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Exhaustion and senescence: two crucial dysfunctional states
of T cells in the tumor microenvironment
Yangjing Zhao1,2, Qixiang Shao2 and Guangyong Peng 1,3

The failure of a massive influx of tumor-infiltrating T lymphocytes to eradicate tumor cells in the tumor microenvironment is mainly
due to the dysfunction of T cells hyporesponsive to tumors. T-cell exhaustion and senescence induced by malignant tumors are two
important dysfunctional states that coexist in cancer patients, hindering effective antitumor immunity and immunotherapy and
sustaining the suppressive tumor microenvironment. Although exhausted and senescent T cells share a similar dysfunctional role in
antitumor immunity, they are distinctly different in terms of generation, development, and metabolic and molecular regulation
during tumor progression. Here, we discuss the unique phenotypic and functional characteristics of these two types of
dysfunctional T cells and their roles in tumor development and progression. In addition, we further discuss the potential molecular
and metabolic signaling pathways responsible for the control of T-cell exhaustion and senescence in the suppressive tumor
microenvironment. Understanding these critical and fundamental features should facilitate rethinking the unresponsiveness to
current immunotherapies in clinical patients and lead to further development of novel and effective strategies that target different
types of dysfunctional T cells to enhance cancer immunotherapy.
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INTRODUCTION
It is well established that the immunosuppressive tumor network
with antagonistic cross talk between malignant cells and host
immune cells poses a pivotal hurdle for successful tumor
immunotherapy.1 Although large numbers of tumor-infiltrating
lymphocytes (TILs), including CD4+ and CD8+ T cells, preferentially
migrate to tumor sites to defend against malignancies, these cells
display diminished antitumor effector functions in the tumor
microenvironment (TME).2 Many studies have reported that high
numbers of tumor-specific CD8+ T cells in the TME are converted
into functionally hyporesponsive states and consequently fail to
eliminate cancer cells and counteract tumor progression.3–5 The
paradoxical coexistence of considerable numbers of TILs in the
TME and tumor progression in cancer patients further suggests
the presence of a dysfunctional state in T cells induced by the
immunosuppressive TME, which becomes a challenging issue for
antitumor immunity and immunotherapy.6,7 Therefore, a better
understanding of the molecular mechanisms and regulatory
processes of tumor-induced T-cell dysfunction in the TME is
critical for the development of novel and effective strategies to
improve tumor immunotherapy.
T-cell exhaustion and senescence are two dominant dysfunc-

tional states that differ phenotypically and functionally from
effector and memory states in certain pathological conditions,
including in chronic infections and cancers.8–10 The definitions of

“senescence” and “exhaustion” remain confusing because both
states share overlapping characteristics and are associated with
defective effector functions. However, they have distinct regula-
tory and molecular mechanisms governing their development and
impaired antitumor functions.11–15 T-cell exhaustion was initially
described in chronic viral infections with increased expression of a
panel of inhibitory receptors, including programmed cell death
protein 1 (PD-1), cytotoxic T-lymphocyte antigen-4 (CTLA-4), T-cell
immunoglobulin, and mucin domain containing-3 (Tim-3), lym-
phocyte activation gene 3 (LAG-3), CD244 (2B4), and CD160.16,17

Other studies suggest that exhausted T cells exist in patients with
various types of cancers and these cells show characteristics
similar to those in chronic viral infections.18–21 Recent cancer
immunotherapy clinical trials targeting these immune checkpoint
molecules have shown promising benefits in certain types of
cancer patients.22–24 However, the overall success rates for current
immune checkpoint blockade therapies are still low, which
suggests the existence of other interrupting tolerogenic pathways
beyond simply the exhaustion of T cells in the TME. Cellular
senescence was first described over five decades ago as a
biological process in human diploid fibroblasts with a finite
lifetime and low rate of proliferation after extensive serial
passages in vitro.25 Recent studies have shown that senescence
also occurs in human T cells in patients with chronic viral
infections and various types of cancers, which can result in
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reduced vaccine efficacy and increased susceptibility to viral
infections and malignant tumors.9,26–34 These studies strongly
suggest that T-cell senescence is an alternative novel mechanism
utilized by malignant tumors for immune evasion, which should
be an emerging target for tumor immunotherapy.13–15,33,35,36 A
better understanding of the molecular mechanisms involved in
the generation and functional regulation of T-cell senescence and
exhaustion in the TME should open new avenues for cancer
immunotherapy. This review explores these two important T-cell
dysfunctional states in cancer, focusing on their features,
molecular regulation, crucial roles in the TME and therapeutic
implications for cancer immunotherapy.

