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Abstract 

In T cell biology, ‘exhaustion’ was initially described as a hyporesponsive state in CD8+ T cells 

during chronic infections. Recently, exhaustion has been recognized as a T-cell dysfunctional 

state in the tumor microenvironment (TME). The term ‘exhaustion’ is used mainly to refer to 

effector T cells with a reduced capacity to secrete cytokines and increased expression of 

inhibitory receptors. The upregulation of exhaustion-related inhibitory receptors, including 

programmed cell death protein 1 (PD-1), in such T cells has been associated with the 

development of tumors, prompting the development of immune checkpoint inhibitors. In 

addition to CD8+ T cells, CD4+ T cells, including the regulatory T (Treg) cell subset, perform 

a wide variety of functions within the adaptive immune system. Upregulation of the same 

inhibitory receptors that are associated with CD8+ T-cell exhaustion has also been identified in 

CD4+ T cells in chronic infections and cancers, suggesting a similar CD4+ T-cell exhaustion 

phenotype. For instance, high expression of PD-1 has been observed in Treg cells in the TME, 

and such Treg cells can play an important role in the resistance to PD-1 blockade therapies. 

Furthermore, recent progress in single-cell RNA sequencing has shown that CD4+ T cells with 

cytotoxic activity are also vulnerable to exhaustion. In this review, we will discuss novel 

insights into various exhausted T-cell subsets, which could reveal novel therapeutic targets and 

strategies to induce a robust antitumor immune response. 
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Introduction 

T-cell dysfunction can be strongly related to physiological and pathological states. 

Recently, ‘exhaustion’ has been observed as a state of T-cell dysfunction. Exhausted T cells 

are characterized by progressive loss of effector functions, high and sustained inhibitory 

receptor expression, metabolic dysregulation, poor memory recall and homeostatic self-

renewal, and distinct transcriptional and epigenetic programs (1). Exhaustion was initially 

described as a hyporesponsive state in CD8+ T cells during chronic lymphocytic 

choriomeningitis viral (LCMV) infections (2-4). Mice exposed to chronic infection with 

LCMV Clone 13 had dysfunctional CD8+ T cells, called exhausted cells, because of persistent 

antigen exposure (5,6). Although early studies focused on exhaustion during chronic LCMV 

infection, many studies have shown that exhaustion occurs in many other chronic viral 

infections, including human immunodeficiency virus (HIV), hepatitis B virus (HBV), hepatitis 

C virus (HCV), and other persisting infections, as well as autoimmune disorders (1,7). 

Recently, exhaustion has become recognized as a mode of T-cell dysfunction in cancer 

as well (8,9). Immune checkpoints are molecules that enhance (co-stimulate) or suppress (co-

inhibit) other signals in immune cells. Importantly, the upregulation of exhaustion-related 

inhibitory immune checkpoint molecules expressed in such T cells has been associated with 

the development of tumors (10). Notably, exhausted T cells exhibit high expression of 

programmed cell death protein 1 (PD-1), primarily limiting T-cell function under chronic T-

cell receptor (TCR) stimulation (5,6). This feature of exhausted CD8+ T cells prompted the 

development of immune checkpoint inhibitors (ICIs) targeting PD-1 and one of its ligands, PD-

L1 (11,12). Antibody-mediated blockade of PD-1–PD-L1 interactions restores the cytotoxic 

functions of CD8+ T cells in chronic infections and tumor models and is associated with 

improved control of viral and tumor loads (13-15). Clinically, ICIs, including anti-PD-1 or anti-

PD-L1 monoclonal antibodies (mAbs), have been proven to be effective in various cancer types 
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(16-20). 

In addition to CD8+ T cells, CD4+ T-cell function is relevant in a number of disease 

states, including cancer. CD4+ T cells perform a wide variety of functions within the adaptive 

immune system and are well known for their role as T helper (Th) cell subsets, including Th1, 

Th2 and Th17 cells, as well as the immune suppressive regulatory T (Treg) cell subset. 

Furthermore, it appears that certain CD4+ T cells are able to directly lyse tumor cells (21-24), 

and adoptive transfer of tumor-specific CD4+ T cells alone has demonstrated dramatic efficacy 

in some studies (25). Direct tumor cell recognition and killing by CD4+ T cells requires major 

histocompatibility complex (MHC) class II (MHC-II), and overexpression of MHC-II 

transactivator (CIITA) in tumor cells increased interferon-gamma (IFN-γ) and granzyme B 

production in CD4+ T cells and restricted tumor growth (23,24). 

