The ETC consists of five multi-subunit complexes, which

are located within the inner mitochondrial membrane. Complexes I and II accept electrons from reduced NADH and FADH2, respectively, and

pass them, via Coenzyme Q (Q), to Complex III and subsequently via cytochrome ¢ (C) to complex IV. Complex IV finally transfers the elec-

trons to molecular oxygen as final electron acceptor to reduce oxygen to water. The redox energy generated through the electron transfer can be

used by complexes I, IIT and IV to pump protons (H*) across the mitochondrial inner membrane into the inter-membrane space, building up an

electrochemical proton gradient across the mitochondrial inner membrane. This membrane potential (A¢m) can then be used by Complex V

(ATP-Synthase) to generate adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and phosphate.

CD8" T-cell function was further confirmed by identifica-
tion of the protein lymphocyte expansion molecule
(LEM), which regulates expression of the mitochondrial
electron transport chain complex, and consequent mROS
production, and is crucial for CD8" T-cell proliferation,
cytotoxicity, memory generation and control of lympho-
cytic choriomeningitis virus infection in vivo.*’

In addition to increased function, there is also evidence
for mitochondrial biogenesis following T-cell activation,
reflected by increases in mitochondrial mass and mitochon-
drial DNA abundance.*' How this process is regulated in T
cells is largely unknown and warrants further investigation.
Biogenesis of mitochondria is a complex and highly regu-
lated process. Mitochondria are semi-autonomous orga-
nelles containing their own circular genome, mitochondrial
DNA, encoding 13 proteins with essential function in respi-
ratory complexes. The remaining majority of electron
transport chain complex proteins are encoded by nuclear
DNA. Co-ordinated expression of these protein complexes
is achieved by hierarchical activity of a panel of transcrip-
tion factors, including nuclear respiratory factors NRF1
and NRF2, oestrogen-related receptors (ERR-o, ERR-f,
ERR-y), mitochondrial transcription factor A (TFAM), and
the peroxisome proliferator-activated receptor 7y co-activa-
tor 1-o (PGC-1a). Of note, ERR-a and TFAM expression
are required for normal T-cell activation.”**

Although it has yet to be defined how and when mito-
chondrial biogenesis occurs in T cells, it is established
that antigen-experienced memory CD4" and CD8" T cells
have an increased mitochondrial mass, structural com-
plexity and functional capacity compared with naive cells,
with significant implications for their immune func-
tions.”'*** For example, memory CD4" and CD8" T cells
demonstrate higher spare respiratory capacity (SRC) than
antigen-naive cells.”'**> The SRC represents the reserve
mitochondrial capacity available to the cell for energy
production in response to increased work or metabolic
stress, such as hypoxia. The EM CD4" T cells retain
residual SRC under hypoxia, whereas in naive cells SRC
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is entirely consumed. This enables EM CD4" T cells to
maintain ATP levels, survival, migration and cytokine
production under hypoxia, whereas naive T cells fail to
maintain ATP turnover and activate intrinsic apoptosis
pathways.'* Hence, EM CD4" T cells are adapted to their
role surveying metabolically challenging tissue environ-
ments for antigen. Mechanistically, SRC has been linked
to increased capacity for FAO and specifically increased
expression of CPT1. Indeed, CPTI1 over-expression
increases SRC and memory T-cell generation and survival
in vivo,” whereas impaired FAO is associated with the
inverse.** Interestingly, it appears that memory T
cells — unlike naive cells — do not obtain the lipids
required for increased FAO from their external environ-
ment, but rather use glucose-derived carbon to synthesize
triacylglycerols in the endoplasmic reticulum. These lipids
then undergo lysosomal acid lipase-mediated lipolysis.*’
Consistent with this model, memory CD8" T cells also
demonstrate up-regulation of the glycerol channel aqua-
porin 9, facilitating uptake of glycerol required for triacyl-
glycerol synthesis and storage.”® Expression of both
lysosomal acid lipase and aquaproin 9 — co-ordinated by
activity of the cytokines IL-15 and IL-7, respectively
(which promote memory T-cell formation) — is required
for optimal memory T-cell generation and survival
in vivo,*>*

