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CD8* T cells are an important component of the body’s adaptive immune response. During viral or intracellular bacterial
infections, CD8" T cells are rapidly activated and differentiated to exert theirimmune function by producing cytokines. Alterations
in the glycolysis of CD8™ T cells have an important effect on their activation and function, while glycolysis is important for CD8™"
T cell functional failure and recovery. This paper summarizes the importance of CD8" T cell glycolysis in the immune system. We
discuss the link between glycolysis and CD8™ T cell activation, differentiation, and proliferation, and the effect of altered glycolysis
on CD8™ T cell function. In addition, potential molecular targets to enhance and restore the immune function of CD8™ T cells by
affecting glycolysis and the link between glycolysis and CD8" T cell senescence are summarized. This review provides new
insights into the relationship between glycolysis and CD8" T cell function, and proposes novel strategies for immunotherapy by
targeting glycolysis.
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FACTS

M

Activation of CD8™" T cells by TCR induces a shift in the level
of cellular metabolism toward glycolysis, while the syner-
gistic stimulatory effect of CD28 will cause an upregulation
of CD8" T cell glycolysis levels to further support their
subsequent proliferation and differentiation.

The induction of high glycolytic activity in CD8" T cells
favors CD8" T cell differentiation toward effector cells, but
severely impairs the survival of long-lived memory cells.
For effector CD8™" T cells, changes in their glycolysis play an
important role in the production of IFN-y, whereas down-
regulation of glycolysis levels is detrimental to their
production of relevant cytokines and immune functions.
Therefore, it is crucial to find ways to target glycolysis to
restore CD8" T cell effector functions.

Metabolic dysregulation caused by changes in glycolytic
activity affects not only the function of CD8™ T cells but also
their effector functions, and selective enhancement of
glycolysis will further restore these functions.

Glycolysis might affect the partial failure of CD8" T cells
through the mTOR pathway and adversely affect the
production of IFN-y. In addition, the balance between
glycolysis and FAO is associated with the long-term survival
of memory CD8" T cells.

INTRODUCTION

CD8" T cells, also known as cytotoxic T lymphocytes (CTLs),
interact with the MHCI complex, and are one of the most
important components of the body’s adaptive immune system,
playing an important role in the adaptive immune response to
intracellular pathogens and cancers [1, 2]. Under the coordinated
activation of three signals, including T cell receptor (TCR),
costimulation, and inflammatory cytokines, naive CD8" T cells
undergo clonal expansion and proliferation [3], followed by
differentiation into effector CD8" T cells [3-6]. Effector CD8™"
T cells induce cell death by secreting cytotoxic proteins (including
perforin and granzymes), which selectively trigger the activation
of Caspase, leading to cell apoptosis [7-9]. In addition, effector
CD8™T cells also release cytokines to exert their immune function,
such as tumor necrosis factor (TNF) -a, which indirectly kills target
cells, and interferon (IFN) -y, which can inhibit virus replication and
enhance specific antigen presentation [10, 11]. However, excessive
cytokine may also lead to immune overactivation and threaten life
[12, 13]. Subsequently, most effector CD8" T cells undergo
shrinkage and then apoptosis. However, a small number of them
survive and are transformed into memory CD8™ T cells, which can
be rapidly activated and undergo an immune response when they
encounter antigens again [14], thereby effectively removing
viruses or tumor cells. Thus, memory CD8" T cells play a role in
the body's anti-tumor and anti-infection immune processes,
exerting a crucial function in the durable protection against
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intracellular pathogens and tumors [15]. Unlike acute microbial
infection, under the action of multiple mechanisms of the tumor
microenvironment (TME), tumor cells usually persist and undergo
immune escape to avoid the recognition attacks by immune cells
such as T cells [16]. In this process, tumor cells are protected from
attack by downregulating MHC and increasing immune check-
point ligands (e.g., programmed death-ligand 1/2, T cell immu-
noglobulin and ITIM domain (TIGIT) and T cell immunoglobulin
and mucin domain 3 (TIM-3)) as well as transforming growth
factor (TGF)-B and interleukin (IL) expression, which often causes T
cell depletion [17-19]. Therefore, intervening in the adaptive
immune response by targeting CD8" T cell checkpoints and
depleted CD8™ T cells in the face of this type of immune escape is
beneficial for tumor elimination. Currently, combining immune
checkpoint blockade (ICB) and other anticancer treatments have
achieved significant success in various cancers [20-22].

In general, naive CD8" T cells rely mainly on ATP produced by
mitochondrial oxidative phosphorylation (OXPHOS) for survival
[23]. Meanwhile, to prevent atrophy of quiescent T cells, IL-7
signaling mediates the activation of protein kinase B (AKT)
through signal transducer and activator of transcription 5 (STAT5),
to regulate glucose transporter (GLUT) 1 expression to promote
glucose uptake [24], which in turn serves as fuel for OXPHOS.
Naive CD8" T cells are further activated and differentiated into
effector CD8" T cells, which rely mainly on glycolysis, fatty acid
synthesis, and amino acid metabolism to promote cell prolifera-
tion and cytokine secretion. By contrast, memory CD87 T cells rely
on the tricarboxylic acid cycle and fatty acid oxidation to maintain
their lifespan [25-27]. Glycolysis is a metabolic pathway of cells,
glucose generates pyruvate and ATP under the action of key
enzymes of glycolysis, including GLUT, hexokinase (HK), phospho-
fructosekinase (PFK) and pyruvate kinase (PKM) [28]. Under the
sufficient oxygen condition, pyruvate is oxidized by pyruvate
dehydrogenase to produce acetyl coenzyme A, which enters the
tricarboxylic acid (TCA) cycle and OXPHOS; whereas when oxygen
is absen, pyruvate is catalyzed by lactate dehydrogenase to
produce lactate [29]. Increasingly, it has been shown that in
addition to the significant effects of changes in kinase activity on
glycolytic activity and cell growth [30], signaling pathways such as
PI3K/AKT/mTOR also play an important role in cell survival and
development by mediating glycolysis-related processes [31]. An
increasing number of studies have shown that changes in CD8"
T cells’ glycolysis and OXPHOS have different regulatory effects on
CD8™ T cell activation, differentiation, and function.

This paper summarizes the relationship between altered levels
of CD8" T cell glycolysis and their activation, proliferation, and
differentiation. It suggests that the upregulation of glycolysis
levels after CD8™ T cell activation provides metabolic support for
their further proliferation and differentiation. At the same time,
glycolysis is also crucial for the effector functions of CD8" T cells
and the reactivation and effector functions of memory CD8"
T cells. In addition, this paper discusses the potential link between
CD8" T cell glycolysis and their functional failure and recovery,
providing a new direction for targeting CD8" T cell glycolysis to
improve adaptive immune function.

ASSOCIATION BETWEEN GLYCOLYSIS LEVELS AND CD8" T
CELL ACTIVATION, PROLIFERATION, AND DIFFERENTIATION
Changes in the glycolysis levels of CD8" T cells after activation
The activation of naive CD8" T cells is stimulated by signals from
the TCR, which affect the cells’ ability to remain quiescent or to be
activated, and to produce cytokines, which induce cell prolifera-
tion and differentiation [32]. TCR can rapidly induce glycolysis in
the early stages of CD8" T cell activation, which is independent of
de novo transcription and translation, while acting independently
of the joint action of CD28 and AKT. Moreover, this process does
not involve an increase in glucose uptake or glycolytic enzyme
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activity during glycolysis. Instead, TCR signaling activates pyruvate
dehydrogenase kinase 1 (PDHK1) to inhibit the entry of pyruvate
into mitochondria and catalyzes its conversion to acetyl coenzyme
A (CoA) for the TCA cycle and its catabolism to lactate via lactate
dehydrogenase (LDH) in the cytoplasm. This activation process
involves tyrosine kinases lymphocyte cell-specific protein-tyrosine
kinase (LCK) and zeta chain of TCR associated protein kinase 70
(ZAP70) binding to and phosphorylating PDHK1, which affects
PDH activity [33]. Therefore, we suggest that PDHK1 is an
important signal in the early stages of T cell activation and
contributes to the induction of a rapid switch in the metabolic
pattern of CD8" T cells. While TCR activates CD8" T cells, CD28
promotes their maximal glucose uptake after TCR stimulation by
upregulating the expression of GLUT1 on the cell surface [34].
CD28 induces glucose uptake and glycolysis levels to maintain
cellular ATP/ADP levels, or the energy required for macromole-
cular synthesis, by mediating phosphatidylinositol-4,5-bispho-
sphate 3-kinase (PI3K) and AKT activity [35]. Furthermore, it was
found that PQDN (10-dodecyl-6-nitro-pyrimido[4,5-b]quinoline-2,4
(3H,10H)-dione), a small molecule involved in TCR activation of
CD8" T cells, activates the electron transport chain (ETC) in
mitochondria by acting on flavin mononucleotide (FMN) to
promote the conversion of NADH to NAD™, further accelerating
mechanistic target of rapamycin kinase (mTOR)/AKT signaling to
induce glucose uptake, promote glycolytic pathways and mito-
chondrial respiration, and activate CD8" T cells [36]. This provides
tumor microenvironment (TME)- TCR stimulation deficient condi-
tions by targeting activation-related small molecules to modulate
T cell metabolism, thereby promoting their activation. Further-
more, T cell activation is an energy demanding process, and as
glucose consumption increases, the insulin receptor (INSR) is
upregulated accordingly. In addition, silencing of Insr in rats
attenuated the cytotoxicity of CD8" T cells toward alloantigens
[37]. However, the artificial administration of glucocorticoids (GCs)
during the TCR activation phase induced long-term inhibition of
glycolysis, which persisted even when the addition of GCs was
stopped at a later stage, which significantly inhibited CD8" T cell
effector functions and was detrimental to their antitumor activity
and further conversion to memory CD8" T cells [38].

The above studies suggest that activation of CD8" T cells by
TCR induces a shift in the level of cellular metabolism toward
glycolysis, while the synergistic stimulatory effect of CD28 will
cause an upregulation of CD8" T cell glycolysis levels to further
support their subsequent proliferation and differentiation. Increas-
ing numbers of studies have focused on the study of small
molecules related to TCR activation, which will provide new ideas
for the development of targeted drugs to address the environ-
ment of TCR underactivation in the TME by modulating the
activation of CD8" T cells and their glycolysis levels (Fig. 1).