FEATURES OF EXHAUSTED AND SENESCENT T CELLS
It is widely recognized that exhausted and senescent T cells share
several overlapping phenotypic and functional characteristics,
such as defective proliferative activity, impaired cytotoxic activity,
and increased cell cycle arrest. However, each state has unique
molecular and developmental signatures, such as surface mole-
cules, cytokines, and transcriptional profiles (summarized in
Table 1).11,16,17,37

Exhausted T cells have been identified to accumulate in patients
with chronic infections and cancers. The principal feature of
exhausted T cells in the TME is the elevated expression of a panel
of inhibitory receptors, including PD-1, CTLA-4, Tim-3, LAG-3, B-
and T-lymphocyte attenuator (BTLA), T-cell immunoreceptor with
Ig and ITIM domains (TIGIT), the natural killer cell receptor 2B4
(also called CD244), and the glycoprotein CD160.38–43 Further-
more, high expression levels of immunomodulatory E-NTPDase1
(CD39) and the costimulatory molecule 4-1BB have also been
shown in exhausted tumor-infiltrating CD8+ T cells.44,45 However,
4-1BB-mediated stimulation and signaling for the proliferation and
expansion of exhausted T cells are suppressed due to the lack of 4-
1BB ligand in the suppressive TME.46 In addition, PD-1 expression
can directly antagonize T-cell receptor (TCR) signaling by
preventing the lymphocyte-specific protein tyrosine kinase (Lck)-
mediated phosphorylation of zeta-chain-associated protein kinase
70 (ZAP70) (Fig. 1).47 In addition to suppressed T-cell proliferation,
the other functional characteristics of exhausted T cells are
impaired cytotoxicity and effector cytokine production, including
IL-2, TNF, and IFN-γ.21 The development of T-cell exhaustion is
dominated by both transcriptional and epigenetic regulations. The
transcription factor nuclear factor of activated T cell (NFAT),
nuclear receptor Nr4a, and HMG-box transcription factor TOX
specifically activate the exhaustion-associated transcriptional
program that drives T-cell exhaustion.48–51 Furthermore, the
zinc-finger transcription factor Gata-3 is another major driver of
dysfunctional CD8+ TILs in cancers.52,53 During chronic LCMV
infection, the T-box transcription factor T-bet can be replaced by
another T-box protein, Eomesodermin (Eomes), in response to
continuous antigenic stimulation in conjunction with high PD-1
expression, resulting in T-cell exhaustion.48,54,55 In addition,
exhausted CD8+ TILs progressively acquire DNA methyltransferase
3A (Dnmt3a)-mediated DNA methylation programming, which
functions as a cell-intrinsic obstacle in the response to PD-1
blockade therapy.56,57 Recent studies have revealed that
exhausted T cells have phenotypic and functional heterogeneity,
which allows these cells to be classified into progenitor exhausted
T (T-bethighEomeslowPD-1int) and terminally exhausted T (T-
betlowEomeshighPD-1high) subsets, based on their distinct func-
tional, epigenetic, and transcriptional states.54,58,59 Progenitor
exhausted T-cell subpopulations possess stem-like characteristics
allowing them to undergo self-renewal and exclusively provide
the proliferative response to PD-1 blockade. Terminally exhausted
T cells are differentiated from the progenitor subset by superior
cytotoxicity, but they have decreased long-term survival and are
unable to respond to anti-PD-1 checkpoint blockade therapy.59

Therefore, a better understanding of the characteristics and
functions of different exhausted T-cell subpopulations is critical for
improving checkpoint blockade therapy.
Increased senescent T-cell numbers have been found in elderly

individuals, causing age-associated dysregulation of the immune
system.9,60 Furthermore, the accumulation of senescent CD8+