In addition to equipping memory T cells for longevity,
their superior mitochondrial capacity is also linked to
rapid recall responses of memory cells. Increased prolifer-
ation of memory T cells upon secondary antigen encoun-
ter is dependent upon mitochondrial ATP-synthase
activity. Additionally, it appears that mitochondrial ATP
is required for memory T cells to up-regulate glycolysis
upon activation, since pharmacological dissociation of the
ATP-dependent glycolytic enzyme hexokinase from the
mitochondria has been reported to prevent this glycolytic
switch.*”

Mitochondria play important roles in T cells beyond
maintaining cellular bioenergetics. For example, cross-talk
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of mitochondria with other cellular organelles also
appears to be critical for normal T-cell function. T cells
lacking TFAM — demonstrating reduced mtDNA tran-
scription and OXPHOS capacity — also show dysfunc-
tional lysosomal calcium mobilization, endopeptidase
activity and lipid degradation, which is associated with
defective autophagosome-lysosome fusion. Functionally,
this translated to increased CD4" Thl cell differentiation
in vitro and increased in vivo pathogenicity of these cells
in a colitis model.** Mitochondria also play an important
role in calcium signalling. During T-cell activation, cal-
cium enters across the plasma membrane through the
opening of calcium release-activated calcium ((CRAC)/
ORAIl) channels at the immune synapse. Mitochondria
take up inflowing calcium very efficiently, so acting as
calcium buffers preventing calcium-dependent inactiva-
tion of these channels. Notably, it has been observed that
mitochondria translocate to the immune synapse where
they locally regulate calcium flux.*®

Given the importance of mitochondria for T-cell acti-
vation, differentiation and function, it is not surprising
that deficient mitochondrial function is associated with
impaired T-cell activity. For example, T-cell senescence is
associated with decreased mitochondrial content and
function. EMRA (effector memory CD45RA-expressing)
T cells have significantly less proliferative capacity — de-
spite potent effector functions — and are postulated to be
an end-stage differentiated/senescent T-cell population
accumulating with age and in certain diseases. EMRA
cells demonstrate increased mitochondrial and cytoplas-
mic ROS, pointing to dysfunctional mitochondria. Indeed
EMRA cells have fewer mitochondria and decreased mito-
chondrial mass and SRC when compared with central
and effector memory T cells.*” Improving mitochondrial
capacity to improve T-cell longevity, memory formation
and function is an attractive possibility. Effectively, pro-
motion of mitochondrial fusion and cristae remodelling
by over-expression of optic atrophy 1 (Opal), which reg-
ulates inner mitochondrial membrane fusion, promotes
memory T-cell generation in vivo and generates cells with
increased anti-tumour capacity.”® Additionally, modula-
tion of expression of the regulatory methylation-con-
trolled ] protein enhances mitochondrial respiratory
capacity of CD8" T cells, associated with increased IFN-y
production and anti-viral activity.”"

Inversely, elevated OXPHOS capacity, a hyperpolarized
mitochondrial membrane and increased ROS production
are associated with inappropriate T-cell activity in experi-
mental models of graft-versus-host disease and SLE, as
well as in SLE patients. In graft-versus-host disease, ele-
vated ROS levels of alloreactive cells were targeted thera-
peutically, using an inhibitor of F1F0-ATPase (complex
V), which further increased ROS production and induced
their selective apoptosis.”® In SLE models, on the other
hand, direct inhibition of mitochondrial complex I with
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the anti-diabetic drug metformin, was able to control dis-
ease activity.*

