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T cell exhaustion is an alternative differentiation path of T cells, sometimes

described as a dysfunction. During the last decade, insights of T cell exhaustion

acting as a bottle neck in the field of cancer immunotherapy have undoubtedly

provoked attention. One of the main drivers of T cell exhaustion is prolonged

antigen presentation, a prerequisite in the cancer-immunity cycle. The umbrella

term “T cell exhaustion” comprises various stages of T cell functionalities,

describing the dynamic, one-way exhaustion process. Together these qualities

of T cells at the exhaustion continuum can enable tumor clearance, but if the

exhaustion acquired timeframe is exceeded, tumor cells have increased

possibilities of escaping immune system surveillance. This could be considered

a tipping point where exhausted T cells switch from an asset to a liability. In this

review, the contrary role of exhausted T cells is discussed.
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GRAPHICAL ABSTRACT
1 Introduction

1.1 T cell exhaustion

T cell exhaustion can be defined as a physiological state of T

cells displaying phenotypical and functional changes, such as

eventual loss of proliferation capacity and effector functions,

changes in cell metabolism and transcription, decreased

production of cytokines and elevated expression of inhibitory

receptors (IRs) (1–3). Exhausted T cells are epigenetically altered

(4), having approximately 6000 different accessible chromatin

regions compared to effector and memory T cells, indicating that

exhausted T cells may be considered a distinct cell type (5, 6). The

main drivers of T cell exhaustion such as prolonged T cell receptor

(TCR) stimulation by antigens, exposure to suppressive cytokines

and tumor mediated immunosuppressive metabolic byproducts,

were previously thought to be located mainly in the tumor

microenvironment (TME) (7). More recent studies provide

evidence that the exhaustion journey of T cells is initiated already

in the lymph nodes (LNs) through interaction between antigen

presenting cell (APC)-presented tumor antigens and T cells (8).

T cell exhaustion is an umbrella term describing various functional

states of T cells. Exhausted T cells can be divided into subpopulations

based on functionality and phenotype, ranging from stem-like exhausted

T cells to terminally exhausted T cells (7, 9, 10). However, there are no

universal, clearly defined lines between the exhaustion subpopulations,

and hence T cell exhaustion resembles a continuum; T cells shifting from
Frontiers in Immunology 02
precursor to terminal exhaustion. Some of the main markers used for

categorizing populations of exhausted T cells include programmed death

receptor 1 (PD-1) and transcription factor 1 (TCF-1) (10, 11). TCF-1 is a

transcription factor essential for T cell development (12), and the

maintenance of TCF-1 expression in exhausted cells is limited to

approximately three rounds of divisions (13), where after its

expression is epigenetically silenced (10). PD-1+TCF-1+ precursor

exhausted T cells have stem cell-like properties as they have the

capacity to proliferate, self-renew and further produce progeny

populations of exhausted T cells, including terminally exhausted less

proliferative PD-1+TCF-1–T cells (Figure 1) (11, 14). Studies have shown

that the epigenetic state of exhausted T cells is irreversible (6, 9),

indicating that exhaustion of T cells is a one-way process. However,

recent studies suggests that the epigenetic state of exhaustion may be

modifiable with the right treatments (15, 16).

Most studies investigating T cell exhaustion focus on CD8+

cytotoxic T cells, while exhaustion in CD4+ helper T cells has

received less attention. The main role of CD4+ T cells is to support

immune responses by activating and recruiting immune cells through

cytokine production (17). However, similarly to CD8+ T cells, CD4+ T

cells in cancerous conditions show elevated expression of IRs related to

exhaustion, such as PD-1 and TIM-3 (18). CD4+ T cells do not

typically exert cytotoxic functions, but rather promote inflammation

and tumor reactivity by cytokine mediated activation of CD8+ T cells

(18). In advanced melanoma murine models, development of a tumor

reactive CD4+ T cell population with cytotoxic activity have been

identified (19), indicating that CD4+ cells can obtain cytotoxic
frontiersin.org
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functions. The potential cytotoxicity of CD4+ T cells has been

highlighted by Cachot et al. (20), demonstrating a CD4+ tumor-

specific cytotoxic T cell population in cancer patients by mining

single-cell RNA-sequencing datasets. The mechanisms behind CD4+

T cell adaptation to cancerous conditions and a possible correlation

between cytotoxic CD4+ T cells and T cell exhaustion remains unclear.

Likewise, exhaustion in unconventional gd T cell lineages have been

reported but is less investigated than in CD8+ T cells. The predominant

T cell type in the body is ab T cells (here referred to simply as T cells),

and these expressabTCRs consisting of an a- and a b subunit, while gd
T cells express TCRs consisting of a g- and a d subunit (21). Studies

provides insights in the acquirement of an exhaustion signature by gd T
cell, which has been extensively reviewed by Chen et al. (22).

Furthermore, it has been reported that gd T cells can have

immunosuppressive functions, imposing immune exhaustion of

antitumor ab T cells through PD-1/PD-L1 signaling (23).
1.2 The cancer-immunity cycle

To portray the interactions between oncology and immunology,

the cancer-immunity cycle has been introduced (24). Cancer cells

are defined by genetic and cellular alterations, enabling the immune

system to generate T cell responses for recognition and elimination

of cancer cells. The cancer-immunity cycle term is used to describe

the various necessary steps of T cell-cancer cell interactions, starting

from the release of cancer cell antigens. The first step of generating

an immune response is tumor antigen release from tumor cells (24).

Tumor antigens are originally self-antigens, which makes their

recognition by the immune system more challenging compared to

foreign antigens such as those originating from pathogens (25).

However, tumor antigens can be recognized by the immune system

by distinguishing mutations. The higher the mutational burden, the

higher the chance of successful recognition by the immune
Frontiers in Immunology 03
surveillance system (26). Antigens released from the tumor site

are then trafficked to the blood stream and captured by APCs,

which process and present antigens to T cells (24). Next step

involves priming and activation of naïve T cells in LNs. APCs

present processed tumor antigens to naïve T cells via major

histocompatibility complex (MHC) molecules. Each T cell

expresses TCRs, typically consisting of a a and b chain.

Stochastic V(D)J gene recombination during T cell maturation

results in a broad variety of TCRs, estimated to contain 107-108

unique signatures (27). Different TCRs recognize different epitopes

presented byMHCs on the cell surface of surrounding cells. Binding

of specific TCRs toMHC-antigen complexes, leads to activation and

proliferation of T cells (24, 28). Activated T cells are trafficked to the

tumor site via the blood stream guided by chemokine signaling.

Chemokines are a subcategory of cytokines providing chemical

signals trafficking immune cells to specific destinations (29).

Infiltration of T cells to tumors is desired, since high levels of

cytotoxic T cells in the TME correlates with a positive antitumor

response in cancer patients (30). Via TCR specificity, T cells

recognize antigens earlier activated against by APCs in LNs. Once

TCRs of T cells bind antigens on cancer cells, T cells can kill cancer

cells by releasing perforin and granzyme B (31). Killing of cancer

cells triggers release of more antigens, leading to further immune

responses, and so the cancer-immunity cycle continues.
2 Exhausted T cells in the cancer-
immunity cycle

2.1 Priming of tumor-specific T cell
activation and exhaustion in lymph nodes

The draining lymph node is the first site of APC-T cell

interaction (32). Antitumor T cell response-efficacy is dependent
FIGURE 1

Stem-like, proliferative exhausted T cells produce progeny populations of exhausted T cells, including terminally exhausted T cells. Stem-like
exhausted T cells have the capacity to proliferate but have been considered less cytotoxic than terminally exhausted T cells. On the other hand,
terminally exhausted T cells have been considered more cytotoxic than stem-like exhausted T cells but have a very limited proliferation capacity.
Figure created with BioRender.com.
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on the qual i ty of ant igen presentat ion and poss ible

immunosuppressive conditions of the microenvironment (32–34).