Effect of altered levels of glycolysis on CD8" T cell
proliferation

The upregulation of glycolysis levels caused by the activation of
naive CD8" T cells correlates positively with their proliferative
capacity and also reduces the sensitivity of cell growth to
metabolic inhibition, further providing energy and biosynthetic
material for their growth, proliferation, and differentiation. Unlike
CD4™ T cells, the activation of CD8" T cells does not completely
lead to a complete shift in their metabolism towards aerobic
glycolysis, which still has a requirement for intact OXPHOS [39].
And this specific change in metabolic programming promotes the
growth and proliferation of CD8" T cells, while also improving
their survival under different nutritional conditions [40]. In this
process, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit delta (p1108) signaling regulates OXPHOS and aerobic
glycolytic processes activated by TCR through activation of AKT,
affecting CD8" T cell activation, proliferation, and effector
cytokine production [41]. In addition, in gastric cancer, S100
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Fig. 1 Changes in the level of auto-glycolysis after CD8" T cell activation. After the activation of CD8" T cell surface TCR by MHC class |
presentation of antigen presenting cells, Lck and ZAP70 bind to PDHK1 and induce its phosphorylation, which inhibits pyruvate from entering
mitochondria and converting to CoA to participate in the TCA cycle. Meanwhile, while pyruvate in the cytoplasm is catabolized to lactate by
LDH, causing a shift in the level of cellular metabolism toward glycolysis. Meanwhile, CD80/CD86 presentation activates CD28, which in turn
upregulates the expression level of GLUT1 to promote its maximum glucose uptake after TCR stimulation and mediates PI3K and AKT-induced
glycolysis levels to maintain cellular ATP/ADP levels or the energy required for macromolecular synthesis.

calcium binding proteins ST00A8/A9 inhibit CD8™" T cell glycolysis
through the Toll like receptor 4 (TLR4)/AKT/mTOR pathway,
affecting their proliferation and eventually leading to failure [42].
Furthermore, activation of mouse CD8" T cells by CD3 and
CD28 shifted their metabolism toward aerobic glycolysis, which
would favor further CD8" T cell proliferation [43]. Compared with
their wild-type controls, in vitro activation of 2B4 (also known as
signaling lymphocytic activation molecule 4 (SLAMF4) or CD244)-
deficient (2B4KO) CD8™" T cells exhibited higher glycolytic activity
and an upregulated gene expression profile [44]. Moreover, CD8™
T cells gained a greater proliferative advantage; however, in a
glucose-deficient environment, 2B4KO CD8" T cells lost this
proliferative advantage, suggesting that 2B4 plays an important
role in altering CD8" T cell glucose metabolism to limit their
proliferation [44]. Bromodomain protein 4 (BRD4) supports the
survival of naive CD8™ T cells by promoting glucose uptake and
mitochondrial energy production through the upregulation of
MYC and GLUT1 protein levels, whereas the decreased glycolysis
activity caused by insufficient glucose uptake in the absence of
BRD4 would be detrimental to CD8" T cell proliferation [45]. In
contrast, in an investigation of patients with hypopharyngeal
cancer, radiotherapy (RT) was found to regulate programmed cell
death ligand 1 (PD-L1) by upregulating GLUT1 expression, thereby
promoting CD8" T cell proliferation and regulating immune
competence [46]. Therefore, PD-L1 might be a potential down-
stream molecule of GLUT1-mediated glycolysis that affects CD8* T
proliferation. Rapid T cell proliferation facilitates an effective
adaptive immune response together with subsequent cell death,
and studies have shown that induction of glycolysis in CD8"
T cells synergizes with complex | and methylation-controlled J
protein (MCJ), an inhibitor of OXPHOS, to promote caspase-3
activity, which helps to prevent the accumulation of highly
proliferative CD8" T cells and promotes their timely death [47].
Therefore, upregulated glycolysis provides energy for CD8"
T cells to adapt to growth and further proliferation. It also suggests
the feasibility of promoting the proliferation of CD8" T cells by
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altering their metabolism to further enhance their immune
function. At the same time, appropriate regulation of CD8" T cell
glycolysis levels could also help to promote timely death and
prevent excessive proliferation, providing new ideas for immu-
notherapy. However, glycolysis changes have functions in
different stages of CD8" T cell activation, and the specific
mechanism of action between glycolysis changes and CD8" T
cell proliferation has been poorly investigated, which is not
conducive to directly affecting the proliferation of CD8" T cells by
targeting the key molecules involved. In addition, CD8" T cells
proliferation is not completely dependent on glycolysis, and high
level of OXPHOS also plays an important role. Unfortunately, the
potential relationship between glycolysis and OXPHOS of CD8"
T cells is still unclear, with specific mechanisms still to be refined.

Effect of altered glycolysis levels on CD8™ T cell differentiation
During viral infection, T cells adapt to the activated and
differentiated state via metabolic reprogramming [48]. Moreover,
metabolic alterations induced by external stimuli also have an
important impact on CD8" T cell differentiation, because the
bioenergetic metabolism of naive CD8" T cells shifts from
OXPHOS to aerobic glycolysis and further proliferation in response
to antigenic stimulation. Quantification of glucose uptake by CD8*
T cells using the fluorescent glucose analogue 2-NBDG (2-(N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) revealed
that CD8" T cells that take up large amounts of glucose tend to
have a molecular signature of short-lived effectors, suggesting a
possible role of glycolysis in the existence of CD8" T cell
differentiation toward effector CD8" T cells. Furthermore, over-
expression of the glycolysis enzyme phosphoglycerate mutase-1
(PGAM1) severely impaired the ability of CD8% T cells to
differentiate into long-lived memory cells after shifting cellular
metabolism toward glycolysis [49]. Meanwhile, glycolysis and
glutaminolysis are essential for TLR2-mediated T cell activation.
IRF4, an important transcription factor in the interferon regulatory
factor (IRF) family, plays a crucial role in the immune response by
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regulating CD8" T cell differentiation [50], and IRF4 and its co-
binding partner B cell-activated transcription factor (BATF) are
necessary for sustained CD8" T cell effector function [51], while
IRF4 regulates the sensitivity of CD8" T cell to IL-2. And
TLR2 signaling further upregulates effector CD8" T cell immunor-
egulatory and functionally relevant gene expression, such as those
encoding T-bet and IFN-y, by increasing the expression of
bioenergy metabolism-related genes such as IRF4 in CD8*
T cells and improving their glycolysis and glutaminolysis [52].
Meanwhile, TLR7 regulates the downstream transcription factor
IRF4 via the AKT-mTOR pathway, thereby stimulating metabolic
changes in CD8™ T cells, including upregulation of glucose uptake
and glycolysis, which promotes the effector functions of CD8"
T cells in vitro. In contrast, the corresponding deprivation of the
mTOR pathway and IRF4 expression impaired the activation and
function of effector CD8" T cells [53]. Although in some cell
systems mTOR links PI3K and AKT to the control of glucose uptake
and glycolysis, mTORC1 independently controls GLUTs, multiple
rate-limiting glycolysis enzymes, cytolytic effector molecules, and
a diverse transcriptional program that regulates the expression of
essential chemokines and adhesion receptors for T cell migration
[54]. TSC complex subunit 1 (TSC1) deletion promoted mTORC1
activity, causing dysregulation of IL-15-stimulated glycolysis and
oxidative metabolism, resulting in transient effector cell differ-
entiation, but not memory precursor effector cell generation [55].

However, efficient glycolysis is not conducive to the long-term
survival of memory type cells, i.e., the aforementioned metabolic
imbalance drives their differentiation into short-lived effectors but
impairs the establishment of their immune memory function [49].
Studies have shown that naive CD8" T cells in neonatal cord
blood, when activated alone or in the presence of TGF-f or
inflammatory cytokines, tend to differentiate into non-classical
TC2 cells, accompanied by IL-4 activation, which is associated with
reduced expression of glycolysis and increased fatty acid
metabolism [56]. The use of the HK2 inhibitor 2-deoxyglucose
(2-DG) to limit glycolysis in CD8™ T cells facilitates the formation of
memory CD8" T cells and enhances their ability to trigger the
destruction of established tumors [49, 57]. The formation of CD8"
memory T cells was detected in vitro using IL-15 induced by the
high expression of phosphoenolpyruvate carboxykinase (PCK1), a
key rate-limiting enzyme for gluconeogenesis. PCK1 activity
causes highly active gluconeogenesis, catalyzing the generation
of glucose 6-phosphate, which enters the pentose phosphate
pathway and generates reduced NADPH to ensure high levels of
reduced glutathione, while scavenging intracellular free radicals,
thus maintaining the long-term survival of memory T cells. The
corresponding abolition of PCK1-glycogen-PPP results in a
decrease in the reduced glutathione (GSH)/oxidized glutathione
(GSSQ) ratio and an upregulation of reactive oxygen species (ROS)
levels, which impairs the formation and maintenance of memory
CD8" T cells [58]. After the activation of AMPK mediated by
metformin (Met), the metabolic behavior of the cells shifted from
glycolysis to fatty acid oxidation (FAO), which improved T cell
survival and promoted differentiation of memory CD8" T cells
[59]. Following acute lymphocytic choriomeningitis virus infection
in mice, a new bioenergetic bivalve-derived drug, IM156, was
observed to enhance memory CD8" T cell differentiation by
affecting the mTOR pathway to attenuate glycolysis after
activation of AMPK, which might be linked by a shift in metabolic
modality to FAO [48]. Furthermore, it has been shown that
changes in proteasome activity in CD8" T cells regulate cellular
metabolism by affecting MYC expression, a transcription factor
that controls glycolysis and metabolic reprogramming, thus
affecting their differentiation to effector and memory cells, in
which high endogenous proteasome activity causes a bias
towards differentiation to memory cells and low endogenous
proteasome activity causes a bias towards differentiation to
effector cells [60].
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The above studies suggest that the metabolic switch from
OXPHOS to glycolysis in CD8" T cells induces their functional
differentiation towards effector phenotypes, while high glycolysis
may severely impair the survival of long-lived memory CD8"
T cells (Fig. 2). It further suggests the possibility that we can
activate CD8" T cell differentiation toward effector cells and thus
immune functions by targeting glycolysis; however, the under-
lying mechanisms and specific targets for this remain to be further
investigated. More and more studies have focused on targeted
inhibition of glycolysis to enhance its memory-type differentiation,
and notably, the mTOR related signaling pathways play an
important role in this process. Therefore, although it is feasible
to control CD8™ T cell differentiation and further effector function
by directly targeting glycolysis, there is a potential threat to the
continued function of the immune system, and a reasonable
metabolic switch is still the focus of ongoing research. Meanwhile,
the metabolic shift from glycolysis to FAO may be linked to the
differentiation of memory CD8* T cells, but there is still insufficient
research to elucidate the specific mechanism, exploring this
aspect may provide new insights into the relationship between
CD8" T cell metabolism and differentiation, and also add new
possibilities for CD8" T cell immune response therapy.