Module 4: amino acid metabolism

In addition to glucose and glutamine, T cells also increase
their uptake of large neutral amino acids upon activa-
tion.>>* The importance of large neutral amino acids to
this process was demonstrated by studies where the sys-
tem L transporter Slc7a5 (LAT1), transporting phenylala-
nine, tyrosine, leucine, arginine and tryptophan, was
genetically deleted in murine T cells.”> LATI1-deficient
CD4" T cells were unable to proliferate and to differenti-
ate in vitro into Thl or Thl17 cells, whereas Treg cell dif-
ferentiation was not affected. Similarly, CD8" T-cell
expansion and differentiation were significantly impaired
both in vitro and in vivo. One important cellular function
of large neutral amino acids, particularly leucine and argi-
nine, is the signalling of amino acid sufficiency to mTOR
complex 1 (mTORCI) — allowing its activation. This
pathway has been characterized in depth in recent years
and involves the RAS-related GTP-binding protein (Rag)
family of small GTPases. Specifically, in the presence of
amino acids, Rag A/B-dependent translocation of
mTORCI to the lysosomal membrane occurs, bringing it
into proximity with its activator Rheb.”>* The Rags
themselves are located to the lysosome via interaction
with the pentameric ‘Ragulator complex’, comprising the
‘late endosomal/lysosomal adaptor and MAPK and
mTOR activator’ proteins 1-5 (LAMTOR 1-5).7%%°
Upstream molecular events permitting Rag A/B activation
by specific amino acids have more recently been eluci-
dated. A critical hub in this process appears to be the
protein  GATOR2, which positively regulates Rag A/B
activity. GATOR? itself is inhibited via interaction with
either Sestrin2 or CASTORI1 — interactions that are com-
petitively disrupted by the presence of leucine or arginine,
respectively.”®>® Interestingly, during T-cell activation
both amino acid uptake and elements of this molecular
pathway are enhanced, events which, in combination,
strongly promote mTORCI activity. Specifically, TCR
ligation and CD28-mediated co-stimulation of CD4" T
cells induces their production and cleavage of comple-
ment C3, yielding C3a and C3b. In turn, C3b, in an auto-
crine manner, ligates its cell-surface receptor CD46,
driving transcriptional events including increased expres-
sion of LAMTORS. Accordingly, both mTORCI recruit-
ment to the lysosome and activity are enhanced in
activated T cells. These events are critical for CD4" T-cell
differentiation into Thl effector cells, which is abrogated
in hereditary or experimentally induced CD46 deficiency,
LAMTORS5 deficiency or by pharmacological mTORCI1
inhibition.® More recently other important observations
have linked AA-sensing capacity to T-cell fate. Interest-
ingly, it appears that during proliferation of CD8" T cells,
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LAT1 and its heterodimer CD98 are asymmetrically
inherited by daughter cells. Cells inheriting more of this
transporter demonstrated higher mTORC1 lysosomal
recruitment and activity as well as higher c-Myc expres-
sion. Functionally this translated into increased glycolytic
and mitochondrial respiratory capacity, improved prolif-
eration and effector cytokine production.”®

Similarly to the scenario described for glucose, deple-
tion of critical amino acids can impair T-cell responses.
This has been assessed specifically for arginine. Myeloid
cells, including polymorphonuclear leucocytes, macro-
phages and myeloid-derived suppressor cells, as well as
epithelial cells, all express arginase and can release this
enzyme into the extracellular environment — leading to
decreased local and systemic arginine levels.®’ ** Co-cul-
ture and in vivo experiments indicate that these cells
thereby impair T-cell proliferation and cytokine produc-
tion in an arginase-dependent manner, through a mecha-
nism involving down-regulation of the CD3{ chain.®"*>
This phenomenon is implicated in pathophysiological
suppression of T-cell responses in chronic infection®'
and cancer,”® and additionally in immune regulation at
immune privileged sites such as the cornea,®* or during
pregnancy.®’