Tissue-derived soluble antigens in lymphatic fluid flow into LNs via

afferent lymphatic vessels (35). Antigens are captured by LN

resident and migratory dendritic cells (DCs) and transported to

the LN cortex and paracortex for antigen presentation to T cells

(35–37). Cross-presentation of DC internalized tumor antigens to

CD8+ T cells is a key step for priming antitumor immunity (38).

Presence of antigens is necessary for adaptive immune

responses (39), and the continuous stimulation by tumor-derived

antigens can be considered critical giving the ongoing evolution and

accumulation of mutations in tumor cells (40–42). However, it has

been shown that one of the main factors behind T cell exhaustion is

prolonged, consistent antigen stimulation (43), indicating that the

factors making robust immune responses against tumor cells

possible are also the ones assumed to be dampening immune

responses in form of T cell exhaustion. Antigenic peptides with a

low mutational burden deliver weaker TCR signals (26), and are

thus less potent to induce an immune response but might also be

less potent drivers of T cell exhaustion. Weak TCR signaling

combined with lack of co-stimulation rather leads to T cell anergy

than exhaustion (44, 45), an extended hyporesponsive state

considered a tolerance mechanism (46). Dysfunction in form of

anergy is induced rapidly after antigen stimulation, while

exhaustion is developed progressively over a period of weeks to

months (47).

Studies provide evidence of the maintenance of a stem-like

TCF-1+ CD8+ exhausted T cell reservoir in tumor-draining lymph

nodes (TDLNs), and these stem-like exhausted T cells are necessary

for long-term T cell responses and efficacy of immunotherapy (48).

Data suggests that T cells differentiate towards a stem-like

exhausted state in LNs, becoming prepared for migration towards

tumor sites (48). Studies propose that activated CD8+ T cells in

human TDLNs are precursors to tumor-resident stem-like CD8+ T

cells (48). Prokhnevska et al. (49) used murine tumor models to

reveal that tumor-specific CD8+ T cells in TDLNs were activated,

but lacked an effector phenotype. When the tumor-specific stem-

like CD8+ T cells migrated into the tumor, effector differentiation

was driven by additional co-stimulation by APCs in the TME. This

tumor-specific CD8+ T cell activation model proposes a two-step

activation: initial activation in TDLNs and additional co-

stimulation in the tumor, resulting in subsequent effector

program acquisition (49).

Stem-like CD8+ T cells are also referred to as progenitor

exhausted T cells (TPEX), and characterized to be TCF-1+,

CXCR5+, PD-1int and TIM-3- (9). Lugli et al. (50) describes TPEX

cells as partially memory, effector, and exhausted T cells. TPEX cells

retain memory-like gene expression and preferentially localize in

lymphoid tissues, but also display traits ascribed to effector-like T

cells. Upon antigen stimulation, TCF-1+ T cells have shown

contradictory IFN-g production capacity. Some studies display

increased IFN-g production by TCF-1+ TPEX cells compared to

TCF-1- terminally exhausted T cells (51), while other studies have

shown greater production of IFN-g by terminally exhausted T cells

than TPEX cells after in vitro stimulation (9).
Frontiers in Immunology 04
T cell exhaustion has been well characterized in chronic

infections in lymphocytic choriomeningitis virus (LCMV) models

(52). In a LCMV-model study by Im et al. (53), a distinct CXCR5+

LCMV glycoprotein 33–41 epitope (GP33)-specific CD8+ T cell

population was found in the spleens of mice chronically infected

with the LCMV clone 13 strain. In contrast, in mice infected with

the LCMV Armstrong strain having cleared the infection, GP33-

specific memory CD8+ T cells did not express CXCR5. The study

showed that during early phase chronic infection, both CXCR5+

and CXCR5- CD8+ T were found in the blood, but at later stages on

infection (day 30 onwards), only the CXCR5−CD8+ T cells were

found in the blood (53). In the same study, the CXCR5+Tim-3−

subset displayed to be TCF-1+ whereas the CXCR5−TIM-3+ cells

were TCF1−. Lymphoid tissue resident T cells were characterized by

TCF-1 expression, while mainly TCF-1-negative cells were found in

the periphery (53).

Dammeijer et al. (54) used LNs of ovalbumin (OVA)-

expressing AE17 mesothelioma tumor mouse models to analyze

the frequencies and phenotype of tumor antigen-specific CD8+ T

cells. The study revealed that TDLN-localized tumor-specific PD-

1+CD8+ T cells are capable of effectively initiate antitumor immune

responses following TDLN-targeted PD-L1-blockade. Following

PD-L1-blockade, TDLN-resident T cells induced TPEX cell

accumulation at the tumor site, resulting in improved tumor

control. These findings support the pivotal role of progenitor

exhausted T cells in LNs as an extra-tumoral source of antitumor

T cell activity.

These data indicate that the exhaustion journey of T cells is

initiated already in the lymph nodes, preparing for later terminal

stages of exhaustion (Figure 2). The antigen density in lymph nodes

might be enough to initiate exhaustion of T cells, but not enough to

promote terminal differentiation of exhausted T cells. Hence, TCF-

1+CD8+ TPEX cells migrating from lymph nodes to tumor sites

provide a therapeutic window for maintaining a proliferative T cell

population and possibly preventing differentiation of a terminal

exhausted state of T cells (48, 55).
2.2 Migration of exhaustion committed T
cells from lymph nodes to tumor sites

Activated T cells are trafficked to tumor sites via the blood

stream guided by chemokine signaling (Figure 2) (29). Chemokines

are secreted by various cell types in the TME, including tumor cells

and immune cells. Loss of CCR7, a lymph node homing chemokine

receptor, allows effector T cells to migrate to non-lymphoid tissues

(33), and chemokines associated with tumor homing of T cells

attract T cells to the TME. CXCL9, CXCL10 and CCL5 are

positively associated with immune cell infiltration to tumors, and

likewise CX3CL1, CCL3, CCL4, CCL11, and CXCL11 have been

associated with T cell infiltration (55). Most chemokine profiles

described above are inducible by IFN-g, which is one of the key

proinflammatory molecules secreted by effector T cells. Presence of

activated T cells secreting IFN-g in the TME cause a positive

feedback loop, since IFN-g leads to production of various
frontiersin.org
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chemokines attracting T cells to tumors (55). T cells reaching

terminal exhaustion and thus produce less IFN-g (2, 51), could

possibly interfere with the positive feedback loop and reduce T cell

attraction to the TME.

T cell trafficking is facilitated by dynamic associations between

T cells, endothelial cells, and adhesion molecules (33). Lymphocyte

function-associated antigen-1 (LFA-1) is an adhesion molecule

expressed by activated T cells (56). Binding of LFA-1 to its ligand

ICAM-1 expressed by endothelial cells, APCs and tumor cells,

facilitates endothelium adhesion, prolonged contact with APCs,

and tumor cell binding (57). Hence, LFA-1-ICAM-1 interactions

can impact the cancer-immunity cycle from beginning to end. In

lymph nodes, ICAM-1 expression on APCs is essential to guide T

cell migration throughout the lymph node (58), and LFA-1-ICAM-

1 engagement is necessary for complete T cell activation and

differentiation (59). Studies have investigated the effect of PD-1/

PD-L1 immune checkpoint blockade (ICB) on adhesion molecule

expression and T cell motility. In chronic infection LCMV models,

exhausted T cells had reduced motility capacity, and PD-1 blockade

was observed to restore T cell motility leading to increased clearance

of viruses (60). Whether the same applies for PD-1/PD-L1 blockade

in tumor models remains to be investigated.