Recent progress in single-cell RNA sequencing (scRNA-seq) has impacted broad areas 

of cancer research and improved our understanding of the tumor microenvironment (TME) 

(26,27), showing that such CD4+ T cells can also be liable to suffer exhaustion. Here, this 

review summarizes a variety of exhausted T-cell subsets in addition to general CD8+ T-cell 

exhaustion from these findings. 

 

General CD8+ T-cell exhaustion 

When antigen clearance fails and exposure is maintained, as observed in chronic 

infection or cancer, exhaustion in T cells may occur. Although exhausted CD8+ T cells retain 

the ability to recognize antigens through their TCRs, antigen exposure fails to elicit a robust, 

meaningful cytotoxic response (28). A primary feature of exhausted CD8+ T cells is the 

sustained coexpression of multiple inhibitory immune checkpoint molecules, leading to a 

dysfunctional state. The inhibitory immune checkpoint molecules include PD-1, T-cell 

immunoglobulin and mucin-domain containing-3 (TIM-3), lymphocyte-activation gene 3 
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(LAG-3), cytotoxic T lymphocyte–associated protein 4 (CTLA-4), B- and T-lymphocyte 

attenuator (BTLA), T-cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT), 

and SLAM family member 6 (SLAMF6) (29,30). These inhibitory receptors are known to be 

expressed in exhausted CD8+ T cells, with mounting checkpoint expression associated with 

more severe phenotypes (6). In addition to high expression of immune checkpoint molecules, 

exhaustion is also characterized by a common transcriptional, epigenetic, and metabolic 

program, leading to progressive loss of effector function (1). 

The typical characteristics of CD8+ T-cell exhaustion include antigen load-dependent 

and temporally progressive loss of effector activity (28,31), loss of proliferative capacity 

(32,33), altered expression of transcription factors (34), loss of antigen-independent 

homeostatic proliferation (35), and modified epigenetic landscapes (36,37) and metabolic 

requirements (38). In turn, PD-1 blockade has demonstrated the capacity to reverse features of 

the exhausted phenotype and restore T-cell proliferative and effector function (13). Recent 

evidence suggests that the exhausted phenotype in CD8+ T cells is not homogeneous and 

includes lineage-spanning, stage-like “progenitor” (PD-1intTIM-3loCXCR5+SLAMF6+) and 

“terminally differentiated” (PD-1hiTIM-3hiCXCR5-SLAMF6–) subtypes with varied capacities 

for effector function and proliferation among the subgroups (29,33). 

Whereas progenitor exhausted CD8+ T cells remain capable of co-producing multiple 

cytokines and can proliferate in vivo, terminally exhausted CD8+ T cells are limited to single-

cytokine production and upregulation of granzyme B. Furthermore, only progenitor exhausted 

subsets are reportedly capable of responding to PD-1 blockade with transcription factor T cell 

factor 1 (TCF1) expression, which has been linked to the preservation of effector functions 

(29,33). Loss of TCF1 with concomitant upregulation of multiple inhibitory immune 

checkpoint molecules is associated with the terminally differentiated exhaustion phenotype and 

a further decline in effector functions (29,33). 
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There are several other T-cell dysfunction states, such as anergy and senescence. T-cell 

anergy is generally described as an induced hyporesponsive state with low IL-2 production. T 

cells that are presented antigens along with suboptimal CD28 costimulation and/or high 

coinhibition result in anergic phenotypes, as characterized by their low IL-2 production and 

cell cycle arrest at the G1/S phase (39,40). It has been proposed that T-cell anergy serves to 

induce tolerance in the periphery and protect the host from developing autoimmune diseases 

(39,40). However, the downstream molecular mechanisms involved in the anergic state remain 

unclear. In addition, the lack of surface marker(s) to define anergic T cells makes it difficult to 

understand this dysfunctional state. 