T cells has also been found in relatively young patients with
chronic viral infection, as well as in patients with certain types of
cancers.26–31 Cellular senescence processes are triggered by
telomere shortening or erosion (termed telomere-dependent
senescence or replicative senescence) and/or “damage” signals
(termed premature senescence), including oxidative stress, cell
culture stress, DNA-damaging chemotherapeutic agents, and
mitogenic oncogenes.61 More recent studies suggest that both
naturally occurring regulatory T cells (Tregs) and tumor-derived
Treg cells can strongly suppress naive/effector T cells through the
induction of responder T-cell senescence.13–15,62 In addition,
different types of tumor cells can directly convert normal immune
cells into senescent T cells.30,32,33 Mechanistically, both tumor cells
and Treg cells induce DNA damage responses in responder T cells,
resulting in responder cell cycle arrest and senescence13,14,32,33,62

(Fig. 2). These senescent T cells have altered phenotypes,
including high expression of senescence-associated-β-
galactosidase (SA-β-Gal),14,15,63 dramatically downregulated
expression of the costimulatory molecules CD27 and CD28,14,64

and high expression of additional senescence-associated markers,
including Tim-3, CD57, CD45RA, and killer cell lectin-like receptor
subfamily G member 1 (KLRG-1) (Table 1).65–69 Among changes in
these surface markers, significant loss of the costimulatory
molecules CD27 and CD28 is the most typical phenotypic change
in senescent T cells.13,14,30 Unlike exhausted T cells, senescent
T cells acquire a unique senescence-associated secretory pheno-
type (SASP), producing high amounts of proinflammatory
cytokines, such as IL-2, IL-6, IL-8, TNF, and IFN-γ, and the
suppressive cytokines IL-10 and TGF-β.14,15,33 In addition, senes-
cent T cells have reduced expression of the effector molecules
perforin and granzyme B (GzmB) and possess strong suppressive
activity that potently amplifies the immune suppression within the
TME.13,14,32,33,62,70,71 Similar to exhausted T cells, senescent T cells
do not proliferate after TCR stimulation due to the loss of several
key molecules involved in the TCR signaling machinery, including
Lck, ZAP70, disks large homolog 1 (DLG1), linker for activation of
T cells (Lat), and SH2 domain-containing leukocyte protein of 76
kD (SLP-76).72 Furthermore, senescent T cells have upregulated
expression of cell cycle regulatory genes, p16, p21, and p53, and
display cell cycle arrest.14,15,33 SASP secretion and growth arrest in
senescent T cells are maintained by persistent molecular
processes, termed “DNA segments with chromatin alterations
reinforcing senescence” (DNA-SCARS).73,74 The roles of exhausted
T cells in antitumor immunity and immunotherapy have been well
studied in the past several years. However, limited information is
known about the functional role of senescent T cells in the TME.
Increasing evidence indicates that senescent T cells are critical
players in immune suppression and tumor development and
progression promotion.14,15,30,32,33 Exploring the functional role of
senescent T cells in antitumor immunity and developing novel
strategies to target senescent T cells for cancer immunotherapy
are urgently needed.

EXHAUSTED AND SENESCENT T CELLS COEXIST IN THE TME TO
FAVOR TUMOR PROGRESSION
It is well recognized that the suppressive tumor microenvironment
can lead to an exhaustion profile in TILs and subsequent
impairment of TIL effector functions in a variety of cancers,
including lymphoma,75 melanoma,18 glioblastoma,76 and breast,77

ovarian,41 prostate,78 liver,79 and lung cancers.80 Accumulating
evidence indicates that cancer cells can directly induce T-cell
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exhaustion during cross talk.81,82 Exhausted T cells in the TME
highly express inhibitory receptors, strongly suppressing anti-
tumor immune responses, and maintaining the suppressive
microenvironment.38–41 Importantly, increased levels of exhausted
T cells in patients are positively associated with a poor prognosis
and poor outcomes in various cancers, indicating the important
therapeutic implications for the restoration of TIL effector
functions by targeting inhibitory receptors in the TME.75,77,80

Furthermore, current immune checkpoint blockade therapies
targeting different inhibitory molecules have shown promising
results in many types of cancers.22,23

Increased senescent CD8+ T-cell numbers have been found in
patient TILs from various types of cancers, including lung
cancers,26 colorectal cancer,83 head and neck cancer,27 endome-
trial cancer,84 ovarian cancer,85 lymphoma,86 hepatocellular
carcinoma,65 and breast cancers,87,88 as well as in the metastatic
satellite lymph nodes and peripheral blood of cancer
patients.26,89 Furthermore, recent studies have demonstrated
that both tumor-derived Treg cells and multiple types of tumor
cells can also directly induce T-cell senescence.13–15,32,33,62