Several studies provide evidence that anti-PD-1 ICB treatment

drives peripheral T cell expansion and recruitment of de novo

responses. A study by Nagasaki et al. (61) underlines that

clonotypes in exhausted tumor infiltrating lymphocyte (TIL)

populations rarely overlap with non-exhausted peripheral blood
Frontiers in Immunology 05
leukocytes (PBLs), indicating that TDLNs might be the primary

source of newly infiltrating exhausted T cells in clusters promoted

by PD-1 blockade. Similar conclusions were made by Yost et al.

(62), providing evidence that both pre-existing and new CD8+ T cell

clones infiltrate tumors following PD-1 blockade. Beltra et al. (10)

have identified two distinct circulating states of exhausted T cells:

TCF1+CD69- Texprog2 and TCF1-CD69-T-bethi Texint. The Texint

population expanded upon PD-1 pathway blockade, but ultimately

differentiated into a TCF1-CD69+Eomeshi terminally exhausted

subset. Upon PD-L1 blockade, TCF1+CD69+ Texprog1 and TCF1-

CD69+ Texterm cells increased 2.1- and 2.2-fold, while Texprog2 and

Texint accumulated heavily and increased 17- and 10-fold. Results of

these studies call attention to circulating exhausted T cells as the

main source of expanding T cells upon ICB treatment.

Studies have described a shift from precursor to terminally

exhausted T cell as T cells migrate from the lymphoid tissues to the

tumor site (10). During this shift a change in transcriptional

programs inducing expression alterations of transcription factors

BATF, IRF4, NR4A, EOMES, NFATC1 and TOX have been

identified (63–65). Especially TOX have been reported as a

critical TF for exhaustion development and differentiation. TOX

expression correlates with an exhausted transcriptional program of

T cells, including co-expression of PD-1, TIM-3, and CD244 (66,

67). Interestingly, deletion of TOX lead to chromatin inaccessible

gene regions coding for the IRs Pdcd1, Entpd1, Havcr2, Cd244 and

Tigit and thus reduced IR expression. Even though TOX-deleted T

cells showed reduced IR expression, they have been observed to be
FIGURE 2

The development of T cell exhaustion throughout the cancer-immunity cycle. The exhaustion journey of T cells starts from tumor antigen-T cell
interaction in lymph nodes. The exhaustion continues as the cancer-immunity cycles goes on, impacting the tumor cell elimination capacity of T
cells. Figure created with BioRender.com.
frontiersin.org
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dysfunctional in terms of effector functions such as cytokine

release (66).
2.3 Infiltration of exhausted T cells to the
TME and functions of T cells in the TME

2.3.1 T cell tumor infiltration and cytotoxicity
Studies provide evidence of pre-existing TILs having limited

reinvigoration potential following ICB treatment, and the majority

of ICB responsive cells originating from outside tumors (62).

Profiling of T cells in human basal and squamous cell carcinomas

prior and post anti-PD-1 treatment displayed a more robust clonal

expansion of CD8+ T cell with an exhausted phenotype compared

to other TIL populations (62). Additionally, clonal expansion of T

cells in response to immunotherapy was derived from extra-

tumoral clones of T cells, and the effect was specific to T cells

characterized as exhausted (62). This study demonstrates a tumor

infiltration capacity of particularly exhausted T cells. However,

where on the exhaustion continuum such capacity is at its most

optimal remains to be investigated.

TPEX CD8+ TILs are able to control tumor growth and can

respond to anti-PD-1 therapy, while terminally exhausted TILs

cannot (9). As pre-existing TILs characterized as terminally

exhausted have been considered resistant to ICB immunotherapy

(9, 62, 68), recent studies have investigated whether these terminally

exhausted T ce l l s are involved in generat ion of an

immunosuppressive TME (68). Vignali et al. (68) have identified

intratumoral CD8+ terminally exhausted T cells with

transcriptional features of CD4+Foxp3+ regulatory T (Treg) cells

and show that these cells are capable of directly suppressing T cell

proliferation ex vivo.

Eradication of tumor cells can be considered the final goal of the

cancer-immunity cycle. Cytotoxic mechanisms of T cells rely on

two distinct pathways: the perforin-granzyme-induced apoptosis

pathway (granule exocytosis) and Fas/Fas ligand (FasL) pathway

(death ligands) (69, 70). Out of these two pathways, granule

exocytosis is considered the main pathway to eliminate cancer

cells (69, 70). Perforin is a pore-forming protein facilitating the

delivery of granzymes into target cells (71), and granzymes belong

to a family of serine proteases known for mediating cytotoxic T cell

elimination of infected cells and tumor cells (72). A study by Wu

et al. (73) demonstrated defects in CD8+ TIL perforin expression in

colorectal cancer (CRC), even though these cells stored the highest

levels of granzyme B. Furthermore, PD-1 expression correlated with

impaired perforin production, and the intact perforin expression

was restricted to tumor resident T cells (73). Yan et al. (74) have

identified an effector memory phenotype PD-1+CXCR1+ CD8+ T

cells population able to withstand chemotherapy and expand after

chemo immunotherapy with cytolytic activity, defined by granzyme

B and perforin release. Hurkmans et al. (75) studied granzyme B

serum levels in metastatic non-small cell lung cancer (NSCLC)

patients post PD-1 blockade by Nivolumab. Lower serum levels of

granzyme B correlated with worse clinical outcome, and

interestingly, serum levels of granzyme B positively correlated
Frontiers in Immunology 06
with peripheral abundance of T cell populations expressing PD-1

and TIM-3. Together these findings show sustained and elevated

granzyme B release capacity of exhausted T cells, while perforin

production remains questionable. It is widely assumed that both

perforin and granzyme B are necessary for efficient cytotoxicity of T

cells. Interestingly, perforin knockout OT-I T cells have been shown

to efficiently kill MC38Ova and B16Ova cells in prolonged presence

(>18 hours) of antigens (76), indicating cytolytic activity of T cells

in absence of perforin.

The Fas/FasL pathway plays an essential role in regulating

apoptosis and T cell activation (77). The Fas/FasL signaling in

exhausted antigen-specific CD8+ T cells during tumor immune

response have been studied in C57BL/6 mice inoculated with EG.7.

The study showed that the number of activated antigen-specific

CD8+ T cells decreased via apoptosis during prolonged tumor

immune responses, but the number of T cells in FasL-

dysfunctional gld mice were higher than in control mice (78).

Thus, the Fas/FasL signaling pathway is critical for survival of

exhausted CD8+ T cells during tumor immune response. In chronic

infection LCMV mice models, the FasL mRNA expression is

reported to be substantially elevated in exhausted CD8+ T cells

compared to naive, effector, and memory CD8+ T cells, and the Fas/

FasL pathway is discussed to provide alternate cytolytic

mechanisms during chronic infection (1). In CD8+ T cells specific

for chronic persistent virus (HIV), PD-1 expression has been

observed to be associated with spontaneous and Fas-induced

apoptosis (79). Studies provide insights of an altered Fas/FasL

pathway in exhausted T cells, but the precise outcomes of these

alterations in cancerous conditions remain to be investigated.