EFFECTS OF ALTERED GLYCOLYSIS LEVELS ON CD8" T CELL
FUNCTIONS
Effect of altered glycolysis levels on CD8" T cell effector cell
functions
The differentiation of CD8" T cells from the naive to the effector
state involves the upregulation of glucose-dependent metabolism,
and glycolysis supplies energy to effector CD8" T cells, which in
turn exert their immune effector functions. CTLs are key players in
the elimination of tumor or pathogen-infected cells via the
phagocytic granule (LG) and Fas ligand (FasL) pathways. However,
the consumption of glucose leads to severe damage to the
cytotoxic function of CTLs. Strengthening glucose absorption to
promote glycolysis does not affect CTLs proliferation, but greatly
enhances their killing efficiency [61], indicating that changes in
CD8" T cell self-glycolysis levels are crucial for them to perform
function of eliminating tumor or pathogen-infected cells.

Rapid production of IFN-y following activation of effector CD8"
T cells through the TCR and costimulatory receptor CD28-
mediated stimulation, or through cognitive interactions, is
associated with increased glycolytic flux [62]. Furthermore, TCR
transgenic can adjust the OT-l CD8" T cell activation threshold,
causing metabolic reprogramming of cells, with a marked increase
in both glycolysis and OXPHOS, which in turn promotes autocrine
IL-4 production [63]. Depriving glucose or inhibiting glycolysis
with 2-DG can selectively inhibit the production of IFN-y, but not
IL-2 [64, 65]. In mouse CD8™ T cells, branched-chain amino acids
(BCAA) accumulation increases cellular glycolysis and OXPHOS
through FOXO1-dependent upregulation of GLUT1 level, thereby
enhancing the anti-tumor immune function of CD8" T cells., while
BCAA supplementation also helps to improve the clinical efficacy
of anti-PD-1 immunotherapy on tumors [66]. After activation of
mouse CD8" T cells using the pan-B-adrenergic receptor (AR)
agonist isoprenaline (ISO), assays showed a decrease in their
GLUT1 expression, and further studies revealed a significant
decrease in glucose uptake and glycolysis compared with non-ISO
activated CD8™ T cells, as well as impaired mitochondrial function,
ultimately inhibiting CD8™" T cell activation and effector functions
[67]. Meanwhile, in C57BL/6JJcl mice fed on a high-fat, high-
sucrose diet (HFS), the glycolysis/basal respiration ratio was
significantly reduced and the multifunctionality of CD8% PD-17
T cells was suppressed, whereas Met increased glycolysis and
restored antigen-specific and non-specific cytokine production
[68]. In addition, p1106 signaling affects CD8" T cell activation,
proliferation, and effector cytokine production by activating AKT
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and through regulating TCR-activated OXPHOS and aerobic
glycolysis [41]. By contrast, TLR7 stimulates metabolic changes in
CD8" T cells through regulation of the AKT-mTOR pathway and
the downstream transcription factor IRF4, including glucose
uptake and glycolysis upregulation, thereby promoting the
effector functions of CD8™ T cells in vitro. In contrast, correspond-
ing deprivation of the mTOR pathway and IRF4 expression impairs
T cell activation and function [53, 69]. Furthermore, Pellino E3
ubiquitin protein ligase 1 (Peli1) further regulates the mTORC1
repressor proteins TSC1 and TSC2 when stimulated by TCR
signaling and growth factors, suggesting that Pelil might affect
CD8™ T cell glycolysis and thus regulate their antitumor immune
function by mediating mTORC1 [70]. Furthermore, CD8" T cells
lacking the gene encoding autophagy related 5 (Atg5) acquired an
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effector phenotype, causing histone methylation, as well as
upregulation of glycolytic and immune response genes, resulting
in greater production of IFN-y and TNF-a [71]. Upon FOXP3
overexpression, CD8" T cells exhibit enhanced glucose and FA
uptake and intracellular lipid accumulation. The enhancement of
glycolysis, FA metabolism and OXPHOS activity helps to compen-
sate for the loss of ATP production driven by mitochondrial
respiration, improve their proliferative capacity and cytotoxicity,
which in turn exerts anti-tumor effects [72].

Currently, studies have shown that targeted regulation of
glycolysis may play an important role in the effector function of
CD8" T cells in various diseases. For instance, CD8" T cells act on
rheumatoid arthritis (RA) through releasing pro-inflammatory and
cytolytic mediators. In RA, CD8" T cells act through the release of
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pro-inflammatory and cytolytic mediators. CD8" T cells in the
blood of patients with RA meet their metabolic requirements
through aerobic glycolysis, and inhibition of LDHA by using FX11
resulted in decreased adipogenesis, CD8" T cell migration and
proliferation, and CD8" T cell effector function, increased ROS
production, and loss of their ability to induce healthy B cells to
develop a pro-inflammatory phenotype [73]. In addition, upregu-
lation of FA transporter-binding protein 4 (FABP4) and G protein-
coupled receptor 84 (GPR84) expression on the surface of effector
and memory CD8" T cells in RA patients concomitantly increases
FA uptake, and further blocking FA metabolism in vitro would
seriously impair the effector function of CD8" T cells and further
in vitro blockade of FA metabolism would severely impair the
effector function of CD8" T cells [74]. In melanoma, the highly
acidified microenvironment induces G protein-coupled receptor
(Ogr1) expression in T cells, while inhibiting Ogr1 reactivates CD8*
T cells and has cytotoxic effects by reducing the activity of high
glycolytic, resulting in a relatively less acidified TME and tumor
suppression [75]. Interestingly, in studies on lymph nodes (LNs), a
low pH acidic environment inhibited T cell monocarboxylate
transporters (MCTs), causing negative feedback regulation of
glycolysis and further inhibiting the effector function of CD8"
T cells; however, this did not prevent the initial activation of
nascent T cells by dendritic cells [76]. Furthermore, in obese mice
with spontaneous onset of mammary tumors, ablation of T-cell
STAT3, or treatment with FAO inhibitors, reduced FAO to increase
glycolysis and CD8" T effector cell function, thereby inhibiting
mammary tumor development [77]. In clear cell renal cell
carcinoma (ccRCC), ccRCC CD8 tumor infiltrating lymphocytes
(TILs) cannot efficiently take up glucose or undergo glycolysis, and
the mitochondria are small, fragmented, hyperpolarized, and
produce large amounts of ROS, resulting in impaired cellular
function and metabolism. In contrast, the activation of TILs can be
partially restored, and their metabolic function improved by
providing pyruvate to compensate for the defective glycolysis or
using scavengers to neutralize mitochondrial ROS [78]. The use of
bezafibrate facilitates the proliferation of nascent T cells and
improves the effector function of CTLs by activating their
mitochondria and upregulating OXPHOS and glycolysis [79].
Therefore, for effector CD8" T cells, changes in their glycolysis
play an important role in the production of IFN-y, whereas
downregulation of glycolysis levels is detrimental to their
production of relevant cytokines and immune functions. There-
fore, it is crucial to find ways to target glycolysis to restore CD8" T
cell effector functions. It is worth mentioning that, although the
balance between glycolysis and OXPHOS play an important role in
the CD8™ T cell differentiation and proliferation, glycolysis, FA
metabolism and OXPHOS together provide energy for the effector
function while glycolysis makes a difference in supporting their
survival and development of effector CD8™ T cells. It suggests that
there is an intricate link between the metabolism of CD8™ T cells
and their differentiation and function. It is not enough to clarify
the specific function of glycolysis, but it's essential to investigate
the relationship between various metabolic pathways and CD8"
T cells to provide theoretical basis for targeting their metabolism
for therapy. In addition, numerous studies have shown that the
impairment of CD8" T cell effector function caused by glycolysis
downregulation might be associated with both mitochondrial
function and ROS production, thus providing a new direction to
better restore adaptive immune function by targeting glycolysis
while focusing on mitochondrial function; however, the specific
mechanism of action remains to be investigated in depth.

Effect of altered glycolysis levels on CD8™ T cells memory-type
cell function

After antigen clearance, most effector CD8™ T cells (Teffs) undergo
activation-induced cell death, and only a small fraction become
long-lived memory CD8" T cells [80]. For memory CD8* T cells,
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glycolysis has different effects on their survival and functional
performance at different times. Neonatal CD8™ T cells exhibited
higher glycolytic activity than adult CD8" T cells after infection,
which might be caused by age-related differences in lin-28
homolog B (Lin28b) expression. Importantly, the impaired
formation of neonatal memory CD8" T cells could be restored
when glycolysis was inhibited using drugs, suggesting that
neonatal CD8™ T cells are inherently biased to undergo glycolytic
metabolism after infection, which impairs their ability to develop
into memory CD8" T cells early in life [81]. The decrease of
glycolysis and OXPHOS activity of CD8" T cells caused by the
deletion of nucleus accumbens-associated protein 1 (NACT)
contributes to the enhancement of memory formation of virus
Ag-specific CD8" T cells after virus infection [82]. Meanwhile, for
stationary CD8" T memory (Tm) cells, FAO is their predominant
source of energy [83], indicating that highly active glycolysis is not
critical for the differentiation and survival of CD8" Tm cells. When
encountering a homologous antigen for the second time, CD8"
Tm cells are reactivated, which is beneficial for preventing viral
infection and malignant tumors [84]. Moreover, reactivated CD8"
Tm cells proliferate faster and in greater numbers than naive
T cells [85, 86]. Increasingly, studies suggest that a rapid metabolic
switch to glycolysis is essential during the reactivation process of
CD8" Tm cells [87], which also contradicts their resting metabolic
mode. Meanwhile, CD8" Tm cells use the gluconeogenic pathway
to synthesize glycogen, which is abundant in Tm cells but not in
naive or effector T cells [88]. These endogenous glycogen
degradations provide a carbon source to meet immediate energy
needs during the reactivation of CD8" Tm cells [85].