However, the role of these senescent T cells in tumor pathogen-
esis is still under investigation. The significant feature of these
senescent T cells is the loss of their capacity for antitumor
immunity, which is due to the downregulation of the expression
of the costimulatory molecules CD27 and CD28, upregulation of
the expression of some inhibitory molecules such as Tim-3,14,64–69

and decreased production of the effector molecules perforin and
granzyme B.29,64,71 Furthermore, senescent T cells in the TME can
directly suppress other immune cells, including T cells and
dendritic cells (DCs), or function via bystander mechanisms
mediated by the highly produced suppressive cytokines IL-10
and TGF-β1, resulting in amplified immune suppression in
cancers.13–15,33 In addition, the unique SASP of senescent T cells
may influence immune cells in the TME90,91 and promote cancer
initiation and progression.92–94 These studies collectively suggest
that exhausted and senescent T-cell populations show remark-
able enrichment and coexistence in the circulation and/or tumor
sites in cancer patients and that targeting both types of
dysfunctional T cells is required for effective antitumor immunity
and immunotherapy.

MOLECULAR SIGNALING RESPONSIBLE FOR T-CELL
EXHAUSTION AND SENESCENCE IN THE TME
Understanding the molecular signaling and pathways that control
the generation and development of T-cell exhaustion and
senescence in the TME will provide critical insights for the
development of novel and effective combination therapies
against cancer. Based on current studies, T-cell exhaustion is
mainly mediated by inhibitory receptor-associated signaling,
whereas T-cell senescence is regulated by mitogen-activated
protein kinase (MAPK) signaling.13,14,55,95 Importantly, both of

Fig. 1 PD-1 and CTLA4 signaling pathways and metabolic regulations involved in T-cell exhaustion in the tumor microenvironment.
Exhausted T cells in the TME are characterized by the coexpression of multiple inhibitory molecules, including PD-1 and CTLA4. There are
several signaling pathways potentially involved in the development of T-cell exhaustion within the TME: a PD-1/PDL1 signaling can
antagonize TCR signaling by preventing the phosphorylation of the TCR-proximal signaling molecules Lck and ZAP70. b, c PD-1/PD-
L1 signaling inhibits the TCR/CD28-mediated activation of the PI3K/Akt/mTOR and Ras/MEK/ERK pathways to induce cell cycle arrest through
p27- and p15-mediated cascades. CTLA-4 binding to CD80/86 activates the phosphatase PP2A, directly inhibits Akt/mTOR signaling and
promotes cell cycle arrest in T cells. d PD-1/PDL1 signaling induces the transcription of exhaustion-related molecules and suppresses the
transcription of effector molecules regulated by the transcription factors NFAT and BATF, respectively. e The inhibition of PI3K/Akt/mTOR
signaling mediated by either PD-1/PD-L1 or CTLA4 results in decreases in glycolysis and amino acid metabolism and suppresses the metabolic
regulator PGC1α and mitochondrial biogenesis. Furthermore, glucose deprivation decreases the concentration of the glycolytic metabolite
PEP and subsequently inactivates the Ca2+-NFAT signaling pathway to suppress T-cell effector functions. In addition, cholesterol accumulation
in the TME induces T-cell exhaustion via the molecular regulation of ER stress. PD-1 programmed cell death protein 1, PD-L1 PD ligand 1, CTLA-
4 cytotoxic T-lymphocyte antigen-4, GLUT glucose transporter, TCR T-cell receptor, Lck lymphocyte-specific protein tyrosine kinase, ZAP70 zeta-
chain-associated protein kinase 70, ITSM immunoreceptor tyrosine-based switch motif, ITIM immunoreceptor tyrosine-based inhibitory motif,
SHP-1/SHP-2 SH2-domain containing tyrosine phosphatases 1/2, NFAT nuclear factor of activated T cell, BATF basic leucine transcription factor,
AP-1 activator protein 1, PP2A protein phosphatase 2A, PI3K phosphoinositide 3-kinase, Akt protein kinase B, mTOR mammalian target of
rapamycin, MEK mitogen-activated protein/extracellular signal-regulated kinase kinase, ERK extracellular signal-regulated kinase, Cdk2 cyclin-
dependent kinase 2, CDC25A cell division 25A, PGC1α PPAR-gamma coactivator 1α, PEP phosphoenolpyruvate, FAO fatty acid β-oxidation, ER
endoplasmic reticulum.
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these signaling pathways are reversible processes that can be
manipulated to enhance antitumor immunity.