Studies describe various ICAM-expression levels by exhausted

T cells, and its impact on tumor eradication remains unclear. LFA-

1-ICAM-1 binding enables T cell-tumor cell binding prior to

contact killing by cytotoxic elimination. The importance of

proper immune synapse formation prior to target cell elimination

has been highlighted in cancer models of hematological

malignancies. Ramsay et al. (80) show that F-actin polymerization

was suppressed upon T cell chronic lymphocytic leukemia (CLL)-B

cell encounter, leading to impaired immune synapse formation, and

hindered antitumor activity. Studies show that loss of ICAM-1

expression as a possible consequence of reduced proinflammatory

cytokine production (81, 82), could lead to elevated granzyme B

release (83). Loss of ICAM-1 expression has been observed to result

in elevated levels of IFN-g and granzyme B, as well as enhanced

cytotoxicity (83). T cell activation without classical immune synapse

formation but via TCR microclusters has been reported (84, 85),

providing evidence of maintained T cell activation and effector

functions regardless expression levels of LFA-1 and ICAM-1.

2.3.2 T cell metabolic activity
To adapt to hypoxic conditions in the TME, T cells undergo a

metabolic switch upon activation. Metabolic reprogramming is

essential to meet the increasing energy demand necessary for

effector T cell functions (86). Naïve T cells exhibit lower energy

demands than effector T cells and rely on oxidative phosphorylation

(OXPHOS) derived ATP as the main source of energy (87). Effector
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T cells utilize aerobic glycolysis as their primary metabolic program,

increasing the glucose uptake and oxidative consumption (88). T

cells can also use fatty acids as an energy source, and the use of fatty

acid b-oxidation (FAO) pathway is linked to memory T cell

differentiation (89). Furthermore, FAO is an important pathway

of survival in metabolically stressed cells (89), and Tregs generally

rely upon FAO for their metabolic needs (90). The metabolic

plasticity and regulation of T cell exhaustion has been extensively

reviewed by Li et al. (91), focusing on T cell exhaustion in chronic

infections. FAO and OXPHOS are discussed to be the primary

energy sources for TPEX, while terminally exhausted T cells rely on

glycolytic metabolism, but having reduced glucose uptake and an

inability to effectively utilize OXPHOS to provide energy (91).

The high consumption of glucose by cancer cells creates glucose

derivatized, acidic extracellular conditions in the TME (92), caused

by lactate accumulation (93) known to suppress the proliferation

and effector functions of cytotoxic T cells (94). Effector T cells

exhibit decreased mitochondrial respiratory activity, and studies

show exhausted T cells exhibiting suppressed glycolysis and

mitochondrial respiration, causing poor metabolic fitness and

exhaustion (95, 96). A study by Chang et al. (88) displays the role

of aerobic glycolysis as a metabolically regulated signaling

mechanism, and activated T cells blocked from aerobic glycolysis

have a compromised ability to produce IFN-g (88), possible

explaining decreased IFN-g production of terminally exhausted T

cells in the TME. A study by Scharping et al. (97) point out that

progressive loss of mitochondrial function and mass correlates with

decreased cytokine production in solid tumor infiltrating T cells.

Expression of the glucose transporter-1 (Glut1) has been observed

to increase in PD-1hi exhausted T cells in hepatitis B virus (HBV)

chronic infection, and these cells were dependent on glucose

supplies. In contrast, non-chronic infection cytomegalovirus

(CMV)-specific T cells that could utilize OXPHOS in the absence

of glucose to optimize their energy supply (98). Similar metabolic

deficiencies in exhausted T cells have not yet been investigated in

tumor models.

The metabolism of T cells has been studied in murine

melanoma models, and a positive correlation between immune

checkpoints expression levels on CD8+ T cells and total cholesterol

content in the cells has been observed. Lung B16 tumor-infiltrating

PD-1high2B4high CD8+ T cells had significantly higher cholesterol

content than PD-1med/low2B4 med/lowCD8+ T cells. The same pattern

was observed in LN and spleen resident T cells, although these cells

had significantly lower cholesterol content than the tumor-

infiltrating T cells (99). Cholesterol is a tumor metabolic

byproduct inducing metabolic stress in T cells, and the study

demonstrated that cholesterol in the TME induces CD8+ T cell

exhaustion via activation of the endoplasmic reticulum (ER)-stress

sensor XBP1. XBP1 can directly increase PD-1, TIM-3, and LAG-3

expression, thus immunosuppression of T cells (99). Patsoukis et al.

(100) discovered the incapability of activated T cells to engage in

glycolysis upon PD-1 ligation, and their studies show that PD-1

ligation increase the FAO rate. FAO supports T cell persistence, but

not necessarily T cell function. Altogether these findings support

the theory of an altered metabolic program in exhausted T cells,

causing altered effector functions, but precise locations and
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timelines of metabolic switches in exhausted T cells during the

cancer-immunity cycle remain to be explored.
3 T cell exhaustion as a functional
adaptation to persistent antigen
stimulation

T cell exhaustion has been discussed to be an evolutionarily

conserved adaptation to chronic antigen stimulation, important for

restricting autoreactivity and immunopathology. RNA-sequencing

and ATAC-sequencing data generated from circulating T cell

subsets from healthy donors show that circulating PD1+ CD39+ T

cells had the highest enrichment of tumor exhausted T cell genes,

providing transcriptional evidence of recent proliferation and

characteristics of intermediate exhausted T cells (101). This study

provides evidence of circulating exhausted T cell populations

present also in healthy donors, suggesting that PD-1+CD39+CD8+

exhausted T cells are not restricted to cancer or chronic infections

(101). Their existence might point towards an alternative fate to

deletion for autoreactive T cells, hence enabling a broader diversity

of T cell populations, but their precise role in healthy donors

remains to be explored. Galletti et al. (102) have identified two

different subsets of human stem-like CD8+ memory T cell

progenitors in healthy donors: CCR7+PD-1−TIGIT− stem-like T

(TSTEM) cells and CCR7+ PD-1+TIGIT+ T progenitor exhausted T

(TPEX) cells. The TPEX population gave rise to a cell linage with

reduced functionality compared to TSTEM cells. Interestingly, the

TPEX cells had memory-like features, suggesting that exhaustion-

like and memory-like characteristics could coexist in healthy

individuals. This further indicates that T cell exhaustion could be

a functional adaption to persistent antigen stimulation aimed at

minimizing the risk of immunopathology, and simultaneously

maintain a memory-like population. The role of exhaustion in

limiting immunopathology is underlined in a study by McKinney

et al. (103), displaying reduced clinical autoimmunity as T cell

exhaustion gets more severe.

Expression of members of the transcription factor (TF) family

NR4A is regulated downstream of TCR signaling (104). Beltra et al.

(10) have defined a four-cell-stage developmental framework for

exhausted T cells. In studies combining motif enrichment analysis

with RNA expression, NR4A2 was predicted to be the most

enriched TF in terminally exhausted T cells. TCR stimulation

induces expression of the NR4A family (105), indicating that

terminally differentiated exhausted T cells are subjects of heavy

TCR signaling. Nr4a triple knockout (TKO) in CAR T cells have

been shown to prolong the survival of tumor-bearing mice, and

NR4A inhibition has been pointed out as a promising cancer

immunotherapy strategy (14). Expression of mRNAs encoding

effector proteins such as granzymes, TNF and IL-2Ra were

increased in Nr4a TKO TILs (14), indicating that dense antigen

environments and heavy TCR signaling eventually leads to

decreased cytotoxicity of T cells. Together these findings point

out that prolonged antigen-TCR stimulation indeed leads to a

terminally exhausted state of T cells and eventual loss of
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cytotoxicity, limiting the risk of immunopathology but also limiting

tumor cell clearance. These studies draw attention to the

importance of eliminating tumor cells within an exhaustion

restricted time frame.