During metabolism, mTORC2 rapidly activates AKT, which
inhibits glycogen synthase 33 (GSK3p) at the mitochondrial-
endoplasmic reticulum (ER) junction. The recruitment of hexoki-
nase | (HK-I) to the voltage-dependent anion channel (VDAC) on
mitochondria promotes respiration by promoting metabolite
influx into mitochondria, which is required for the rapid
production of IFN-y in memory T cells [89]. Under hypoxic
pressure culture conditions, upregulation of the levels of glycolytic
pathway-related proteins such as GLUT1 and GLUT3 in memory
CD8" T cells lead to an increase in glycolysis level, thereby
promoting their effector functions of IFN-y and granzyme B
production, but the ability of producing TNF-a and IL-2 is limited.
Hypoxia conditions also cause the downregulation of OXPHOS
and TCA related protein levels in memory CD8" T cells, and
conversely, hyperoxic conditions can promote activation of
OXPHOS levels in naive and memory CD8" T cells. Thus,
reactivation of memory CD8"1 T cells under hypoxia appears to
impair cytokine production but enhances effector functions,
including IFN-y and granzyme B production [90]. In contrast,
microRNA miR-143 was shown to increase glycolytic uptake and
glycolytic activity through upregulation of GLUT1, promoting
memory T cell differentiation and metabolic reprogramming, and
further enhancing the antitumor effects of T cells [91]. In addition,
within hours of systemic bacterial infection, acetate accumulates
in serum, and upon uptake by memory CD8" T cells, stress levels
induced by acetate expand cellular acetyl coenzyme A via ATP
citrate lyase and promote the acetylation of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), which catalyzes glycolysis
while increasing GAPDH activity, thereby facilitating the response
of fast memory CD8™ T cells to exert superior immune control [92].
In the liver, assays revealed that memory CD8" T cells generated
by liver sinusoidal endothelial cells (LSECs) following TLR4
activation exhibited high levels of mitochondrial respiration and
constitutively low levels of glycolysis to support their scavenger
and sentinel functions [93].

Thus, while high glycolysis is detrimental to the development of
early memory CD8™ T cells, a rapid transition from metabolism to
glycolysis can facilitate their reactivation and performance of
immune control functions about preventing viral infection and
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Fig. 3 Effect of altered glycolysis levels on CD8" T cell effector and memory cell functions. For short-lived CD8" T cells, deletion of Atg5
would promote glycolytic activity and OXPHOS, which in turn would lead to energy production. Meanwhile, TLR2 and TLR7 stimulate
upregulation of glucose uptake and glycolysis in CD8" T cells through regulation of the AKT-mTOR pathway and the downstream
transcription factor IRF4, thereby promoting effector functions including IL-4, IFN-y, and TNF-a secretion in CD8" T cells in vitro. For tissue-
resident memory CD8" T cells, during metabolism, mTORC2 promotes respiration by activating PKB or AKT to inhibit GSK3p at the
mitochondrial-endoplasmic reticulum (ER) junction, leading to recruitment of HK-l to the voltage-dependent anion channel (VDAC) of
mitochondria, thereby promoting metabolite influx into mitochondria to facilitate respiration and thus the rapid production of IFN-y.
Meanwhile, miR-143 targets GLUTT to promote glucose flux and glycolytic activity, further promoting memory-type functions.

malignant tumors later in infection; however, for tissue-resident
memory CD8" T cells, high glycolysis levels are not conducive to
their continued survival (Fig. 3). The mechanism by which
glycolysis affects IFN-y production by memory CD8" T cells is
clear and provides a reference for targeting glycolysis to further
enhance memory CD8" T cell function; however, the detrimental
effect of high glycolysis on the long-term residence of memory
CD8' T cells will increase the difficulty of affecting CD8" T
memory function by targeting glycolysis. In contrast to naive
CD8™" T cells, reactivated CD8" Tm cells tend to proliferate faster
and have a larger number, so the awakening of their functions
deserves attention, and it can be argued that glycolysis plays a
crucial role in this process. There is still a big gap in the research
on the relationship between glycolysis and OXPHOS, TCA cycle
and FAO during the reactivation and functional exertion of
memory CD8" T cells.

Effect of glycolysis on CD8" T cell dysfunction and recovery
The functional integrity of CD8" T cells is closely linked to
metabolic reprogramming, and metabolic imbalance of glycolysis
and OXPHOS will cause dysfunction of CD8™" T cells, which can be
ameliorated by further glycolytic restoration, it also provides new
ideas for restoring the function of CD8" T cells. SUMO specific
peptidase 7 (SENP7) deficient CD8" T cells exhibited reduced
glycolysis and OXPHOS, leading to diminished proliferation in vitro
and reduced antitumor function in vivo. SENP7 acts as an
oxidative stress sensor that maintains the metabolic capacity
and effector functions of CD8" T cells [94]. Moreover, ROS
production by CD8" T cells triggers cell membrane SENP7-
mediated de-SUMOylation of phosphatase and tensin homolog
(PTEN), thereby promoting PTEN degradation and preventing
PTEN-dependent metabolic defects. In contrast, ROS in T cells
restrict the cell membrane translocation of SENP7 and inhibit the
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metabolic and functional activity of CD8" T cells in human
colorectal cancer samples [94]. TILs found in human and murine
CD8" melanomas are metabolically impaired, with defects in both
glycolysis and oxidative metabolism. This was shown to be caused
by downregulation of the activity of Enolase 1, a key enzyme in
the glycolytic pathway, which inhibits the glycolytic activity of
CD8" TILs. Provision of pyruvate, a downstream product of
Enolase 1, could bypass this inactivity and promote glycolysis and
OXPHOS, thereby improving the effector function of CD8" TiLs
[95]. The transcription factor nuclear factor of activated T cells 1
(NFATC1) controls the cytotoxicity of murine CTLs and the
production of associated cytokines by affecting the expression
of the glycolysis-related gene Hk2, which shifts the metabolic
mode of CD8" T cell metabolism from OXPHOS to a metabolic
switch for glycolysis, and IL-2 restores this change [96]. Interest-
ingly, in studies on influenza A virus (IAV), it was found that CD4"
T cells contribute to CTL formation and establish memory, and
that CD4" T cells contribute to the recall of memory CD8" T cells
by promoting molecular pathways that enhance CTLs' respiratory
capacity and their ability to participate in glycolysis upon
reactivation, which would prevent their failure [97].

T cell senescence is thought to contribute to the decline in
immune function; however, the pathways mediating senescence
in these cells are not well understood, and studies suggest that
CD8" T cell failure might be associated with their glycolytic
activity. After evaluation of T cell populations from healthy
volunteers, human CD8" effector memory T cells expressing the
naive T cell marker CD45RA (also known as protein tyrosine
phosphatase receptor type C) were found to have many features
of cellular senescence, in which the senescent CD45RA-expressing
population was involved in anaerobic glycolysis to generate
energy for effector functions [98]. Meanwhile, suppressing the
presence of p38 mitogen-activated protein kinase (MAPK)
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signaling in senescent CD8" T cells increased their proliferation,
telomerase activity, mitochondrial biogenesis, and somatic energy,
and enhanced the interaction between p38 interacting protein
(p38IP) and autophagy protein 9 (ATG9), and blocking p38 MAPK
signaling independent of the mTOR pathway would reverse their
failure [98]. Furthermore, acylglycerol kinase (AGK) activity
mediates the activation of PI3K-mTOR signaling, causing elevated
CD8™ T cell glycolysis, which is required to maintain CD8" T cell
metabolism and functional robustness [99].

By contrast, the tumor suppressor myostatin works by limiting
the activity of mTORC1 and thus inhibits its glycolysis-mediated
activity to maintain T-cell function and prevent dysfunction as a
result of their exhaustion [100]. This is due to the increasing
number of studies showing that although high glycolysis level is
essential for maintaining the effector functions of CD8™ T cells, it
also helps to restore their functional changes caused by metabolic
dysregulation. However, an over-reliance on glycolysis will cause
deterioration of mitochondrial metabolism in CD8" T cells, leading
to metabolic arrest and functional decline. Following chronic
Mycobacterium tuberculosis (Mtb) infection, the mitochondrial
metabolism of CD8" T cells deteriorates, leading to an increased
dependence on glycolysis and enhanced production of inflam-
matory cytokines; however, over time, cellular metabolism
becomes quiescent and their function declines. In contrast, Met
can be reactivated, favoring the generation of Mtb-specific CD8" T
cell populations with autonomously improved metabolism [101].
In addition, CD8™ T cell failure in human immunodeficiency virus
(HIV) infection was found to be characterized by reduced
glycolytic activity, enhanced OXPHOS requirement, mTOR dysre-
gulation, and reduced cytoplasmic GAPDH [102]. HIV-specific
CD8™ T cells from spontaneous controllers are largely dependent
on glucose, whereas cells from HIV controllers (HICs) have more
diverse metabolic resources, which enhances both their survival
potential and their ability to develop anti-HIV effector functions. In
contrast, after IL-15 treatment, HIV-specific CD8™ T fine cells from
non-controllers undergo metabolic reprogramming in vitro and
are less glucose-dependent, which enhances the antiviral capacity
of HIV-specific CD8™ T cells from non-controllers [103]. Meanwhile,
GLUT1 (hi) Hepatitis B virus (HBV)-specific T cells are dependent on
the glucose supply, unlike the more functional cytomegalovirus
(CMV)-specific T cells, which can rely on OXPHOS in the absence of
glucose. The inability of HBV-specific T cells to shift their
metabolism from glycolysis to OXPHOS causes an increase in
mitochondrial size and a decrease in mitochondrial potential,
resulting in mitochondrial dysfunction. In contrast, IL-12, which
restores the effector function of HBV-specific T cells, reduces their
dependence on glycolysis by increasing the mitochondrial
potential [104]. Currently, relevant drugs prevent the dysfunction
of CD8™ T cells by targeting mTOR activity directly. An emerging
therapeutic bile acid, 4-norursodeoxycholic acid (NorUDCA), is
used in primary sclerosing cholangitis (PSC) to target
mTORC1 signaling to affect glycolysis and prevent CD8" T cells
from undergoing further energy damage, thus directing them
back on the right path to function properly to defend against
viruses and cancer cells [105]. In colorectal cancer (CRC) cells, the
triterpenoid TER of Flavobacterium vulgare mediated glycolytic
activity by limiting mTOR activity, increased the expression of
multiple metabolic receptors, promoted CD8" T cell metabolism
and activation, while preventing CD8™ T cell dysfunction, reversed
the effector dysfunction of CD8™ T cells, secreted more IFN-y, IL-
10, TNF-0, and TGF-(, thereby contributing to enhanced T cell
recognition [106].