Senescent T cells are characterized by telomere shortening, phenotypic change (loss of 

CD28 expression), and cell cycle arrest (41). Telomere shortening is an inherent byproduct of 

cellular division, which affects cellular function and leads to cell senescence (42). Cell cycle-

controlling proteins p16, p21, and p53 normally inhibit cell cycle progression and have been 

shown to accumulate in senescent cells. Furthermore, senescent T cells manifest defective 

killing abilities and the development of negative regulatory functions (41). In addition to low 

expression of CD28, high expression of TIM-3, CD57, and killer cell lectin-like receptor 

subfamily G, member 1 (KLRG-1) is thought to be associated with T-cell senescence (43). 

Compelling evidence demonstrates the coexistence of T-cell exhaustion, anergy, and 

senescence related to various diseases. Thus, further clarification of their pathogenic 

mechanisms is warranted. 

 

Differences in exhausted CD8+ T cells among diseases or species 

CD8+ T-cell exhaustion was first described in mouse chronic LCMV infection, whereas 

exhaustion occurs in many other human chronic viral infections, including HIV, HBV, and 

HCV, as well as both mouse and human cancers. Several differences in exhausted CD8+ T cells 
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among diseases or species have also been reported (7). 

In mouse chronic infection, a progenitor exhausted CD8+ T-cell subset was identified 

as a PD-1intTIM-3loCXCR5+SLAMF6+ subset with high TCF1 expression, and a terminally 

differentiated exhausted subset was identified as a PD-1hiTIM-3hiCXCR5-SLAMF6- subset 

with low TCF1 expression (44). Such a progenitor exhausted-like subset of human memory 

CD8+ T cells has recently been identified, and key molecules are TCF1 and CD127 in human 

chronic infection (45). In contrast, terminally differentiated exhausted CD8+ T cells in human 

chronic infection reportedly have high expression of CD39 and TIGIT (46). In murine tumors, 

TCF1 and SLAMF6 are reportedly key molecules in a progenitor subset, and TIM-3 increases 

in a terminally differentiated subset. TCF1 is also highly expressed in human tumor-infiltrating 

progenitor exhausted CD8+ T cells, and CD39, TIM-3, LAG-3, and TIGIT reportedly increase 

in human terminally differentiated exhausted CD8+ T cells in the TME (29,47). While common 

features are reported, including high TCF1 expression in a progenitor subset, there seem to be 

several differences (Table 1). Many factors, such as antigen quality and/or quantity, metabolic 

microenvironment, and interaction with other cells, can cause these differences. 

 

Which T cells attack tumor cells directly in the TME? 

Although tumor-infiltrating CD8+ T cells reportedly play a crucial role in antitumor 

immunity (19,20,48,49), not all tumor-infiltrating CD8+ T cells attack tumor cells, and they 

frequently contain nonspecific bystander T cells (50-52). Through their TCRs, T cells recognize 

cancer antigens presented on the MHC of the tumor cell (53,54). Thus, TCR analysis can be 

used to identify tumor-specific T cells. Indeed, a previous study demonstrated that tumor-

infiltrating PD-1+CD8+ T cells possess clonal TCR repertoires that respond to tumor cells, 

whereas tumor-infiltrating PD-1–CD8+ T cells rarely possess (55). Another study showed that 

T cells in tumor samples obtained from patients who respond to PD-1 blockade therapies 
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exhibit a highly skewed clonal TCR repertoire (49,56-60). Therefore, skewed T-cell clonotypes 

in the TME may represent tumor-specific T cells that directly attack tumor cells. 

Recent progress in scRNA-seq has made it possible to integrate transcriptome and TCR 

sequencing at the single-cell level (scTCR-seq) (26,27). Several recent studies using this 

technology have revealed that skewed CD8+ T-cell clonotypes bear high expression of 

exhaustion-related immune checkpoint molecules such as PD-1, TIM-3, and LAG-3 and that 

such exhausted clonotypes are expected to be tumor-specific (60-62). 