Studies suggest that varying tumor types might generate distinct

exhaustion patterns in T cells. Woroniecka et al. (106) performed a
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study with mouse-implanted SMA-560 malignant glioma, CT2A

malignant glioma, E0771 breast medullary adenocarcinoma,

B16F10 melanoma, and Lewis Lung Carcinoma (LLC), comparing

exhaustion patterns according to cell line. They found distinct

functional programs of exhausted T cells depending on tumor

type, displaying variations in proinflammatory cytokine
TABLE 1 Current and potential future immunotherapeutic T cell exhaustion targets.

Symbol Target Biological context Status References

PD-1 Programmed cell death protein 1 Negative regulator of immune cell activity. FDA
approved

(109, 110)

PD-L1 Programmed cell death protein ligand 1 Negative regulator of immune cell activity. FDA
approved

(109, 110)

CTLA-4 Cytotoxic T-lymphocyte associated protein 4 Negative regulator of immune cell activity. FDA
approved

(110, 111)

LAG-3 Lymphocyte activation gene 3 Negative regulator of immune cell activity. FDA
approved

(110, 112)

TIGIT T cell immunoreceptor with immunoglobulin and
ITIM domain

Negative regulator of immune cell activity. Clinical
trials

(113, 114)

TIM-3 T cell immunoglobulin mucin 3 Negative regulator of immune cell activity. Clinical
trials

(115)

BTLA B and T lymphocyte attenuator Negative regulator of immune cell activity. Clinical
trials

(116, 117)

VISTA V-type immunoglobulin domain-containing
suppressor of T cell activation

Negative regulator of immune cell activity. Clinical
trials

(117, 118)

ICOS/CD278 Inducible T-cell co-stimulator Co-stimulatory regulator of immune cell activity. Clinical
trials

(117, 119)

GITR Glucocorticoid-induced tumor necrosis factor
receptor–related protein

Co-stimulatory regulator of immune cell activity. Clinical
trials

(120)

4-1BB/CD137/
TNFRSF/ILA

Tumor necrosis factor receptor superfamily member
9

Co-stimulatory regulator of immune cell activity. Clinical
trials

(121)

OX40/CD134 Tumor necrosis factor receptor superfamily member
4

Co-stimulatory regulator of immune cell activity. Clinical
trials

(122)

NFAT Nuclear factor of activated T cells Transcription factor. Regulates effector functions and
exhaustion of T cells.

Early
discovery

(123)

BATF Basic leucine zipper ATF- like transcription factor Transcription factor. Regulates effector functions and
exhaustion of T cells.

Early
discovery

(123)

IRF4 Interferon regulatory factor 4 Transcription factor. Regulates effector functions and
exhaustion of T cells.

Early
discovery

(123, 124)

TOX Thymocyte selection-associated high-mobility group
box

Transcription factor.
Regulates effector functions and exhaustion of T cells.

Early
discovery

(67, 125)

NR4A Nuclear receptor subfamily 4 group A Transcription factor. Regulates effector functions of T
cells.

Early
discovery

(14)

c-JUN Transcription factor Jun Transcription factor. Regulates effector functions of T
cells.

Early
discovery

(126)

PTPN2 Protein tyrosine phosphatase non-receptor type 2 Phosphatase. Regulates cell development. Early
discovery

(127)

CD39 Ectonucleoside triphosphate diphosphohydrolase-1 Adenosine receptor. Upregulated in response to various
stress stimuli.

Early
discovery

(128)

Vps4b Vacuolar protein sorting- associated protein 4B ATPase. Participates in vesicular trafficking and
autophagosome maturation.

Early
discovery

(129)

1a,25(OH)2D3 1a,25(OH)2D3 Active form of vitamin D. regulates expression of
Pdcd1, Tim3, and Tigit genes.

Early
discovery

(130)
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production and expression of IRs. Tumors causing greater

functional impairment of T cells showed higher levels of

alternative IRs such as TIGIT, CD39 and 2B4, indicating that

greater functional impairment indeed provides opportunities for

alternative immunotherapy strategies. Distinct exhaustion

programs according to tumor type explains varying response to

PD-1 pathway inhibitors, which have shown greatest results in

melanoma, NSCLC, RCC, and metastatic bladder cancer (107).

These concluding remarks point out the need to understand not

only how T cell exhaustion impacts the cancer-immunity cycle, but

the varying T cell exhaustion cycles according to specific tumor

types. Distinct exhaustion programs according to tumor type calls

attention to the dynamic features of T cell exhaustion, adapting to

specific tumor conditions.

As the cancer-immunity cycle points out, the balance between

stimulating factors and inhibitors is critical (24). Tumor cells can

exploit immune escape mechanisms such as loss of antigenicity, loss

of immunogenicity or generation of immunosuppressive

microenvironments, to avoid elimination by the immune system

(108). In a similar manner, T cell exhaustion could be regarded as

an alternative mechanism of the immune system, a tool to control

cancer. Exhausted T cells aren’t suitable tools for all types of cancer

types and conditions, hence having a contrary role, in some

circumstances acting as an asset and in some as a liability.
4 Potential immunotherapeutic
interventions for reinvigoration of
exhausted T cells

Immune checkpoint blockade (ICB) therapies such as

antibodies targeting PD-1, PD-L1, CTLA-4 and LAG-3 aim to

activate T cells by interrupting inhibitory signals (Table 1).

Today, the focus area of controlling T cell exhaustion lies within

preventing exhaustion and reactivating already exhausted T cells

(131). Combination with traditional ICBs PD-1, PD-L1 and CTLA-

4 and second-generation checkpoint targets such as LAG-3, TIM-3

and TIGIT are being investigated (131). Since the first ICB therapy

was approved in 2011, the US Food and Drug Administration

(FDA) have issued over 65 approvals for 20 types of neoplasms

(132). Studies from the past decade provide evidence of checkpoint

therapies being most efficient when administering in an early state

of exhaustion (107). Despite increased knowledge in targeting T cell

exhaustion and the large number of FDA approvals, only 20.2% of

patients receiving ICBs achieve objective response, and out of these

only 13% of patients achieve durable responses for multiple years

(132). To improve patient responses, combination therapies with

ICBs can be utilized. FDA approved therapies to be combined with

ICBs include chemotherapy, radiation, anti-angiogenic agents,

cancer vaccines and adoptive cell therapies (ACT) (133).

Some tumors have been shown particularly challenging to target

due to T cell exhaustion. Chimeric antigen receptor (CAR) T cells

have been proven to be a potent tool for targeting blood cancer, but

the dense antigen environment in solid tumor often generates

severe exhaustion of these cells, causing restricted efficacy. Studies
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have shown that combination therapies with ICBs and CAR T cells

can improve T cell expansion and tumor reactivity (134).

To further improve CAR T cell efficacy, studies have targeted the

exhaustion inducing transcription factor protein TOX (135). TOX is

upregulated and co-expressed with PD-1, TIM-3, and CD244 in non-

Hodgkin lymphoma (136), multiple myeloma (137), and in acute

myeloid leukemia patients (138). Depletion of the Tox gene in CAR T

cells proved to improve persistence and tumor reactivity in tumor

inoculated mice (139). Recent studies point out the transcription

factor MYB as an orchestrator of T cell exhaustion. MYB mediates

differentiation of a CD62L+ TPEX cell stem-like population. Upon

PD-1 ICB treatment this population is responsible for the

proliferative burst, and thus, MYB could play a central role in

therapeutic checkpoint blockade success (140). Other transcriptions

factors found to promote exhaustion are NFAT and NR4A, while

BATF attenuates exhaustion (141). The transcription factor IKZF3 is

a repressor of IL-2 (142), and Hay et al. (2022) used an in vitromodel

to show that exhausted T cells partially can be rescued by treatment

with Lenalidomide, an IKZF3 small molecule inhibitor, either as a

single treatment or in combination with ICB treatment.