In addition, PD-1 signal plays a key role in regulating the balance
between mTOR-dependent anabolic glycolysis and FAO programs
to meet the bioenergetic demands of quiescent memory CD8"
T cells. Furthermore, PD-1 signaling plays a key role in regulating the
balance between mTOR-dependent anabolic glycolysis and FAO
programs to meet the bioenergetic demands of quiescent memory
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CD8™ T cells. In contrast, upregulation of glycolysis and impairment
of fatty acid metabolism caused by PD-1 deficiency would favor
memory CD8" T cell survival [107]. This suggests that highly active
glycolysis is detrimental to memory CD8™ T cell differentiation and
the survival of long-lived memory CD8™ T cells. In contrast, binding
of the programmed death-1 (PD-1) receptor to its ligand (PD-L1/2)
conveys inhibitory signals that promote the exhaustion of activated
T cells, and blockade of the PD-1 pathway is widely used in cancer
therapy. RNA sequencing evaluation revealed that PD-1 primarily
targets the glycolytic and OXPHOS pathways, causing severe
functional and structural changes in cellular mitochondria to
efficiently utilize FAO, leading to the exhaustion of activated
T cells, as well as reduced IFN-y production following T cell
activation by anti-CD3 and CD28 activating antibodies [108]. CD8"
T cells from patients treated using long-term antiretroviral therapy
(LT-ART) showed increased frequency of T cell immunoglobulin
mucin 3 (TIM3) * programmed cell death 1 PD1" cells, and treatment
with combined anti-PD1 and anti-T cell immunoreceptor with Ig
and ITIM domains (TIGIT) antibodies plus glycolysis-promoting
drugs restored dysfunction in CD8" T cells after short-term
antiretroviral therapy (ST-ART) [109].

Thus, the imbalance of glycolysis and OXPHOS often leads to
dysfunction of CD8™ T cells, and glycolysis might affect the partial
failure of CD8™ T cells through the mTOR pathway and adversely
affect the production of IFN-y. Reactivation of glycolysis will help
to preventing its failure and restoring the resulting dysfunction.
However, excessive glycolysis dependence may often lead to
metabolic arrest and consequent functional decline of CD8"
T cells (Fig. 4). It's crole that glycolysis plays in the function of
CD8" T cells, and therefore there is still significant uncertainty
about the application of targeting glycolysis to regulate CD8"
T cells function. In addition, it is worth noting that, in addition to
compensating the glycolytic defect to restore CD8™ T cell function,
how to deal with the mitochondrial dysfunction and ROS
production caused by metabolic dysregulation will also be
important to improve CD8'T cells function. In addition, the
balance between glycolysis and FAO is associated with the long-
term survival of memory CD8" T cells, and there are still
insufficient studies on the mechanisms involved. Meanwhile, an
increasing number of studies are now finding that PD-1 signal
affects the balance of glycolysis and OXPHOS by mediating mTOR
in CD8" T cell, in turn delivering inhibitory signals, which also
provides new ideas for combined anti-PD1 and targeted CD8" T
cell glycolytic activity therapy.

CHALLENGES AND PROSPECTS

According to current studies, glycolysis provides energy for the
further proliferation the of CD8" T cells after activation, and the
appropriate regulation of glycolysis level of CD8™" T cells also helps
to promote their timely death to prevent excessive proliferation.
Of course, the proliferation of CD8" T cells does not completely
depend on glycolysis, as high level of OXPHOS also plays an
important role. In addition, the metabolic transition from OXPHOS
to glycolysis in CD8" T cells facilitates their differentiation to
effector CD8™ T cells and the secretion of cytokines, such as IFN-y,
to exert their immune functions, which provides the basis to
identify and target the regulation of relevant genes to exert
immunotherapy. However, it's often detrimental to the survival of
long-lived memory cells. For memory CD8™ T cell differentiation, a
metabolic switch from glycolysis to FAO may play an important
role. After differentiation, glycolysis, FA metabolism, and OXPHOS
work together to provide the energy for effector CD8" T cells to
produce relevant cytokines and perform immune functions.
Although high glycolytic activity is detrimental to the differentia-
tion and development of early memory CD8™ T cells, it is essential
for the reactivation of CD8" Tm cells, and the function of
glycolysis in reactivation seems to be relative to that of OXPHOS
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Fig. 4 The effect of altered glycolysis levels on CD8" T cell dysfunction and recovery. Dysfunction of CD8" T cells often occurs in the
immunosuppressive tumor microenvironment when the binding of PD-1 to PD-L1/2 transmits inhibitory signals that reduce the entry of
pyruvate into OXPHOS and instead into fatty acid oxidation, while causing mitochondrial damage and hyperpolarization to produce large
amounts of ROS. This inhibits glycolytic activity and affects cellular metabolism and energy production, ultimately contributing to the
dysfunction of activated CD8" T cells and affecting the secretion of cytokines associated with their effector functions. In the face of
dysregulated CD8™ T cells, combined treatment with anti-PD-1 and glycolysis-promoting drugs can partially restore their function. The use of
anti-PD-1 drugs can inhibit the entry of pyruvate in large amounts into fatty acid oxidation, promoting OXPHOS and energy production.
Meanwhile, AGK kinase activity mediates PI3K-targeted mTOR activation, causing elevated glycolysis, while the presence of transcription
factor NFDTC1 regulates HK2 expression and promotes glycolysis. In addition, the use of ROS eliminators neutralizes ROS, eventually restoring
CD8" T cell function and the further secretion of IL-10, IFN-y, and TNF-a.

and TCA. Although there are in-depth studies on how glycolysis
affects the function of effector CD8" T cells in the short term,
there are fewer studies on how glycolysis affects the pre-
development and late survival and transformation of memory
CD8™ T cells, which is not conducive to further targeted regulation
of the long-term function of CD8' T cells. As the disease
progresses, imbalances in glycolysis and OXPHOS often leads to
dysfunction of CD8™" T cells, and the downregulation of glycolytic
activity often results in CD8™ T cell failure, selectively increasing
glycolysis will further restore these functions. Notably, it has also
been suggested that excessive glycolytic dependence may lead to
metabolic quiescence and consequent functional decline of CD8™"
T cells, so reducing the dependence of CD8" T cells on glycolysis
will help prevent their dysfunction and maintain their immune
functions. It can be said that from the activation of naive CD8™"
T cells, glycolysis plays an important role as a functional machine
involved in their subsequent proliferation and differentiation,
while for CD8™ T cells at different periods, glycolysis has different
effects on their survival and function, therapies that target key
aspects of glycolysis still need to be selected according to the
specific situation. However, current therapeutic modalities often
exert short-lived effector functions but neglect long-lived CD8" T
cell survival and residency, to the detriment of their reactivation.
In addition, studies have shown that the activation and functional
changes of CD8" T cells caused by glycolytic changes are often
accompanied by mitochondrial dysfunction and changes in other
metabolic pathways, such as OXPHOS, fatty acid synthesis, and
amino acid metabolism. Therefore, focusing on the overall
metabolic level of CD8" T cells and metabolism-related organelle
functions might be the way forward to achieve immunother-
apeutic effects.

Cell Death and Disease (2023)14:407

At the molecular level, relevant signal pathways including the
key molecule mTOR play an important role in the above process,
which provides direction for targeting CD8" T cells glycolysis to
regulate their immune function. Meanwhile, PD-1 delivers
inhibitory signals by mediating mTOR to affect the metabolic
balance of CD8" T cells glycolysis and OXPHOS, which also
provides a new insight for combined anti-PD-1 and targeting
CD8" T cells glycolytic activity therapy. Hypoxia-inducible factor-
1a (HIF-1a) induces a shift in metabolic pathways to glycolysis by
forming a dimer with HIF-1f3 and binding to intranuclear hypoxia
response element (HRE) target genes to induce the expression of
GLUT1 and other enzymes in glycolysis [110], playing an
important regulatory function in the survival and function of
tumor cells and other immune cells [111]. And the enhanced HIF-
la-dependent growth of tumors is associated with increased
multifunctionality of CD8" TILs [112]. In addition, HIF-1a
upregulation contributes to the metabolic switch from FAO to
glycolysis, thereby promoting effector T cell differentiation
[113, 114]. For CD4" T cells, HIF-1a-mediated glycolysis activity
and metabolic reprogramming are important for their differentia-
tion and function [115-118]. At present, studies on the molecular
mechanisms of glycolysis changes in CD8" T cells have only
addressed the PI3K/AKT/mTOR pathway, with less mention of, the
key factor HIF-1 [110], suggesting that, besides the transcription
factor IRF4 and the key molecule mTOR, there are other key
molecules involved in image glycolysis and thus regulate CD8* T
differentiation and function.

However, there are still many gaps in the existing studies, such
as the metabolic shift from glycolysis to FAO to support memory
CD8" T cell differentiation [48], and the specific mechanisms
underlying this remain unclear. For effector CD8™ T cells, although
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glycolysis is important for their effector functions, glycolysis, FA
metabolism and OXPHOS often work together, and the linkages
between metabolism within CD8" T cells is still indistinct.
Therefore, so it is crucial to investigate the links between various
metabolic pathways and CD8" T cells to provide a theoretical
basis for targeting their metabolism. Moreover, there are still
vacancies in the study of the relationship between glycolysis and
OXPHOS, the TCA cycle and FAO during the reactivation and
function of memory CD8" T cells. Furthermore, it is worth
considering why glycolysis and OXPHOS play a synergistic role in
the function of effector CD8" T cells, while reactivated CD8" Tm
cells often exhibit a high level of glycolysis and OXPHOS and FA
metabolism are downregulated? Can glycolysis itself support their
activation and function? Or other metabolic pathways may be
required for auxiliary functions? At the same time, high HK2
expression in lung cancer tissues is associated with a reduced ratio
of CD8™" T cells to Tregs [119], while lactate accumulation induced
by LDHA transcript levels in melanoma cells induces CTL failure
and apoptosis by inhibiting cytokine production, while impairing
their cell killing capacity [120]. In mouse colon cancer cells MC38,
lactate can increase the stemness of CD8" T cells, and also
increase the expression of TCF-1 in human CD8" T cells in vitro,
while reducing their apoptosis [121]. In addition, the metabolic
competition between tumor cells and T cells tends to affect the
anti-tumor response of CD8" TILs [122]. Thus, in addition to the
glycolysis of CD8™" T cells themselves, changes in the glycolysis of
their target cells, such as tumor cells may affect the survival and
function of CD8" T cells by altering the microenvironment. So, will
the changes of glycolysis process of other immune cells like CD4™
T cells and macrophages in the TME affect the proliferation,
differentiation, and function of CD8" T cells? Are there other
metabolites produced by other cells in the microenvironment,
such as D-2HG [123], that are taken up by CD8" T cells, affecting
their glycolysis and thus changing their differentiation and
function? At present, there are few studies on effects between
various immune cells. It's necessary to further clarify the potential
metabolism-mediated links between immune cells in the TME to
provide viable options for immunotherapy through modulation of
CD8" T cell activation and function.

AVAILABILITY OF DATA AND MATERIALS
Not applicable.

REFERENCES

1. Klebanoff CA, Gattinoni L, Restifo NP. CD8+ T-cell memory in tumor immu-
nology and immunotherapy. Immunol Rev. 2006;211:214-24.