Inhibitory receptor signaling mediates T-cell exhaustion
In the TME, there are multiple immunosuppressive components,
such as malignant tumor cells, immunosuppressive cells, inhibitory
cytokines, and receptors that can directly or indirectly trigger T-
cell exhaustion.96 Among these components, multiple inhibitory
receptor–ligand pairs can contribute to T-cell exhaustion by
activating coinhibitory signals. The PD-1/PD-L1 pathway (PD-L1,
PD ligand 1) is a well-studied inhibitory pathway that controls T-
cell activation, and PD-1 is also the predominantly expressed
inhibitory molecule in exhausted T cells.97 The regulation of T-cell
activation by PD-1/PD-L1 may act through the following molecular
processes: (1) tumor microenvironmental PD-L1 (expressed on
tumor cells or tumor-derived suppressive immune cells) activates
PD-1 on T cells, and SH2-domain containing tyrosine phospha-
tases (SHP-1 and/or SHP-2) are recruited to the phosphorylated
immunoreceptor tyrosine-based switch motif (ITSM) in the
cytoplasmic domain of PD-1 in T cells.98 The recruitment of SHP-
1 and SHP-2 antagonizes TCR signaling by preventing the
phosphorylation of proximal effector molecules such as ZAP70,
which drives T-cell exhaustion.47 (2) PD-1 can inhibit the CD28-
induced activation of the downstream PI3K/Akt/mTOR and Ras/
MEK/ERK pathways, leading to the inhibition of T-cell metabolism
and promotion of T-cell cycle arrest.99 (3) The PD-1-mediated
pathway establishes an inhibitory loop in T cells to promote cell
cycle arrest by increasing the expression of p27 and p15 and
suppressing the expression of cyclin E-Cdk2 and Cdc25A.99 (4)
With the regulation of activated PD-1 signaling, the transcription
factor NFAT can promote the transcription of exhaustion-related
genes (e.g., inhibitory receptors) without the cooperation of

activator protein 1 (AP-1),50 while the upregulated expression of
basic leucine transcription factor (BATF) induces negative tran-
scriptional regulation of various effector genes (e.g., IFN-γ).100 In
addition to PD1, CTLA-4 can also target the CD28 and PI3K/Akt/
mTOR axis during T-cell activation, but the mechanisms are
distinct from those of PD1 and involve activating protein
phosphatase 2A (PP2A) to directly inhibit Akt101,102 (Fig. 1, Table 1).
Modulating these dysregulated pathways in exhausted T cells by
combined blockade of inhibitory receptors, such as coadministra-
tion of anti-PD-1/PD-L1 and anti-CTLA-4 antibodies, has been
proven to dramatically reverse the exhausted T-cell state and
enhance immune responses in patients with various
cancers.24,38,97 Notably, recent studies have demonstrated that
the PD-1-recruited SHP2 phosphatase strongly prefers the
costimulatory receptor CD28 as a target for dephosphorylation,
indicating that CD28 costimulation is required for exhausted CD8+

T cell rescue and for effective anti-PD-1 treatment of cancers.35,36

Interestingly, accumulated senescent T cells in the TME exhibit
CD28 expression loss, which might be one reason for the
unresponsiveness to immune checkpoint blockade therapy.35,36

These studies further highlight the necessity and importance of
overcoming T-cell senescence simultaneously during immune
checkpoint blockade therapy for cancers.