We used both scRNA-seq and scTCR-seq to analyze tumor-infiltrating T cells from 

melanoma patients treated with an anti-PD-1 mAb (63). Considerable amounts of clonally 

skewed T cells were observed in the TME. However, these skewed clonotypes included both 

exhausted CD8+ T-cell clusters and other clusters. The sensitive tumor samples had skewed 

clonotypes, especially in the exhausted CD8+ T-cell cluster. In contrast, T cells in the resistant 

sample had highly diverse clonotypes compared with those in the sensitive samples. Among 

skewed CD8+ T-cell clonotypes, exhausted clonotypes, but not non-exhausted clonotypes, 

responded to autologous tumor cell lines (63). In addition, following PD-1 blockade, tumor-

specific exhausted CD8+ T cells in the TME increased in a super-responder (63). These 

findings are consistent with recent studies (52,56,57). Hence, not all skewed CD8+ T-cell 

clonotypes — only exhausted ones — are tumor specific in this patient group, and PD-1 

blockade activates and increases such exhausted CD8+ T cells, resulting in PD-1 blockade-

mediated antitumor immunity. 

While a progenitor exhausted subset was first described in LCMV infection with 

improved persistence and increased expansion in response to PD-1 blockade, this subset has 

also been identified in the TME, as mentioned above. Particularly, a progenitor subset with 

capacities of coproducing multiple cytokines, proliferation, and responding to PD-1 blockade 

rather than a terminally differentiated exhausted subset among tumor-attacking exhausted 
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CD8+ T cells in the TME is reportedly related to the response to PD-1 blockade therapies (60). 

However, there are several conflicting reports, especially from human clinical samples, 

warranting further basic and clinical research (64). Indeed, both progenitor and terminally 

differentiated exhausted subsets seemed to increase after treatment with PD-1 blockade in our 

previous study (63). In addition to exhausted CD8+ T cells, follicular helper T cells and Treg 

cells in the TME, which express PD-1, also increased (63). From these findings, not only 

exhausted CD8+ T cells but also such other subsets in the TME should be considered under 

treatment with PD-1 blockade therapies. 

 

Exhausted CD4+ T cells 

CD4+ T cells are well known for their helper functions, including Th1, Th2 and Th17 

cells. A similar exhausted state to CD8+ T-cell exhaustion in chronic LCMV infection can exist 

in these CD4+ T-cell subsets. Compared with acute infections, chronic LCMV infections 

induce higher expression of immune checkpoint molecules in CD4+ T cells, and high 

expression of such molecules is observed in exhausted CD8+ T cells (65,66). Upregulation of 

these inhibitory receptors has also been identified in CD4+ T cells in other chronic infections. 

These results suggest a similar CD4+ T-cell exhaustion phenotype to CD8+ T-cell exhaustion 

(67,68). In addition to upregulation of co-inhibitory molecules, CD4+ T-cell differentiation in 

the presence of persistent antigen resulted in reduction of the antigen-specific population, 

reduced cytokine production, decreased motility of T cells, and poor responses upon a 

secondary challenge (65,69,70). As a result, CD4+ T-cell-mediated helper functions, such as 

licensing dendritic cells to prime CD8+ T cells, promotion of antibody class switching, 

activation of bacterial phagocytosis, recruitment of neutrophils, and induction of angiogenesis, 

are suppressed. After treatment with an anti-PD-1 mAb, such functions were recovered, 

although the recovery of function was inconsistent (65,69,70). These findings suggest the 
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existence of CD4+ T-cell exhaustion (Fig. 1). However, upregulation of inhibitory markers is 

not sufficient to call a cell exhausted because T-cell activation generally causes induction of 

inhibitory receptors. 

Similar to chronic infection, the expression of exhaustion-related immune checkpoint 

molecules (PD-1, CTLA-4, LAG-3, TIM-3 and TIGIT) has been observed in tumor-infiltrating 

CD4+ T cells of various solid tumors and hematologic malignancies (71,72). To further 

investigate the development of CD4+ T-cell exhaustion and differentiation states, several 

studies evaluated the transition from progenitor exhaustion (SLAMF6+TIM-3–) to terminal 

exhaustion (SLAMF6–TIM-3+) among CD4+ T cells using murine models. Downregulation of 

TCF1 and SLAMF6 in tumor-infiltrating CD4+ T cells compared with CD4+ T cells in the 

spleen indicated a tendency to differentiate into the terminally exhausted state in the TME, as 

was observed in CD8+ T cells. Furthermore, after treatment with PD-1 blockade, TCF1 

increased and TIM-3 and LAG-3 decreased in tumor-infiltrating CD4+ T cells, indicating 

induction of the progenitor exhausted subset (73). 