2. Williams MA, Bevan MJ. Effector and memory CTL differentiation. Annu Rev
Immunol. 2007;25:171-92.

3. Badovinac VP, Haring JS, Harty JT. Initial T cell receptor transgenic cell precursor
frequency dictates critical aspects of the CD8(+) T cell response to infection.
Immunity. 2007;26:827-41.

4. Restifo NP, Dudley ME, Rosenberg SA. Adoptive immunotherapy for cancer:
harnessing the T cell response. Nat Rev Immunol. 2012;12:269-81.

5. Callahan MK, Postow MA, Wolchok JD. Targeting T cell co-receptors for cancer
therapy. Immunity. 2016;44:1069-78.

6. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, et al. Enhancing
CD8 T-cell memory by modulating fatty acid metabolism. Nature.
2009;460:103-7.

7. Pacella I, Cammarata |, Martire C, Brancaccio G, Gaeta GB, Barnaba V, et al.
CD8(+) T cells specific to apoptosis-associated epitopes are expanded in
patients with chronic HBV infection and fibrosis. Liver Int. 2021;41:470-81.

8. Frey N, Tortola L, Egli D, Janjuha S, Rothgangl T, Marquart KF, et al. Loss of Rnf31
and Vps4b sensitizes pancreatic cancer to T cell-mediated killing. Nat Commun.
2022;13:1804.

9. Xu H, Zhang D, Wei R, Zhou Y, Dai G, Li J, et al. Gambogic acid induces pyr-
optosis of colorectal cancer cells through the GSDME-dependent pathway and
elicits an antitumor immune response. Cancers (Basel). 2022;14:5505.

SPRINGER NATURE

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

. Golstein P, Griffiths GM. An early history of T cell-mediated cytotoxicity. Nat Rev

Immunol. 2018;18:527-35.

. Girén SH, Gémez-Lahoz AM, Sanz JM, Fraile-Martinez O, Jiménez DJ, Garcia-

Montero C, et al. Patients with chronic spinal cord injury and a long period of
evolution exhibit an altered cytokine production by CD4 and CD8 T cell
populations. Int J Mol Sci. 2023;24:7048.

. Sun S, Hao H, Yang G, Zhang Y, Fu Y. Immunotherapy with CAR-Modified T Cells:

toxicities and overcoming strategies. J Immunol Res. 2018;2018:2386187.

. Malik A, Sayed AA, Han P, Tan MMH, Watt E, Constantinescu-Bercu A, et al. The

role of CD8+ T-cell clones in immune Blood.

2023;141:2417-29.

thrombocytopenia.

. Gerriets VA, Rathmell JC. Metabolic pathways in T cell fate and function. Trends

Immunol. 2012;33:168-73.

. Kaech SM, Wherry EJ. Heterogeneity and cell-fate decisions in effector and memory

CD8+ T cell differentiation during viral infection. Immunity. 2007;27:393-405.

. Chang CH, Pearce EL. Emerging concepts of T cell metabolism as a target of

immunotherapy. Nat Immunol. 2016;17:364-8.

. Mitsuhashi A, Koyama K, Ogino H, Afroj T, Nguyen NT, Yoneda H, et al. Identi-

fication of fibrocyte cluster in tumors reveals the role in antitumor immunity by
PD-L1 blockade. Cell Rep. 2023;42:112162.

. Barlesi F, Isambert N, Felip E, Cho BC, Lee DH, Peguero J, et al. Bintrafusp Alfa, a

bifunctional fusion protein targeting TGF-B and PD-L1, in patients with non-
small cell lung cancer resistant or refractory to immune checkpoint inhibitors.
Oncologist. 2023;28:258-67.

. Wang B, Bai J, Tian B, Chen H, Yang Q, Chen Y, et al. Genetically engineered

hematopoietic stem cells deliver TGF-B inhibitor to enhance bone metastases
immunotherapy. Adv Sci (Weinh). 2022;9:e2201451.

Joshi S, Durden DL. Combinatorial approach to improve cancer immunotherapy:
rational drug design strategy to simultaneously hit multiple targets to kill tumor
cells and to activate the immune system. J Oncol. 2019;2019:5245034.

Rudin CM, Balli D, Lai WV, Richards AL, Nguyen E, Egger JV, et al. Clinical benefit
from immunotherapy in patients with small cell lung cancer is associated with
tumor capacity for antigen presentation. J Thorac Oncol. 2023;51556-0864(23)
00554-3. https://doi.org/10.1016/},jtho.2023.05.008.

van Gulijk M, van Krimpen A, Schetters S, Eterman M, van Elsas M, Mankor J,
et al. PD-L1 checkpoint blockade promotes regulatory T cell activity that
underlies therapy resistance. Sci Immunol. 2023;8:eabn6173.

Tarasenko TN, Pacheco SE, Koenig MK, Gomez-Rodriguez J, Kapnick SM, Diaz F,
et al. Cytochrome ¢ oxidase activity is a metabolic checkpoint that regulates cell
fate decisions during T cell activation and differentiation. Cell Metab.
2017;25:1254-68.e7.

Wofford JA, Wieman HL, Jacobs SR, Zhao Y, Rathmell JC. IL-7 promotes Glut1
trafficking and glucose uptake via STAT5-mediated activation of Akt to support
T-cell survival. Blood. 2008;111:2101-11.

Pearce EL, Poffenberger MC, Chang CH, Jones RG. Fueling immunity: insights
into metabolism and lymphocyte function. Science. 2013;342:1242454.
O'Sullivan D, Pearce EL. Targeting T cell metabolism for therapy. Trends
Immunol. 2015;36:71-80.

Buck MD, O'Sullivan D, Pearce EL. T cell metabolism drives immunity. J Exp Med.
2015;212:1345-60.

Tang BL. Glucose, glycolysis, and neurodegenerative diseases. J Cell Physiol.
2020;235:7653-62.

Hui S, Ghergurovich JM, Morscher RJ, Jang C, Teng X, Lu W, et al. Glucose feeds
the TCA cycle via circulating lactate. Nature. 2017;551:115-8.

Liu S, Liao S, Liang L, Deng J, Zhou Y. The relationship between CD4(+) T cell
glycolysis and their functions. Trends Endocrinol Metab. 2023;34:345-60.

Chen L, Li X, Deng Y, Chen J, Huang M, Zhu F, et al. The PI3K-Akt-mTOR pathway
mediates renal pericyte-myofibroblast transition by enhancing glycolysis
through HKII. J Transl Med. 2023;21:323.

Liu Y, Cong Y, Niu Y, Yuan Y, Tan F, Lai Q, et al. Themis is indispensable for IL-2
and IL-15 signaling in T cells. Sci Signal. 2022;15:eabi9983.

Menk AV, Scharping NE, Moreci RS, Zeng X, Guy C, Salvatore S, et al. Early TCR
signaling induces rapid aerobic glycolysis enabling distinct acute T Cell effector
functions. Cell Rep. 2018;22:1509-21.

Jacobs SR, Herman CE, Maciver NJ, Wofford JA, Wieman HL, Hammen JJ, et al.
Glucose uptake is limiting in T cell activation and requires CD28-mediated Akt-
dependent and independent pathways. J Immunol. 2008;180:4476-86.
Frauwirth KA, Riley JL, Harris MH, Parry RV, Rathmell JC, Plas DR, et al. The
CD28 signaling pathway regulates glucose metabolism. Immunity.
2002;16:769-77.

Dotsu Y, Muraoka D, Ogo N, Sonoda Y, Yasui K, Yamaguchi H, et al. Chemical
augmentation of mitochondrial electron transport chains tunes T cell activation
threshold in tumors. J Immunother Cancer. 2022;10:e003958. https://doi.org/
10.1136/jitc-2021-003958.

Cell Death and Disease (2023)14:407


https://doi.org/10.1016/j.jtho.2023.05.008
https://doi.org/10.1136/jitc-2021-003958
https://doi.org/10.1136/jitc-2021-003958

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Fischer HJ, Sie C, Schumann E, Witte AK, Dressel R, van den Brandt J, et al. The
insulin receptor plays a critical role in T cell function and adaptive immunity. J
L.mmunol. 2017;198:1910-20.

Konishi A, Suzuki J, Kuwahara M, Matsumoto A, Nomura S, Soga T, et al. Glu-
cocorticoid imprints a low glucose metabolism onto CD8 T cells and induces the
persistent suppression of the immune response. Biochem Biophys Res Com-
mun. 2022;588:34-40.

Konjar S, Veldhoen M. Dynamic metabolic state of tissue resident CD8 T cells.
Front Immunol. 2019;10:1683.

Cao Y, Rathmell JC, Macintyre AN. Metabolic reprogramming towards aerobic
glycolysis correlates with greater proliferative ability and resistance to metabolic
inhibition in CD8 versus CD4 T cells. PLoS One. 2014;9:e104104.

Gracias DT, Boesteanu AC, Fraietta JA, Hope JL, Carey AJ, Mueller YM, et al.
Phosphatidylinositol 3-Kinase p1106 isoform regulates CD8+ T cell responses
during acute viral and intracellular bacterial infections. J Immunol.
2016;196:1186-98.

Zhou X, Fang D, Liu H, Ou X, Zhang C, Zhao Z, et al. PMN-MDSCs accumulation
induced by CXCL1 promotes CD8(+) T cells exhaustion in gastric cancer. Cancer
Lett. 2022;532:215598.

Popmihajlov Z, Xu D, Morgan H, Milligan Z, Smith KA. Conditional IL-2 gene
deletion: consequences for T cell proliferation. Front Immunol. 2012;3:102.
Laurie SJ, Liu D, Wagener ME, Stark PC, Terhorst C, Ford ML. 2B4 mediates
inhibition of CD8(+) T cell responses via attenuation of glycolysis and cell
division. J Immunol. 2018;201:1536-48.

Peng Z, Zhang Y, Ma X, Zhou M, Wu S, Song Z, et al. Brd4 regulates the
homeostasis of CD8(+) T-Lymphocytes and their proliferation in response to
antigen stimulation. Front Immunol. 2021;12:728082.

Shen LF, Zhou SH, Guo Y. Role of GLUT-1 in the upregulation of PD-L1
expression after radiotherapy and association of PD-L1 with favourable overall
survival in hypopharyngeal cancer. Onco Targets Ther. 2020;13:11221-35.
Secinaro MA, Fortner KA, Collins C, Rincén M, Budd RC. Glycolysis induces MCJ
expression that links T cell proliferation with Caspase-3 activity and death. Front
Cell Dev Biol. 2019;7:28.

Son J, Cho YW, Woo YJ, Baek YA, Kim EJ, Cho Y, et al. Metabolic reprogramming
by the excessive AMPK activation exacerbates antigen-specific memory CD8(+)
T cell differentiation after acute lymphocytic choriomeningitis virus infection.
Immune Netw. 2019;19:e11.