MAPK signaling controls T-cell senescence
MAPK signaling is important for controlling cellular
senescence.103,104 MAPK p38 is involved in central signaling by
activating the cell cycle regulatory molecules p53, p21, and p16,
which inhibits cell cycle progression to slow or completely arrest
DNA replication.103–105 Recent studies suggest that MAPK signal-
ing is specifically important in T-cell senescence.13,14 The
metabolic master regulator AMP-responsive protein kinase (AMPK)

Fig. 2 Molecular pathways involved in T-cell senescence in the tumor microenvironment. MAPK p38 plays a central role in the regulatory
network of T-cell senescence. The glucose deprivation induced by tumor cells and/or Treg cells is attributed to the activation of AMPK-TAB1-
dependent p38 activation, which induces TERT downregulation and/or telomere erosion, as well as the DNA damage response. Furthermore,
the competition for glucose also triggers the ATM-associated DNA damage response and activates the MAPK ERK1/2 and p38 signaling
pathways in T cells that functionally cooperate with the transcription factors STAT1 and STAT3 to induce cell cycle arrest and cell senescence in
effector T cells. Tumor- and Treg cell-induced downregulation of CD28 and TCR signaling can activate MAPK p38 signaling or/and inhibit the
PI3K-Akt-mTOR axis, subsequently inactivating autophagy and inducing mitochondrial dysfunction and elevated ROS levels in senescent
T cells. Tumor-derived cAMP can be directly transferred into target T cells through gap junctions to activate PKA-CREB signaling, resulting in
the activation of DNA damage response and induction of senescence in T cells. MAPK mitogen-activated protein kinase, TAB1 TAK1-binding
protein 1, AMPK AMP-responsive protein kinase, ATM ataxia telangiectasia mutated, ERK extracellular signal-regulated protein kinase, STAT
signal transducer and activator of transcription, cAMP endogenous cyclic adenosine monophosphate, Treg regulatory T cell, TERT telomerase
reverse transcriptase, PKA protein kinase A, CREB cAMP response element-binding protein, SASP senescence-associated secretory phenotype,
ROS reactive oxygen species.

Exhaustion and senescence: two crucial dysfunctional states of T cells in. . .
Y Zhao et al.

31

Cellular & Molecular Immunology (2020) 17:27 – 35



is preferentially utilized by senescent CD4+ T cells to trigger p38
autophosphorylation by the scaffold protein TAK1-binding protein
1 (TAB1). This “intrasensory“ pathway activates p38 by sensing
intracellular changes (e.g., glucose deprivation) and initiates the
endogenous DNA damage response (DDR) to signal through the
DDR checkpoint kinase ataxia telangiectasia mutated (ATM) under
genotoxic stress. It inhibits T-cell proliferation, and downregulates
the expression of telomerase reverse transcriptase (TERT) and key
components of the TCR signalosome. Furthermore, the sestrin-
dependent ERK-JNK-p38 MAPK activation complex controls
distinct aspects of T-cell senescence.106 In addition, the senescent
T-cell population can regain proliferation and telomerase activity
via the inhibition of AMPK, TAB1 and/or p38 activation.72 Our
recent work has identified that both naturally occurring Treg and
tumor-derived Treg cells can compete with effector T cells for
glucose, triggering AMPK activation and the ATM-associated DDR,
and thereby induce senescence in T cells.13 Furthermore, ERK1/2
and p38 are selectively phosphorylated and activated during T-cell
senescence mediated by Treg cells.13,14,33 In addition, the ATM-
associated DDR, MAPK signaling, and STAT1 and STAT3 signaling
cooperate together to control T-cell senescence during cross talk
with Treg cells.13 These studies provide important molecular
targets for the development of effective strategies to control T-cell
senescence and restore T-cell effector functions for tumor
immunotherapy (Fig. 2).

METABOLIC CONTROL OF T-CELL EXHAUSTION AND
SENESCENCE IN THE TME
Increasing evidence shows that malignant tumor cells and
neighboring cells can establish nutrient-deprived conditions
(e.g., glucose and amino acid restriction) to metabolically restrict
and functionally impair T cells in the TME.107–109 Therefore,
metabolic reprogramming is one of the critical tumor microenvir-
onmental factors for controlling the development of both
exhausted and senescent T cells in the TME.13,33,62,110