Another study has shown that terminal exhaustion in CD4+ T cells is represented by the 

expression of CD39 rather than TIM-3 (74). High expression of CD39 is reportedly a feature 

of CD8+ T-cell exhaustion in the TME (50). CD39+ T cells had higher PD-1 expression and 

produced fewer cytokines and/or a single cytokine than multiple cytokines. In addition, similar 

to CD8+ T-cell exhaustion, CD39+CD4+ T cells expressed the highest level of thymocyte 

selection-associated high mobility group box (TOX) and lost the expression of TCF1 (75). 

TOX, which is reportedly highly expressed in exhausted CD8+ T cells, can play an important 

role in CD4+ T-cell exhaustion because TOX has recently been found to initiate the epigenetic 

changes associated with the exhaustion phenotype (76). Epigenetic changes are hallmarks of 

CD8+ T-cell exhaustion, and these similar findings to CD8+ T-cell exhaustion promote further 

investigation into the epigenetic landscape of CD4+ T-cell exhaustion. 
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Several studies using tumor cells overexpressing CIITA, which permit CD4+ T-cell 

recognition of MHC-II-expressing tumors, have shown cytotoxic CD4+ T-cell subsets that 

directly attack tumor cells (23,24). In these models, upregulation of exhaustion-related immune 

checkpoint molecules in tumor-infiltrating CD4+ T cells was observed in addition to 

cytotoxicity, highlighting the role of exhaustion in the cytotoxic CD4+ T-cell subset (23,24). 

PD-1 blockade activated cytotoxicity mediated by such exhausted CD4+ T cells (23,24). Recent 

single-cell sequencing studies have shown cytotoxic CD4+ T cells in the TME from human 

MHC-II-expressing tumors (77). This subset expressed exhaustion-related immune checkpoint 

molecules, as was observed in tumor-infiltrating exhausted CD8+ T cells. We also identified a 

subset of cytotoxic CD4+ T cells with upregulation of exhaustion-related immune checkpoint 

molecules in the TME from human MHC-II-expressing tumors and validated this subset using 

mouse models (J. Nagasaki, Y. Togashi, unpublished data). 

 

Exhaustion-like Treg cells 

FOXP3+CD4+ Treg cells, a highly immune suppressive subset of CD4+ T cells, control 

many facets of the immune response, ranging from autoimmune diseases to cancer, and serve 

to maintain immune homeostasis (78,79). Given that Treg cells promote tumor progression in 

malignancies by suppressing antitumor immunity (79-81), the control of Treg cells by targeting 

factors that are specifically expressed by Treg cells and that influence Treg cell homeostasis 

and function has fundamental implications for understanding disease pathogenesis and 

developing therapeutic opportunities. Thus, manipulating Treg cells is a new cancer therapeutic 

strategy. 

Interestingly, high expression of exhaustion-related immune checkpoint molecules has 

also been observed in Treg cells in the TME (79,82-84). While ‘exhaustion’ is the intrinsic term 

used mainly to refer to effector T cells (1), these findings suggest that the exhaustion-like state 
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among CD4+ T cells may not be limited solely to conventional FOXP3–CD4+ T cells. When 

antigens for Treg cells are not cleared and their exposure is maintained, an exhaustion-like state 

may occur in Treg cells as well as other T-cell subsets. PD-1 inhibits excessive activation of T 

cells because it suppresses signals from the TCR and CD28 (a co-stimulator molecule) and 

renders them dysfunctional (85-87). Given that Treg cells in the TME exhibit high expression 

levels of PD-1, PD-1 blockade may activate the immune suppressive function of Treg cells. In 

line with this hypothesis, PD-1-deficient Treg cells possess noticeably strong immune 

suppressive activity to rescue the autoimmune phenotype (88). 

We have recently found that an anti-PD-1 mAb augmented Treg cell-mediated immune 

suppressive activity in a proportion of patients, which contributed to hyperprogression during 

PD-1 blockade therapy (84). In addition, PD-1+ Treg cells in the TME play an important role 

in resistance to PD-1 blockade therapies (89) (Fig. 2). Indeed, transcriptional profiling of 

tumor-infiltrating Treg cells has revealed that several genes were coexpressed with PD-1 and 

associated with IFN-γ production and exhaustion as well as enrichment in exhaustion 

signatures compared with circulating Treg cells (82). Thus, tumor-infiltrating PD-1+ Treg cells 

are dysfunctional and are so-called exhaustion-like Treg cells. 