Sukumar M, Gattinoni L. The short and sweet of T-cell therapy: restraining
glycolysis enhances the formation of immunological memory and antitumor
immune responses. Oncoimmunology. 2014;3:e27573.

Huber M, Lohoff M. IRF4 at the crossroads of effector T-cell fate decision. Eur J
Immunol. 2014;44:1886-95.

Grusdat M, Mcllwain DR, Xu HC, Pozdeev VI, Knievel J, Crome SQ, et al. IRF4 and
BATF are critical for CD8" T-cell function following infection with LCMV. Cell
Death Differ. 2014;21:1050-60.

Zhang E, Ma Z, Li Q, Yan H, Liu J, Wu W, et al. TLR2 stimulation increases cellular
metabolism in CD8(+) T cells and thereby enhances CD8(+) T cell activation,
function, and antiviral activity. J Immunol. 2019;203:2872-86.

Li Q Yan Y, Liu J, Huang X, Zhang X, Kirschning C, et al. Toll-Like receptor 7
activation enhances CD8+ T cell effector functions by promoting cellular gly-
colysis. Front Immunol. 2019;10:2191.

Finlay DK, Rosenzweig E, Sinclair LV, Feijoo-Carnero C, Hukelmann JL, Rolf J,
et al. PDK1 regulation of mTOR and hypoxia-inducible factor 1 integrate
metabolism and migration of CD8+ T cells. J Exp Med. 2012;209:2441-53.
Shrestha S, Yang K, Wei J, Karmaus PW, Neale G, Chi H. Tsc1 promotes the
differentiation of memory CD8+ T cells via orchestrating the transcriptional and
metabolic programs. Proc Natl Acad Sci USA. 2014;111:14858-63.

Zhang Y, Maksimovic J, Huang B, De Souza DP, Naselli G, Chen H, et al. Cord blood
CD8(+) T cells have a natural propensity to express IL-4 in a fatty acid metabolism
and caspase activation-dependent manner. Front Immunol. 2018;9:879.

Sukumar M, Liu J, Ji Y, Subramanian M, Crompton JG, Yu Z, et al. Inhibiting
glycolytic metabolism enhances CD8+ T cell memory and antitumor function. J
Clin Invest. 2013;123:4479-88.

Ma R, Ji T, Zhang H, Dong W, Chen X, Xu P, et al. A Pck1-directed glycogen
metabolic program regulates formation and maintenance of memory CD8(+)
T cells. Nat Cell Biol. 2018;20:21-7.

Luo L, Li X, Zhang J, Zhu C, Jiang M, Luo Z, et al. Enhanced immune memory
through a constant photothermal-metabolism regulation for cancer prevention
and treatment. Biomaterials. 2021;270:120678.

Widjaja CE, Olvera JG, Metz PJ, Phan AT, Savas JN, de Bruin G, et al. Proteasome
activity regulates CD8+ T lymphocyte metabolism and fate specification. J Clin
Invest. 2017;127:3609-23.

Zhu J, Yang W, Zhou X, Zophel D, Soriano-Baguet L, Dolgener D, et al. High
glucose enhances cytotoxic T Lymphocyte-Mediated cytotoxicity. Front Immu-
nol. 2021;12:689337.

Cell Death and Disease (2023)14:407

J. Cao et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

Gubser PM, Bantug GR, Razik L, Fischer M, Dimeloe S, Hoenger G, et al. Rapid
effector function of memory CD8+ T cells requires an immediate-early glyco-
lytic switch. Nat Immunol. 2013;14:1064-72.

Crofts KF, Holbrook BC, Soto-Pantoja DR, Ornelles DA, Alexander-Miller MA. TCR
dependent metabolic programming regulates Autocrine IL-4 production resulting in
self-tuning of the CD8(+) T cell activation setpoint. Front Immunol. 2020;11:540.
Cham CM, Driessens G, O'Keefe JP, Gajewski TF. Glucose deprivation inhibits
multiple key gene expression events and effector functions in CD8+ T cells. Eur
J Immunol. 2008;38:2438-50.

Renner K, Geiselhoringer AL, Fante M, Bruss C, Farber S, Schonhammer G, et al.
Metabolic plasticity of human T cells: preserved cytokine production under
glucose deprivation or mitochondrial restriction, but 2-deoxy-glucose affects
effector functions. Eur J Immunol. 2015;45:2504-16.

Yao CC, Sun RM, Yang Y, Zhou HY, Meng ZW, Chi R, et al. Accumulation of branched-
chain amino acids reprograms glucose metabolism in CD8(+) T cells with enhanced
effector function and anti-tumor response. Cell Rep. 2023;42:112186.

Qiao G, Bucsek MJ, Winder NM, Chen M, Giridharan T, Olejniczak SH, et al.
B-Adrenergic signaling blocks murine CD8(+) T-cell metabolic reprogramming
during activation: a mechanism for immunosuppression by adrenergic stress.
Cancer Immunol Immunother. 2019;68:11-22.

Nojima |, Eikawa S, Tomonobu N, Hada Y, Kajitani N, Teshigawara S, et al.
Dysfunction of CD8 + PD-1+T cells in type 2 diabetes caused by the impair-
ment of metabolism-immune axis. Sci Rep. 2020;10:14928.

Man K, Miasari M, Shi W, Xin A, Henstridge DC, Preston S, et al. The transcription
factor IRF4 is essential for TCR affinity-mediated metabolic programming and
clonal expansion of T cells. Nat Immunol. 2013;14:1155-65.

Ko CJ, Zhang L, Jie Z, Zhu L, Zhou X, Xie X, et al. The E3 ubiquitin ligase Pelil
regulates the metabolic actions of mTORC1 to suppress antitumor T cell
responses. EMBO J. 2021;40:e104532.

Carleton G, Lum JJ. Autophagy metabolically suppresses CD8(+) T cell anti-
tumor immunity. Autophagy. 2019;15:1648-9.

Conde E, Casares N, Mancheno U, Elizalde E, Vercher E, Capozzi R, et al. FOXP3
expression diversifies the metabolic capacity and enhances the efficacy of CD8
T cells in adoptive immunotherapy of melanoma. Mol Ther. 2023;31:48-65.
Souto-Carneiro MM, Klika KD, Abreu MT, Meyer AP, Saffrich R, Sandhoff R, et al.
Effect of increased lactate dehydrogenase a activity and aerobic glycolysis on
the proinflammatory profile of autoimmune CD8+ T cells in rheumatoid
arthritis. Arthritis Rheumatol. 2020;72:2050-64.

Kraus FV, Keck S, Klika KD, Graf J, Carvalho RA, Lorenz HM, et al. Reduction of
Proinflammatory Effector Functions Through Remodeling of Fatty Acid Meta-
bolism in CD8+ T Cells From Rheumatoid Arthritis Patients. Arthritis Rheumatol.
2023;75:1098-109. https://doi.org/10.1002/art.42456.

Cao L, Li W, Yang X, Zhang W, Li M, Zhang H, et al. Inhibition of host Ogr1
enhances effector CD8(-+) T-cell function by modulating acidic microenviron-
ment. Cancer Gene Ther. 2021;28:1213-24.

Wu H, Estrella V, Beatty M, Abrahams D, El-Kenawi A, Russell S, et al. T-cells
produce acidic niches in lymph nodes to suppress their own effector functions.
Nat Commun. 2020;11:4113.

Zhang C, Yue C, Herrmann A, Song J, Egelston C, Wang T, et al. STAT3 activation-
induced fatty acid oxidation in CD8(+) T effector cells is critical for obesity-
promoted breast tumor growth. Cell Metab. 2020;31:148-61.e5.

Siska PJ, Beckermann KE, Mason FM, Andrejeva G, Greenplate AR, Sendor AB, et al.
Mitochondrial dysregulation and glycolytic insufficiency functionally impair CD8
T cells infiltrating human renal cell carcinoma. JCI Insight. 2017;2:€93411.
Chowdhury PS, Chamoto K, Kumar A, Honjo T. PPAR-induced fatty acid oxida-
tion in T cells increases the number of tumor-reactive CD8(+) T cells and
facilitates Anti-PD-1 therapy. Cancer Immunol Res. 2018;6:1375-87.

Lu H, Liu F, Li Y, Wang J, Ma M, Gao J, et al. Chromatin accessibility of CD8 T cell
differentiation and metabolic regulation. Cell Biol Toxicol. 2021;37:367-78.
Tabilas C, Wang J, Liu X, Locasale JW, Smith NL, Rudd BD. Cutting edge: elevated
glycolytic metabolism limits the formation of memory CD8(+) T cells in early
life. J Immunol. 2019;203:2571-6.

Wang L, Kumar A, Das JK, Ren Y, Peng HY, Ballard DJ, et al. Expression of NAC1
restrains the memory formation of CD8(+) T cells during Viral Infection. Viruses.
2022;14:1713.

Zhang L, Romero P. Metabolic control of CD8(+) T cell fate decisions and
antitumor immunity. Trends Mol Med. 2018;24:30-48.

Weisberg SP, Ural BB, Farber DL. Tissue-specific immunity for a changing world.
Cell. 2021;184:1517-29.

Zhang H, Liu J, Yang Z, Zeng L, Wei K, Zhu L, et al. TCR activation directly
stimulates PYGB-dependent glycogenolysis to fuel the early recall response in
CD8(+) memory T cells. Mol Cell. 2022;82:3077-88.e6.

Hu S, Marshall C, Darby J, Wei W, Lyons AB, Kérner H. Absence of tumor necrosis
factor supports alternative activation of macrophages in the liver after infection
with leishmania major. Front Immunol. 2018;9:1.

SPRINGER NATURE

11


https://doi.org/10.1002/art.42456

J. Cao et al.

12

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Jia Y, Yang Q, Wang Y, Li W, Chen X, Xu T, et al. Hyperactive PI3KS predisposes
naive T cells to activation via aerobic glycolysis programs. Cell Mol Immunol.
2021;18:1783-97.

Zhang H, Tang K, Ma J, Zhou L, Liu J, Zeng L, et al. Ketogenesis-generated
B-hydroxybutyrate is an epigenetic regulator of CD8(+) T-cell memory devel-
opment. Nat Cell Biol. 2020;22:18-25.

Bantug GR, Fischer M, Grahlert J, Balmer ML, Unterstab G, Develioglu L, et al.
Mitochondria-Endoplasmic reticulum contact sites function as immunometa-
bolic hubs that orchestrate the rapid recall response of memory CD8(+) T Cells.
Immunity. 2018;48:542-55.e6.