Metabolic regulation of T-cell exhaustion and dysfunction
Exhausted T cells display suppressed glycolysis and oxidative
phosphorylation (OXPHOS) and dampened mitochondrial function
during chronic infection.111 The metabolic and nutrient restric-
tions created by malignant tumors can also impair the glycolytic
capacity and effector functions of TILs in the TME.107 PD-1/PD-L1
interactions can alter the metabolic program of effector T cells by
inhibiting the PI3K/Akt/mTOR and Ras/MEK/ERK pathways and
suppressing IFN-γ secretion in exhausted T cells.107,112 Recent
transcriptomic analyses have demonstrated that PD-1 engage-
ment in T cells significantly impairs the gene expression of
molecules involved in major metabolic processes, including amino
acid, nucleotide, carbohydrate metabolism, the Krebs cycle, and
OXPHOS.113 Furthermore, PD-1 engagement suppresses glycolysis
and OXPHOS and reduces the numbers of mitochondria and
mitochondrial cristae.112,113 In contrast, PD-1 ligation promotes
the fatty acid β-oxidation (FAO) of endogenous fatty acids and
lipolysis to improve the efficiency of FAO usage via upregulation
of the expression of the key enzymes carnitine palmitoyl
transferase (CPT1A) and adiposite triglyceride lipase (ATGL).112,113

However, CTLA-4 signaling inhibits glycolysis without inducing
FAO alterations in T cells.112 Therefore, PD-1 ligation impedes T-
cell effector functions in response to glucose deprivation by
limiting aerobic glycolysis and amino acid metabolism but
promoting fatty acid metabolism.
Several recent studies also facilitate a better understanding of

the molecular and metabolic processes that occur during the
development of T-cell exhaustion and dysfunction in the TME.114 It
has been identified that the mitochondrial biogenesis regulator
PPAR-gamma coactivator 1α (PGC1α) is a key checkpoint molecule
regulating T-cell exhaustion.107,109,111,115 PD-1 can repress the

expression of PGC1α and subsequently induce T-cell metabolic
exhaustion via Akt/mTOR signaling, leading to a decreased
mitochondrial mass and morphological and functional defects.
Both anti-PD-1 antibody immunotherapy and PGC1α overexpres-
sion can rescue T-cell metabolism and improve the metabolic
fitness of exhausted T cells in experimental tumor
models.107,109,111,115 Furthermore, enhanced antitumor immunity
mediated by 4-1BB costimulation is due to the promotion of the
mitochondrial capacity and PGC1α expression in exhausted T cells
via p38MAPK signaling.46

In addition, in the glucose-deficient TME, the accumulation of
various cancer-generated metabolites, such as IDO, adenosine and
lactate, is involved in the regulation of T-cell dysfunction to limit
antitumor immunity.114,116–118 These hypoxia-derived metabolites
are potent immune suppressors that can protect tumor cells from
T cell-mediated antitumor immune responses.117,119 Lactate is the
main metabolite of glycolysis utilized by malignant tumor
cells.120,121 Intracellular lactate can trigger the phosphorylation/
degradation of IκB-α and subsequently stimulate the NF-κB
pathway for T cell suppression.122 In addition, lactate dehydro-
genase A (LDHA)-associated lactic acid accumulation inhibits both
T cells and NK cells, leading to tumor immune escape.123 The
glycolytic metabolite phosphoenolpyruvate (PEP) has been shown
to sustain tumor-specific CD4+ and CD8+ T-cell activation via
regulation of Ca2+-NFAT signaling, and upregulating PEP produc-
tion can enhance T-cell effector functions and promote overall
animal survival in a melanoma tumor model.124 The glucose
restriction in the TME of ovarian cancer inhibits the expression of
the methyltransferase EZH2 in T cells, dampening T-cell poly-
functionality and survival mediated via miRNA-EZH2-Notch
signaling.125 However, whether and how these glycolytic meta-
bolites regulate T-cell exhaustion is still unclear. In addition to
regulating glucose metabolism, tumor-derived cholesterol
increases endoplasmic reticulum (ER) stress, resulting in the
expression of PD-1 and 2B4 in T cells and causing T-cell exhaustion
in the TME110 (Fig. 1). These studies clearly indicate that
checkpoint blockade therapy can not only block the intrinsic
negative signals between tumor cells and T cells but also rescue
the metabolic processes of T cells to favor T-cell effector functions
for antitumor immune responses.