Recently, we showed that Treg cells gained high PD-1 expression in highly glycolytic 

tumors, such as MYC high tumors and liver tumors (90). Treg cells actively absorbed lactic 

acid through monocarboxylate transporter 1, promoting translocation of the transcription factor 

NFAT1 into the nucleus, thereby enhancing the expression of PD-1, whereas PD-1 expression 

by effector T cells was dampened. PD-1 blockade invigorated PD-1+ Treg cells, resulting in 

treatment failure, and lactic acid in the highly glycolytic TME can be an active checkpoint for 

the function of Treg cells in the TME via upregulation of PD-1 expression, suggesting novel 

therapeutic targets (90). 
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Future directions 

CD8+ T cells in the TME play a crucial role in antitumor immunity, and exhausted CD8+ 

T cells reportedly directly attack tumor cells (63). Thus, many studies on T-cell exhaustion in 

antitumor immunity have focused on CD8+ T cells in the TME. Compared with CD8+ T cells, 

the impact of exhaustion in other T-cell subsets during cancer and other disease states remains 

relatively unclear. Current studies have provided mostly phenotypic data, necessitating 

investigations into additional criteria established for CD8+ T-cell exhaustion, such as metabolic 

profiles and epigenetic landscapes. As a result, we can determine whether other exhaustion-

like states comprise a distinct and progressing T-cell differentiation state. Further evaluation 

of specific factors is warranted to obtain more detailed biological insights into various 

exhausted T cells in the TME. 

Although we have proposed that exhaustion-like Treg cells occur in the TME, which 

can be related to resistance to PD-1 blockade therapies, it remains unclear whether the 

processes underlying CD4+ T-cell exhaustion are similar across different diseases and CD4+ T-

cell subsets or whether different transcriptional and/or epigenetic programs occur. Furthermore, 

to understand the relative contribution of each T-cell subset to antitumor immunity, we should 

investigate the potentially differential susceptibility of various T-cell subsets to exhaustion. 

Finally, examination of the dynamics of the initiation and progression of various types 

of exhaustion and assessment of the role of tumor cells and the TME will be particularly 

valuable to understand similarities and differences among a variety of exhaustion. These 

insights will help us to understand exhaustion and lead to therapeutic implications. 

 

Funding 

This study was supported by Grants-in-Aid for Scientific Research (B, 20H03694) from Japan 

Society for the Promotion of Science (JSPS); the Fusion Oriented Research for disruptive 



 

 14/20 

Science and Technology (21-211033868) from Japan Science and Technology Agency (JST); 

the Project for Cancer Research and Therapeutic Evolution (21 cm0106383); and the Practical 

Research for Innovative Cancer Control (19ck0106521h0001) from the Japan Agency for 

Medical Research and Development (AMED). 

 

Competing interests statement: Y. T. received research grants and honoraria from Ono 

Pharmaceutical and Bristol-Myers Squibb, research grants from KOTAI Biotechnologies, 

Daiichi-Sankyo and KORTUC, and honoraria from Chugai Pharmaceutical and MSD outside 

this work. 

 

  



 

 15/20 

References 

1 Blank, C. U., Haining, W. N., Held, W., et al. 2019. Defining 'T cell exhaustion'. Nat Rev 
Immunol 19:665. 

2 Gallimore, A., Glithero, A., Godkin, A., et al. 1998. Induction and exhaustion of 
lymphocytic choriomeningitis virus-specific cytotoxic T lymphocytes visualized using 
soluble tetrameric major histocompatibility complex class I-peptide complexes. J Exp 
Med 187:1383. 

3 Moskophidis, D., Lechner, F., Pircher, H., and Zinkernagel, R. M. 1993. Virus persistence 
in acutely infected immunocompetent mice by exhaustion of antiviral cytotoxic effector T  
cells. Nature 362:758. 

4 Zajac, A. J., Blattman, J. N., Murali-Krishna, K., et al. 1998. Viral immune evasion due to 
persistence of activated T cells without effector function. J Exp Med 188:2205. 

5 Wherry, E. J., Blattman, J. N., Murali-Krishna, K., et al. 2003. Viral persistence alters 
CD8 T-cell immunodominance and tissue distribution and results in distinct stages of 
functional impairment. J Virol 77:4911. 