Beumer-Chuwonpad A, van Alphen FPJ, Kragten NAM, Freen-van Heeren JJ,
Rodriguez Gomez M, Verhoeven AJ, et al. Memory CD8(+) T cells upregulate
glycolysis and effector functions under limiting oxygen conditions. Eur J
Immunol. 2023;53:22249918.

. Zhang T, Zhang Z, Li F, Ping Y, Qin G, Zhang C, et al. miR-143 regulates memory

T cell differentiation by reprogramming T cell metabolism. J Immunol.
2018;201:2165-75.

Balmer ML, Ma EH, Bantug GR, Grahlert J, Pfister S, Glatter T, et al. Memory
CD8(+) T cells require increased concentrations of acetate induced by stress for
optimal function. Immunity. 2016;44:1312-24.

Dudek M, Lohr K, Donakonda S, Baumann T, Lidemann M, Hegenbarth S, et al.
IL-6-induced FOXO1 activity determines the dynamics of metabolism in CD8
T cells cross-primed by liver sinusoidal endothelial cells. Cell Rep.
2022;38:110389.

Wu Z, Huang H, Han Q, Hu Z, Teng XL, Ding R, et al. SENP7 senses oxidative
stress to sustain metabolic fitness and antitumor functions of CD8+ T cells. J
Clin Invest. 2022;132:e155224.

Gemta LF, Siska PJ, Nelson ME, Gao X, Liu X, Locasale JW, et al. Impaired enolase
1 glycolytic activity restrains effector functions of tumor-infiltrating CD8(+)
T cells. Sci Immunol. 2019;4:eaap9520.

Klein-Hessling S, Muhammad K, Klein M, Pusch T, Rudolf R, Fl6ter J, et al. NFATc1
controls the cytotoxicity of CD8(+) T cells. Nat Commun. 2017;8:511.

Cullen JG, McQuilten HA, Quinn KM, Olshansky M, Russ BE, Morey A, et al.
CD4(+) T help promotes influenza virus-specific CD8(+) T cell memory by
limiting metabolic dysfunction. Proc Natl Acad Sci USA. 2019;116:4481-8.
Henson SM, Lanna A, Riddell NE, Franzese O, Macaulay R, Griffiths SJ, et al.
p38 signaling inhibits mTORC1-independent autophagy in senescent human
CD8" T cells. J Clin Invest. 2014;124:4004-16.

Hu Z, Qu G, Yu X, Jiang H, Teng XL, Ding L, et al. Acylglycerol kinase maintains
metabolic state and immune responses of CD8(+) T cells. Cell Metab.
2019;30:290-302.e5.

Suzuki J, Yamada T, Inoue K, Nabe S, Kuwahara M, Takemori N, et al. The tumor
suppressor menin prevents effector CD8 T-cell dysfunction by targeting
mTORC1-dependent metabolic activation. Nat Commun. 2018;9:3296.

Russell SL, Lamprecht DA, Mandizvo T, Jones TT, Naidoo V, Addicott KW, et al.
Compromised metabolic reprogramming is an early indicator of CD8(+) T cell
dysfunction during chronic mycobacterium tuberculosis infection. Cell Rep.
2019;29:3564-79.e5.

Rahman AN, Liu J, Mujib S, Kidane S, Ali A, Szep S, et al. Elevated glycolysis
imparts functional ability to CD8(+) T cells in HIV infection. Life Sci Alliance.
2021;4:e202101081.

Angin M, Volant S, Passaes C, Lecuroux C, Monceaux V, Dillies MA, et al. Metabolic
plasticity of HIV-specific CD8(+) T cells is associated with enhanced antiviral
potential and natural control of HIV-1 infection. Nat Metab. 2019;1:704-16.
Schurich A, Pallett LJ, Jajbhay D, Wijngaarden J, Otano |, Gill US, et al. Distinct
metabolic requirements of exhausted and functional virus-specific CD8 T cells in
the same host. Cell Rep. 2016;16:1243-52.

Zhu C, Boucheron N, Miller AC, Mdjek P, Claudel T, Halilbasic E, et al. 24-
Norursodeoxycholic acid reshapes immunometabolism in CD8(+) T cells and
alleviates hepatic inflammation. J Hepatol. 2021;75:1164-76.

Wang G, Wang YZ, Yu Y, Yin PH, Xu K, Zhang H. The anti-tumor effect and
mechanism of triterpenoids in Rhus chinensis mill. on reversing effector CD8+
T-cells dysfunction by targeting glycolysis pathways in colorectal cancer. Integr
Cancer Ther. 2021;20:15347354211017219.

Kalia V, Yuzefpolskiy Y, Vegaraju A, Xiao H, Baumann F, Jatav S, et al. Metabolic
regulation by PD-1 signaling promotes long-lived quiescent CD8 T cell memory
in mice. Sci Transl Med. 2021;13:eaba6006.

Ogando J, Séez ME, Santos J, Nuevo-Tapioles C, Gut M, Esteve-Codina A, et al.
PD-1 signaling affects cristae morphology and leads to mitochondrial dys-
function in human CD8(+) T lymphocytes. J Immunother Cancer. 2019;7:151.
Calvet-Mirabent M, Sanchez-Cerrillo I, Martin-Cofreces N, Martinez-Fleta P, de la
Fuente H, Tsukalov |, et al. Antiretroviral therapy duration and immunometa-
bolic state determine efficacy of ex vivo dendritic cell-based treatment restoring
functional HIV-specific CD8+ T cells in people living with HIV. EBioMedicine.
2022;81:104090.

SPRINGER NATURE

110.

111,

112,

113.

114.

115.

116.

17.

118.

119.

120.

121.

122.

123.

Talreja J, Talwar H, Bauerfeld C, Grossman LI, Zhang K, Tranchida P, et al. HIF-1a
regulates IL-1B and IL-17 in sarcoidosis. Elife. 2019;8:e44519.

Fix DK, Ekiz HA, Petrocelli JJ, McKenzie AM, Mahmassani ZS, O’Connell RM, et al.
Disrupted macrophage metabolic reprogramming in aged soleus muscle during
early recovery following disuse atrophy. Aging Cell. 2021;20:e13448.

Bisilliat Donnet C, Acolty V, Azouz A, Taquin A, Henin C, Trusso Cafarello S, et al.
PHD2 constrains antitumor CD8+ T-cell activity. Cancer Immunol Res.
2023;11:339-50.

Ara A, Wu Z, Xu A, Ahmed KA, Leary SC, Islam MF, et al. The critical role of
AMPKa1 in regulating autophagy and mitochondrial respiration in IL-15-
stimulated mTORC1(Weak) signal-induced T cell memory: an interplay between
Yin (AMPKa1) and Yang (mTORC1) energy sensors in T cell differentiation. Int J
Mol Sci. 2022;23:9534.

Tiwari RK, Rawat SG, Gupta VK, Jaiswara PK, Sonker P, Kumar S, et al. Epinephrine
facilitates the growth of T cell lymphoma by altering cell proliferation, apop-
tosis, and glucose metabolism. Chem Biol Interact. 2023;369:110278.

Fang Y, Zhang Q, Lv C, Guo Y, He Y, Guo P, et al. Mitochondrial fusion induced
by transforming growth factor-B1 serves as a switch that governs the metabolic
reprogramming during differentiation of regulatory T cells. Redox Biol.
2023;62:102709.

Lv Q, Xing Y, Dong D, Hu Y, Chen Q, Zhai L, et al. Costunolide ameliorates colitis
via specific inhibition of HIF1a/glycolysis-mediated Th17 differentiation. Int
Immunopharmacol. 2021;97:107688.

Xu R, Wu M, Liu S, Shang W, Li R, Xu J, et al. Glucose metabolism characteristics
and TLR8-mediated metabolic control of CD4(+) Treg cells in ovarian cancer
cells microenvironment. Cell Death Dis. 2021;12:22.

Zhang Q, Wang L, Jiang J, Lin S, Luo A, Zhao P, et al. Critical role of adipoR1 in
regulating Th17 cell differentiation through modulation of HIF-1a-dependent
glycolysis. Front Immunol. 2020;11:2040.

Kim S, Koh J, Song SG, Yim J, Kim M, Keam B, et al. High tumor hexokinase-2
expression promotes a pro-tumorigenic immune microenvironment by mod-
ulating CD8+-/regulatory T-cell infiltration. BMC Cancer. 2022;22:1120.

Ren Y, Kumar A, Das JK, Peng HY, Wang L, Balllard D, et al. Tumorous expression
of NAC1 restrains antitumor immunity through the LDHA-mediated immune
evasion. J Immunother Cancer. 2022;10:e004856.

Feng Q, Liu Z, Yu X, Huang T, Chen J, Wang J, et al. Lactate increases stemness of
CD8™" T cells to augment anti-tumor immunity. Nat Commun. 2022;13:4981.
LeiJ, Yang Y, Lu Z, Pan H, Fang J, Jing B, et al. Taming metabolic competition via
glycolysis inhibition for safe and potent tumor immunotherapy. Biochem
Pharm. 2022;202:115153.

Notarangelo G, Spinelli JB, Perez EM, Baker GJ, Kurmi K, Elia |, et al. Oncome-
tabolite d-2HG alters T cell metabolism to impair CD8(+) T cell function. Science.
2022;377:1519-29.

AUTHOR CONTRIBUTIONS

JC wrote the manuscript and drew the figures. SL, FZ, and QL collected the related papers,
created the Tables, and helped to revise the manuscript. GL and YZ designed and revised
the manuscript. All the authors read and approved the final version of the review.

FUNDING

The present study was supported by the National Natural Sciences Foundation of

China

(82273219); and the Hunan Provincial Natural Science Foundation

(2022JJ30328, 2021JJ30915).

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Gengqiu Luo or
Yanhong Zhou.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Cell Death and Disease (2023)14:407


http://www.nature.com/reprints
http://www.nature.com/reprints

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Cell Death and Disease (2023)14:407

J. Cao et al.

SPRINGER NATURE

13


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Effects of altered glycolysis levels on CD8&#x0002B; T cell activation and function
	Facts
	Introduction
	Association between glycolysis levels and CD8&#x0002B; T cell activation, proliferation, and differentiation
	Changes in the glycolysis levels of CD8&#x0002B; T�cells after activation
	Effect of altered levels of glycolysis on CD8&#x0002B; T cell proliferation
	Effect of altered glycolysis levels on CD8&#x0002B; T cell differentiation

	Effects of altered glycolysis levels on CD8&#x0002B; T cell functions
	Effect of altered glycolysis levels on CD8&#x0002B; T cell effector cell functions
	Effect of altered glycolysis levels on CD8&#x0002B; T�cells memory-type cell function
	Effect of glycolysis on CD8&#x0002B; T cell dysfunction and recovery

	Challenges and prospects
	Availability of data and materials
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