Metabolic control of senescent T-cell development
Developed senescent CD8+ T cells are preferentially dependent
on anaerobic glycolysis to produce energy rather than flexible
mixed utilization of glycolysis and OXPHOS, resulting in mitochon-
drial dysfunction and increased production of reactive oxygen
species (ROS).126 The mitochondrial disruption and ROS accumu-
lation in senescent CD8+ T cells may molecularly result from the
activation of p38 and inhibition of the PI3K/Akt/mTOR axis to
regulate autophagy.95,126 However, limited information is known
about the metabolic reprogramming that occurs during senescent
T-cell development within the TME. Recent studies have demon-
strated that both nTreg cells and tumor-derived Treg cells exhibit
heightened glucose uptake and glycolysis capacities compared
with other T-cell subsets (Th1, Th2, and Th17 cells).62 Furthermore,
Treg cells exhibit accelerated glucose consumption and compete
with responding effector T cells, initiating ATM-associated DNA
damage and inducing senescence in the responder T cells.13,62 In
addition to direct competition for glucose consumption, glucose
metabolites may be involved in the regulation of T-cell
senescence. It has been shown that cAMP is a critical component
of the tumor-induced hypoxic microenvironment and a potent
inhibitor of functional tumor-specific effector T cells117.[,127 Studies
have identified that different types of tumor cells can also induce
senescence in responder T cells.32,33 Tumor cells produce high
amounts of cAMP, which can be transferred to responder T cells
via gap junctions, resulting in the activation of the cAMP-induced
PKA-CREB pathway and ATM-associated DNA damage response
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and the eventual induction of T-cell senescence.33,128,129 To
identify strategies to prevent T-cell senescence for tumor
immunotherapy, relatively recent studies have shown that the
TLR8 signaling pathway can reverse the T-cell senescence induced
by both human Treg cells and tumor cells.14,33,62 TLR8 signaling
activation in Treg cells selectively inhibits glucose uptake,
transport, and glycolysis in Treg cells, resulting in the reversal of
Treg suppression and induction of T-cell senescence.62 Further-
more, TLR8 signaling can also inhibit tumor cell metabolism and
downregulate cAMP levels produced by tumor cells.33 These
studies collectively suggest that metabolic programming directs
the molecular processes of senescence induction and develop-
ment in T cells.

CONCLUSIONS AND PERSPECTIVES
It is now well recognized that the T-cell functional state in the TME
is the key determining factor for successful antitumor immunity
and immunotherapy.130,131 Exhaustion and senescence are two
dominant dysfunctional states in T cells with unique phenotypic
and functional features in cancer patients, which are obstacles to
effective tumor immunotherapy. Understanding the molecular
mechanisms and signaling pathways responsible for the genera-
tion and development of exhausted and senescent T cells in
cancer patients is critical for the development of novel strategies
for precision immunotherapy against cancer.
Given that success rates for current immune checkpoint blockade

therapies are still limited in cancer patients,22,23 the exploration of
other tolerogenic pathways utilized by malignant tumors and
development of effective immunotherapies are urgently needed.
Increasing evidence suggests that the development of T-cell
senescence is also a general feature in the TME, which should be
an emerging target for tumor immunotherapy.13–15,33,62 Many
efforts have been made to explore T-cell exhaustion in different
types of cancers in recent years, but limited information is known
about the development and regulation of T-cell senescence in
cancer patients. Future studies should focus on the identification of
mechanisms responsible for the generation of senescent T cells in
the TME and the investigation of the role of accumulated senescent
T cells in the failure of current immunotherapies. Significant
progress has been made in understanding the importance of
metabolism in directing T-cell development, survival, and functions
over the past several years.132–134 Furthermore, metabolic repro-
gramming is involved in the development of both exhausted T cells
and senescent T cells in the TME.13,33,62,110 These studies facilitate
rethinking the novel concept that metabolic reprogramming of
T cells can be an important strategy to control T-cell exhaustion and
senescence for tumor immunotherapy. Moreover, recent studies
have already identified that TLR8 signaling selectively inhibits
glucose metabolism in both Treg cells and tumor cells and reverses
the suppressive and senescence-inducing effects on
T cells.13,30,32,33,62 Therefore, TLR8 signaling-based metabolic
reprogramming should be a potentially important strategy to
prevent tumor-specific T-cell senescence and rejuvenate effector T-
cell functions for successful cancer immunotherapy. In addition,
future studies should explore how TLR8 signaling combined with
checkpoint blockade strategies can reprogram T-cell metabolism
and reverse T-cell senescence and exhaustion in the TME to
enhance antitumor immunity and immunotherapy in different
tumors.
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