As exhausted T cells display dysregulation in mitochondrial

function, strategies for improving mitochondrial biogenesis have

raised an interest. In B16OVA tumor microenvironments, PGC1a
overexpressing OT-I T cells, leading to increased mitochondrial

mass and OXPHOS, are enriched (97). These cells displayed

enhanced tumor efficacy, demonstrating a preservation of T cell

function in the TME by reprogramming these cells to favor

mitochondrial biogenesis. Metabolic stress, such as hypoxia and

glucose deprivation in the TME of solid tumors, have shown to

lower tumor immunogenicity (143). To improve responses to ICB,

signaling pathways such as the PI3K/AKT pathway, could be

targeted to restore tumor cell recognition by T cells (143). Thus,

addressing metabolic and signaling pathways hold promising

potential to improve immunotherapy responses.

The posttranscriptional mechanisms regulating exhaustion of T

cells remains poorly understood. Using Affymetrix miR arrays, the

microRNA (miR) expression in isolated LCMV DbGP33–41–specific

CD8+ T cells have been examined (144). MiR-29a was identified as an

exhaustion attenuating molecule in chronic infection and could also

play a role in decreasing exhaustion in cancer. Data suggests that

miR-29a attenuates TCR signaling pathways involved in driving

exhaustion and thus, enhanced expression of miR-29a favor a

durable T memory cell-like rather than exhausted T cell-like

differentiation in conditions of persistent antigen stimulation (144).

Hence, targeting microRNAs in combination therapies could

represent novel solutions for improved immunotherapy efficacy.

The development and maintenance of exhausted T cells can be

controlled by manipulation of molecular pathways, by utilizing

methods such as CRISPR gene editing. Using CRISPR, synthetic

DNA sequences can be inserted to generate next-generation

autologous T cell therapies (145), and there is an interest in

modifying T cell exhaustion promotors such as Tox for

augmented tumor control (131). Other proposed CRISPR targets

attracting attention by biotech and pharmaceutical companies are

PTPN2, NR4A and c-JUN (126, 127, 131). Unlike most molecules

and genes of interested currently being targeted to prevent T cell
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exhaustion, deletion of Ptpn2 has shown to scale up the population

of terminally exhausted T cells whilst preserving the population of

self-renewable progenitor exhausted T cells (127).

To increase and prolong patient response and survival,

bispecific antibodies (BsAbs) have been introduced to the field of

immunotherapy. BsAbs can bind two distinct targets on the same

cell at the same time, enabling additive effects and novel therapeutic

approaches (146). Dual BsAbs targets include immune checkpoints,

signaling pathways, tumor associated antigens and cytokines (147).

OSE Immunotherapeutics have developed a bispecific antibody

checkpoint inhibitor BiCKI® platform, with the BiCKI®-IL-7

program targeting PD-1 and simultaneously releasing IL-7,

promoting TCF-1+ stem-like T cell expansion (148). In

September 2022, Roche announced taking over Good

Therapeutics’ PD1-regulated IL-2 receptor agonist program (149).

Similarly to IL-7, IL-2 have potential immunostimulating and

antineoplastic functions, but unregulated IL-2 release can cause

toxicity. Linkage of anti-PD-1 to an alternative form of IL-2 (IL-2v)

enables precise IL-2 stimulation, thus minimizing side effects and

toxicity (150).
5 Discussion and conclusions

Throughout the cancer-immunity cycle, T cells are subjects of a

variety of factors such as prolonged antigen stimulation and altered

conditions of the TME, unavoidably shifting the T cells towards an

exhausted state (7). Studies discuss the possibility of separate

differentiation programs of T cells, one initiating the “classical”

effector/memory T cells pathway and the other one initiating an

exhaustion program of T cells (102). Insights display the close

integration of the cancer-immunity cycle and T cell exhaustion,

pointing out the need of a deeper understanding of the T cell

exhaustion cycle to enable discovery of novel immunotherapies.

T cell exhaustion has potential benefits, but also consequences. A

stem-like TCF-1+ exhausted T cell state maintain a memory-like

population with proliferation capacity (10, 11). Stem-like TCF-1+ T

cells giving rise to terminally exhausted cytotoxic T cells could serve

as a type of safety mechanism. Excessive antigen density in the TME

leading to short-term cytotoxic states restrain cytotoxicity to tumors

sites and thus limits immunopathology in healthy tissues. Since

terminally exhausted T cells have reduced proliferation capacity

(10, 11), the damage caused by this population is limited. On the

other hand, high cytotoxicity is desired for tumor elimination, and

thus short-term cytotoxicity and lacking proliferation capacity
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simultaneously serves as a liability. Restricted rounds of

proliferation by stem-like exhausted T cells and restricted periods

of cytotoxicity creates a time frame of tumor cell clearance. If events

in the exhaustion cycle exceed these time frames, the consequences of

T cell exhaustion could result in tumor immune escape, rather than

tumor elimination. To fully utilize the potential assets of exhausted T

cells in terms of immunotherapies, the master mechanisms and

regulators behind T cell exhaustion needs to be further elucidated.

Nevertheless, it might be useful considering T cell exhaustion as a

functional adaptation rather than simply a dysfunction.
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70. Martıńez-Lostao L, Anel A, Pardo J. How do cytotoxic lymphocytes kill cancer
cells? Clin Cancer Res (2015) 21(22):5047–56. doi: 10.1158/1078-0432.Ccr-15-0685

71. Voskoboinik I, Dunstone MA, Baran K, Whisstock JC, Trapani JA. Perforin:
Structure, function, and role in human immunopathology. Immunol Rev (2010) 235
(1):35–54. doi: 10.1111/j.0105-2896.2010.00896.x

72. Grossman WJ, Revell PA, Lu ZH, Johnson H, Bredemeyer AJ, Ley TJ. The
orphan granzymes of humans and mice. Curr Opin Immunol (2003) 15(5):544–52.
doi: 10.1016/s0952-7915(03)00099-2

73. Wu X, Zhang H, Xing Q, Cui J, Li J, Li Y, et al. Pd-1(+) Cd8(+) T cells are
exhausted in tumours and functional in draining lymph nodes of colorectal cancer
patients. Br J Cancer (2014) 111(7):1391–9. doi: 10.1038/bjc.2014.416

74. Yan Y, Cao S, Liu X, Harrington SM, Bindeman WE, Adjei AA, et al. Cx3cr1
identifies pd-1 therapy-responsive Cd8+ T cells that withstand chemotherapy during
cancer chemoimmunotherapy. JCI Insight (2018) 3(8). doi: 10.1172/jci.insight.97828

75. Hurkmans DP, Basak EA, Schepers N, Oomen-De Hoop E, van der Leest CH, El
Bouazzaoui S, et al. Granzyme b is correlated with clinical outcome after pd-1 blockade
in patients with stage iv non-Small-Cell lung cancer. J Immunother Cancer (2020) 8(1).
doi: 10.1136/jitc-2020-000586

76. Kearney CJ, Vervoort SJ, Hogg SJ, Ramsbottom KM, Freeman AJ, Lalaoui N,
et al. Tumor immune evasion arises through loss of tnf sensitivity. Sci Immunol (2018)
3(23). doi: 10.1126/sciimmunol.aar3451