Module 5: cholesterol and lipid metabolism

T-cell clonal expansion requires significant synthesis of
cellular and organelle membranes, which is supported by
alterations in metabolism of lipids, including cholesterol.
Activated CD8" T cells increase expression of many lipo-
genic enzymes. This process is transcriptionally mediated
by the sterol regulatory element-binding protein (SREBP)
transcription factors, and regulated by activity of PI3K
and mTOR. Loss of SREBP activity impairs blasting and
cell cycle entry of T cells, which is largely rescued by pro-
vision of exogenous cholesterol. In vivo, CD8" T cells
lacking SREBP activity demonstrated poor clonal expan-
sion and effector cytokine function during viral infec-
tion.®®

At the single cell level, regulation of cholesterol meta-
bolism has important implications for TCR clustering
and signalling. Total cellular, and specifically plasma
membrane cholesterol levels increase markedly in acti-
vated CD8" T cells, associated with augmented expression
of enzymes involved in cholesterol biosynthesis and
decreased expression of those involved in its efflux. How-
ever, key enzymes mediating esterification of cholesterol
for storage are also increased in activated CD8" T
cells — acetyl-CoA acetyltransferase (Acat) 1 and 2. Inhi-
bition or deletion of these enzymes further increased
CD8" T-cell cholesterol levels, and in parallel enhanced
TCR clustering and proximal signalling. Consequently,
CD8" T-cell cytotoxicity, cytokine production and anti-
tumour activity were enhanced.®

© 2016 John Wiley & Sons Ltd, Immunology, 150, 35-44
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Regulatory T cells appear to be particularly dependent
upon heightened cholesterol metabolism for proper func-
tion — driven by high constitutive mTORCI activ-
ity — since their suppressive function in vitro can be
abrogated by treatment with inhibitors of 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase, the rate-control-
ling enzyme of the cholesterol synthesis pathway. This
was associated with reduced Treg cell proliferation, and
impaired expression of surface CTLA-4 and inducible T-
cell co-stimulator, which mediate cell-contact dependent
suppressive mechanisms.”®

In contrast to cholesterol synthesis, Treg cells appear to
be less dependent than effector CD4" T cells on fatty acid
synthesis from glucose-derived carbon. Indeed, compared
to Treg cells, Th17 cells more abundantly express key
enzymes involved in the conversion of glucose-derived
pyruvate into citrate for fatty acid synthesis. Consistently,
Th17 cells incorporate significantly more glucose-derived
pyruvate into fatty acids than Treg cells, whereas Treg
cells demonstrate significant capacity to take up exoge-
nous fatty acids. Furthermore, inhibition of acetyl-CoA
carboxylase 1, which performs a key step in fatty acid
synthesis, directed the fate of CD4" T cells away from a
Th17 phenotype, and towards Treg cells, both in vitro
and in vivo, ameliorating experimental autoimmune
encephalitis.”'

There is evidence for dysregulated T-cell lipid metabo-
lism in disease. For example, in SLE, increased expression
of the liver X receptor f# (LXRf), which controls cellular
lipid metabolism, in CD4" T cells, was found to associate
with increased cell membrane glycosphingolipid abun-
dance. These cells further demonstrated aberrant TCR sig-
nalling, increased proliferation and altered cytokine
expression, all of which could be corrected by inhibition of
glycosphingolipid biosynthesis.”* Also, in an experimental
model of non-alcoholic fatty liver disease, accumulation of
hepatic free fatty acids was shown to be associated with
increased apoptosis of T cells — specifically CD4" T
cells — and increased frequency of hepatocellular carci-
noma. Of the accumulated free fatty acids, linoleic acid
demonstrated significant capacity to induce CD4" T-cell
apoptosis in vitro, which mechanistically was linked to
induction of increased mitochondrial OXPHOS and FAO
capacity, and mitochondrial ROS-dependent cell death.”