77. Volpe E, Sambucci M, Battistini L, Borsellino G. Fas-fas ligand: Checkpoint of T
cell functions in multiple sclerosis. Front Immunol (2016) 7:382. doi: 10.3389/
fimmu.2016.00382

78. Yajima T, Hoshino K, Muranushi R, Mogi A, Onozato R, Yamaki E, et al. Fas/
Fasl signaling is critical for the survival of exhausted antigen-specific Cd8(+) T cells
during tumor immune response. Mol Immunol (2019) 107:97–105. doi: 10.1016/
j.molimm.2019.01.014

79. Petrovas C, Casazza JP, Brenchley JM, Price DA, Gostick E, Adams WC, et al.
Pd-1 is a regulator of virus-specific Cd8+ T cell survival in hiv infection. J Exp Med
(2006) 203(10):2281–92. doi: 10.1084/jem.20061496

80. Ramsay AG, Johnson AJ, Lee AM, Gorgün G, Le Dieu R, BlumW, et al. Chronic
lymphocytic leukemia T cells show impaired immunological synapse formation that
can be reversed with an immunomodulating drug. J Clin Invest (2008) 118(7):2427–37.
doi: 10.1172/JCI35017

81. LimW-S, GanM-S-Y, OngM-H-L, Chew C-H. Lauric acid abolishes interferon-
gamma (Ifn-G)-Induction of intercellular adhesion molecule-1 (Icam-1) and vascular
cell adhesion molecule-1 (Vcam-1) expression in human macrophages. Asian Pac J
Reprod (2015) 4(3):217–21. doi: 10.1016/j.apjr.2015.06.005

82. Rothlein R, Czajkowski M, O'Neill MM, Marlin SD, Mainolfi E, Merluzzi VJ.
Induction of intercellular adhesion molecule 1 on primary and continuous cell lines by
pro-inflammatory cytokines. regulation by pharmacologic agents and neutralizing
antibodies. J Immunol (1988) 141(5):1665–9.
Frontiers in Immunology 12
83. Zumwalde NA, Domae E, Mescher MF, Shimizu Y. Icam-1-Dependent
homotypic aggregates regulate Cd8 T cell effector function and differentiation during
T cell activation. J Immunol (2013) 191(7):3681–93. doi: 10.4049/jimmunol.1201954

84. Davenport AJ, Cross RS, Watson KA, Liao Y, Shi W, Prince HM, et al. Chimeric
antigen receptor T cells form nonclassical and potent immune synapses driving rapid
cytotoxicity. Proc Natl Acad Sci U.S.A. (2018) 115(9):E2068–e76. doi: 10.1073/
pnas.1716266115

85. Yokosuka T, Sakata-Sogawa K, Kobayashi W, Hiroshima M, Hashimoto-Tane
A, Tokunaga M, et al. Newly generated T cell receptor microclusters initiate and sustain
T cell activation by recruitment of Zap70 and slp-76. Nat Immunol (2005) 6(12):1253–
62. doi: 10.1038/ni1272

86. Bental M, Deutsch C. Metabolic changes in activated T cells: An nmr study of
human peripheral blood lymphocytes. Magn Reson Med (1993) 29(3):317–26.
doi: 10.1002/mrm.1910290307

87. Frauwirth KA, Thompson CB. Regulation of T lymphocyte metabolism. J
Immunol (2004) 172(8):4661–5. doi: 10.4049/jimmunol.172.8.4661

88. Chang CH, Curtis JD, Maggi LBJr., Faubert B, Villarino AV, O'Sullivan D, et al.
Posttranscriptional control of T cell effector function by aerobic glycolysis. Cell (2013)
153(6):1239–51. doi: 10.1016/j.cell.2013.05.016

89. 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
(7251):103–7. doi: 10.1038/nature08097

90. Kurniawan H, Soriano-Baguet L, Brenner D. Regulatory T cell metabolism at the
intersection between autoimmune diseases and cancer. Eur J Immunol (2020) 50
(11):1626–42. doi: 10.1002/eji.201948470

91. Li F, Liu H, Zhang D, Ma Y, Zhu B. Metabolic plasticity and regulation of T cell
exhaustion. Immunology (2022) 167(4):482–94. doi: 10.1111/imm.13575

92. Gullino PM, Grantham FH. The vascular space of growing tumors. Cancer Res
(1964) 24(10):1727–32.

93. Walenta S, Wetterling M, Lehrke M, Schwickert G, Sundfør K, Rofstad EK, et al.
High lactate levels predict likelihood of metastases, tumor recurrence, and restricted
patient survival in human cervical cancers. Cancer Res (2000) 60(4):916–21.

94. Fukumura D, Xu L, Chen Y, Gohongi T, Seed B, Jain RK. Hypoxia and acidosis
independently up-regulate vascular endothelial growth factor transcription in brain
tumors in vivo. Cancer Res (2001) 61(16):6020–4.

95. Guo Y, Xie YQ, Gao M, Zhao Y, Franco F, Wenes M, et al. Metabolic
reprogramming of terminally exhausted Cd8(+) T cells by il-10 enhances anti-tumor
immunity. Nat Immunol (2021) 22(6):746–56. doi: 10.1038/s41590-021-00940-2

96. Franco F, Jaccard A, Romero P, Yu YR, Ho PC. Metabolic and epigenetic
regulation of T-cell exhaustion. Nat Metab (2020) 2(10):1001–12. doi: 10.1038/s42255-
020-00280-9

97. Scharping NE, Menk AV, Moreci RS, Whetstone RD, Dadey RE, Watkins SC,
et al. The tumor microenvironment represses T cell mitochondrial biogenesis to drive
intratumoral T cell metabolic insufficiency and dysfunction. Immunity (2016) 45
(2):374–88. doi: 10.1016/j.immuni.2016.07.009

98. Schurich A, Pallett LJ, Jajbhay D, Wijngaarden J, Otano I, Gill US, et al. Distinct
metabolic requirements of exhausted and functional virus-specific Cd8 t cells in the
same host. Cell Rep (2016) 16(5):1243–52. doi: 10.1016/j.celrep.2016.06.078

99. Ma X, Bi E, Lu Y, Su P, Huang C, Liu L, et al. Cholesterol induces Cd8(+) T cell
exhaustion in the tumor microenvironment. Cell Metab (2019) 30(1):143–56.e5.
doi: 10.1016/j.cmet.2019.04.002

100. Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, et al. Pd-1 alters
T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and
fatty acid oxidation. Nat Commun (2015) 6:6692. doi: 10.1038/ncomms7692

101. Giles JR, Manne S, Freilich E, Oldridge DA, Baxter AE, George S, et al. Human
epigenetic and transcriptional T cell differentiation atlas for identifying functional T
cell-specific enhancers. Immunity (2022) 55(3):557–74.e7. doi: 10.1016/
j.immuni.2022.02.004

102. Galletti G, De Simone G, Mazza EMC, Puccio S, Mezzanotte C, Bi TM, et al.
Two subsets of stem-like Cd8(+) memory T cell progenitors with distinct fate
commitments in humans. Nat Immunol (2020) 21(12):1552–62. doi: 10.1038/s41590-
020-0791-5

103. McKinney EF, Lee JC, Jayne DR, Lyons PA, Smith KG. T-Cell exhaustion, Co-
stimulation and clinical outcome in autoimmunity and infection. Nature (2015) 523
(7562):612–6. doi: 10.1038/nature14468

104. Jennings E, Elliot TAE, Thawait N, Kanabar S, Yam-Puc JC, Ono M, et al.
Nr4a1 and Nr4a3 reporter mice are differentially sensitive to T cell receptor signal
strength and duration. Cell Rep (2020) 33(5):108328. doi: 10.1016/j.celrep.2020.108328

105. Odagiu L, May J, Boulet S, Baldwin TA, Labrecque N. Role of the orphan
nuclear receptor Nr4a family in T-cell biology. Front Endocrinol (Lausanne) (2020)
11:624122. doi: 10.3389/fendo.2020.624122

106. Woroniecka K, Chongsathidkiet P, Rhodin K, Kemeny H, Dechant C, Farber
SH, et al. T-Cell exhaustion signatures vary with tumor type and are severe in
glioblastoma. Clin Cancer Res (2018) 24(17):4175–86. doi: 10.1158/1078-0432.Ccr-
17-1846

107. Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer.
Trends Immunol (2015) 36(4):265–76. doi: 10.1016/j.it.2015.02.008
frontiersin.org

https://doi.org/10.4049/jimmunol.1501264
https://doi.org/10.4049/jimmunol.1501264
https://doi.org/10.1084/jem.20121416
https://doi.org/10.1016/j.celrep.2022.110331
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.1016/j.immuni.2017.11.021
https://doi.org/10.1016/j.immuni.2015.01.006
https://doi.org/10.1038/s41586-019-1326-9
https://doi.org/10.1038/s41586-019-1324-y
https://doi.org/10.1186/s40364-021-00275-y
https://doi.org/10.1038/s41590-022-01379-9
https://doi.org/10.1038/nri911
https://doi.org/10.1158/1078-0432.Ccr-15-0685
https://doi.org/10.1111/j.0105-2896.2010.00896.x
https://doi.org/10.1016/s0952-7915(03)00099-2
https://doi.org/10.1038/bjc.2014.416
https://doi.org/10.1172/jci.insight.97828
https://doi.org/10.1136/jitc-2020-000586
https://doi.org/10.1126/sciimmunol.aar3451
https://doi.org/10.3389/fimmu.2016.00382
https://doi.org/10.3389/fimmu.2016.00382
https://doi.org/10.1016/j.molimm.2019.01.014
https://doi.org/10.1016/j.molimm.2019.01.014
https://doi.org/10.1084/jem.20061496
https://doi.org/10.1172/JCI35017
https://doi.org/10.1016/j.apjr.2015.06.005
https://doi.org/10.4049/jimmunol.1201954
https://doi.org/10.1073/pnas.1716266115
https://doi.org/10.1073/pnas.1716266115
https://doi.org/10.1038/ni1272
https://doi.org/10.1002/mrm.1910290307
https://doi.org/10.4049/jimmunol.172.8.4661
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1038/nature08097
https://doi.org/10.1002/eji.201948470
https://doi.org/10.1111/imm.13575
https://doi.org/10.1038/s41590-021-00940-2
https://doi.org/10.1038/s42255-020-00280-9
https://doi.org/10.1038/s42255-020-00280-9
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1016/j.celrep.2016.06.078
https://doi.org/10.1016/j.cmet.2019.04.002
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1016/j.immuni.2022.02.004
https://doi.org/10.1016/j.immuni.2022.02.004
https://doi.org/10.1038/s41590-020-0791-5
https://doi.org/10.1038/s41590-020-0791-5
https://doi.org/10.1038/nature14468
https://doi.org/10.1016/j.celrep.2020.108328
https://doi.org/10.3389/fendo.2020.624122
https://doi.org/10.1158/1078-0432.Ccr-17-1846
https://doi.org/10.1158/1078-0432.Ccr-17-1846
https://doi.org/10.1016/j.it.2015.02.008
https://doi.org/10.3389/fimmu.2023.1151632
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Brunell et al. 10.3389/fimmu.2023.1151632
108. Beatty GL, Gladney WL. Immune escape mechanisms as a guide for cancer
immunotherapy. Clin Cancer Res (2015) 21(4):687–92. doi: 10.1158/1078-0432.Ccr-14-
1860

109. Han Y, Liu D, Li L. Pd-1/Pd-L1 pathway: Current researches in cancer. Am J
Cancer Res (2020) 10(3):727–42.

110. AmericanCancerSociety. Immune checkpoint inhibitors and their side effects.
Available at: https://www.cancer.org/treatment/treatments-and-side-effects/treatment-
types/immunotherapy/immune-checkpoint-inhibitors.html.

111. NIH. Ctla4 cytotoxic T-lymphocyte associated protein 4 . Available at: https://
www.ncbi.nlm.nih.gov/gene/1493.

112. Maruhashi T, Sugiura D, Okazaki IM, Okazaki T. Lag-3: From molecular
functions to clinical applications. J Immunother Cancer (2020) 8(2). doi: 10.1136/jitc-
2020-001014

113. Liu L, Wang A, Liu X, Han S, Sun Y, Zhang J, et al. Blocking Tigit/Cd155
signalling reverses Cd8+ T cell exhaustion and enhances the antitumor activity in
cervical cancer. J Transl Med (2022) 20(1). doi: 10.1186/s12967-022-03480-x

114. Mullard A. Roche’s anti-tigit drug suffers a phase iii cancer setback. Available at:
https://www.nature.com/articles/d41573-022-00068-4.

115. He Y, Cao J, Zhao C, Li X, Zhou C, Hirsch F. Tim-3, a promising target for
cancer immunotherapy. Onco Targets Ther (2018) 11:7005–9. doi: 10.2147/ott.s170385

116. Ning Z, Liu K, Xiong H. Roles of btla in immunity and immune disorders.
Front Immunol (2021) 12:654960. doi: 10.3389/fimmu.2021.654960

117. Lee JB, Ha SJ, Kim HR. Clinical insights into novel immune checkpoint
inhibitors. Front Pharmacol (2021) 12:681320. doi: 10.3389/fphar.2021.681320

118. Lines JL, Pantazi E, Mak J, Sempere LF, Wang L, O'Connell S, et al. Vista is an
immune checkpoint molecule for human T cells. Cancer Res (2014) 74(7):1924–32.
doi: 10.1158/0008-5472.Can-13-1504

119. Quaratino S, Sainson R, Thotakura A, Henderson SJ, Pryke K, Newton A, et al.
A first-in-Human study of Ky1044, a fully human anti-icos Igg1 antibody as
monotherapy and in combination with atezolizumab in patients with selected
advanced malignancies. J Clin Oncol (2019) 37(15_suppl):TPS2644–TPS.
doi: 10.1200/JCO.2019.37.15_suppl.TPS2644

120. Chan S, Belmar N, Ho S, Rogers B, Stickler M, Graham M, et al. An Anti-
Pd-1–Gitr-L bispecific agonist induces gitr clustering-mediated T cell activation
for cancer immunotherapy. Nat Cancer (2022) 3(3):337–54. doi: 10.1038/s43018-
022-00334-9

121. Cheng LS, Cheng YF, Liu WT, Shen A, Zhang D, Xu T, et al. A humanized 4-
1bb-Targeting agonistic antibody exerts potent antitumor activity in colorectal cancer
without systemic toxicity. J Transl Med (2022) 20(1):415. doi: 10.1186/s12967-022-
03619-w

122. Glisson BS, Leidner RS, Ferris RL, Powderly J, Rizvi NA, Keam B, et al. Safety
and clinical activity of Medi0562, a humanized Ox40 agonist monoclonal antibody, in
adult patients with advanced solid tumors. Clin Cancer Res (2020) 26(20):5358–67.
doi: 10.1158/1078-0432.Ccr-19-3070
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