Module 6: control of cellular metabolism

As described here, adaption of specific metabolic pheno-
types is critical for T-cell immune functions. Regulation
of metabolism therefore critically guides T-cell functional
plasticity. A key metabolic regulator of T cells is mTOR,
which integrates immune and metabolic cues, such as
antigens (via PI3K-Akt signalling) and nutrients (via
amino acid sensing), and phosphorylates downstream tar-
gets to control mRNA translation and protein
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degradation. This activity directs T-cell metabolic repro-
gramming and ultimately acquisition of effector function.
The mTOR-deficient T cells, or T cells treated with the
mTOR inhibitor rapamycin, fail to engage metabolic
reprogramming upon activation, and become anergic,
rather then proliferating and gaining effector functions.
Rapamycin is therefore used therapeutically in many T-
cell-mediated pathologies.”* The role of mTOR in T-cell
biology was recently clarified by unbiased proteomic analy-
ses. These confirmed a high activity of mTOR in activated
CD8" T cells, and more interestingly revealed that
mTORC1 inhibition with rapamycin decreased protein
abundance of a specific subset of proteins, rather than hav-
ing a global effect. These proteins included CD8* T-cell
effector molecules such as IFN-y and cell-lytic granzymes,
glucose transporters and enzymes involved in glycolysis
and cholesterol metabolism. Proteins associated with mito-
chondrial OXPHOS and glutamine metabolism were, how-
ever, increased following rapamycin treatment, indicating
selectivity of the role of mTORCI in T-cell metabolism.””
These findings will probably have implications for the use
of rapamycin therapeutically, particularly since it appears
that the balance of short-term effector versus long-lived
memory CD8" T cells can be influenced by specifically reg-
ulating glycolytic activity.”® Indeed, pharmacological or
small interfering RNA targeting of mTORCI has already
been reported to increase memory CD8" T-cell responses
in vaccination and tumour models.””””®

AMP-activated protein kinase (AMPK) counterbalances
mTOR as a regulator of cellular metabolism. Rising AMP
concentrations, an indicator of excess energy expenditure,
activate AMPK, which promotes ATP production by
phosphorylating targets in glycolytic and FAO pathways,
and limits ATP-consuming processes by inhibiting cata-
bolic processes; protein translation, and importantly
inhibiting mTORCI. The liver kinase B1 (LKBI1) is a pos-
itive regulator of AMPK, and T cells deficient in LKBI
exhibit augmented glycolytic metabolism associated with
increased T-cell activation and production of inflamma-
tory cytokines,”” pointing to the importance of this axis
in regulating T-cell function. Furthermore, AMPK plays
an important role regulating metabolic plasticity of T cells
under nutrient poor conditions. Under glucose-replete
conditions, quiescent T cells adopt aerobic glycolysis
upon activation. However, an environment with reduced
nutrient availability leads to metabolic reprogramming
dictated by AMPK activity. Cells engage glutamine-depen-
dent OXPHOS and IFN-y mRNA translation is sup-
pressed to meet bioenergetic requirements and viability.*
The capacity for AMPK to regulate inflammatory T-cell
function has been therapeutically targeted using AMPK
activators such as metformin and 5-aminoimidazole-4-
carboxamide ribonucleoside in disease models including
experimental autoimmune encephalitis and inflammatory

bowel disease.3%8!
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Summary

Recent developments in our understanding of how T-cell
immune function is inextricably linked to their metabolic
phenotype have significantly advanced our comprehen-
sion of T-cell biology in health and disease. Furthermore,
these developments have revealed significant potential to
therapeutically modulate T-cell metabolism and inter-
linked immune function in the treatment of diseases
characterized by insufficient or excessive T-cell function.
As metabolism is fundamental to all cellular processes,
the next obstacle will be to specifically target these pro-
cesses in T cells; however, advances in targeted therapeu-
tics and adoptive cellular therapies raise exciting potential
to address this challenge.
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