6 Wherry, E. J. and Kurachi, M. 2015. Molecular and cellular insights into T cell 
exhaustion. Nat Rev Immunol 15:486. 

7 Collier, J. L., Weiss, S. A., Pauken, K. E., et al. 2021. Not-so-opposite ends of the 
spectrum: CD8+ T cell dysfunction across chronic infection, cancer and autoimmunity. 
Nat Immunol 22:809. 

8 Baitsch, L., Baumgaertner, P., Devêvre, E., et al. 2011. Exhaustion of tumor-specific CD8⁺ 
T cells in metastases from melanoma patients. J Clin Invest 121:2350. 

9 Budimir, N., Thomas, G. D., Dolina, J. S., and Salek-Ardakani, S. 2021. Reversing T-cell 
Exhaustion in Cancer: Lessons Learned from PD-1/PD-L1 Immune Checkpoint Blockade. 
Cancer Immunol Res 10 146. 

10 Schreiber, R. D., Old, L. J., and Smyth, M. J. 2011. Cancer immunoediting: integrating 
immunity's roles in cancer suppression and promotion. Science 331:1565. 

11 Brahmer, J. R., Tykodi, S. S., Chow, L. Q., et al. 2012. Safety and activity of anti-PD-L1 
antibody in patients with advanced cancer. N Engl J Med 366:2455. 

12 Topalian, S. L., Hodi, F. S., Brahmer, J. R., et al. 2012. Safety, activity, and immune 
correlates of anti-PD-1 antibody in cancer. N Engl J Med 366:2443. 

13 Barber, D. L., Wherry, E. J., Masopust, D., et al. 2006. Restoring function in exhausted 
CD8 T cells during chronic viral infection. Nature 439:682. 

14 Hirano, F., Kaneko, K., Tamura, H., et al. 2005. Blockade of B7-H1 and PD-1 by 
monoclonal antibodies potentiates cancer therapeutic immunity. Cancer Res 65:1089. 

15 Iwai, Y., Ishida, M., Tanaka, Y., et al. 2002. Involvement of PD-L1 on tumor cells in the 
escape from host immune system and tumor immunotherapy by PD-L1 blockade. Proc 
Natl Acad Sci U S A 99:12293. 

16 Brahmer, J., Reckamp, K. L., Baas, P., et al. 2015. Nivolumab versus Docetaxel in 
Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N Engl J Med 373:123. 

17 Borghaei, H., Paz-Ares, L., Horn, L., et al. 2015. Nivolumab versus Docetaxel in 
Advanced Nonsquamous Non-Small-Cell Lung Cancer. N Engl J Med 373:1627. 

18 Ferris, R. L., Blumenschein, G., Fayette, J., et al. 2016. Nivolumab for Recurrent 
Squamous-Cell Carcinoma of the Head and Neck. N Engl J Med 375:1856. 

19 Zou, W., Wolchok, J. D., and Chen, L. 2016. PD-L1 (B7-H1) and PD-1 pathway blockade 
for cancer therapy: Mechanisms, response biomarkers, and combinations. Sci Transl Med 
8:328rv4. 

20 Topalian, S. L., Drake, C. G., and Pardoll, D. M. 2015. Immune checkpoint blockade: a 
common denominator approach to cancer therapy. Cancer Cell 27:450. 

21 Xie, Y., Akpinarli, A., Maris, C., et al. 2010. Naive tumor-specific CD4(+) T cells 
differentiated in vivo eradicate established melanoma. J Exp Med 207:651. 

22 Quezada, S. A., Simpson, T. R., Peggs, K. S., et al. 2010. Tumor-reactive CD4(+) T cells 
develop cytotoxic activity and eradicate large established melanoma after transfer into 
lymphopenic hosts. J Exp Med 207:637. 

23 Nagasaki, J., Togashi, Y., Sugawara, T., et al. 2020. The critical role of CD4+ T cells in 
PD-1 blockade against MHC-II-expressing tumors such as classic Hodgkin lymphoma. 



 

 16/20 

Blood Adv 4:4069. 
24 McCaw, T. R., Li, M., Starenki, D., et al. 2019. The expression of MHC class II molecules 

on murine breast tumors delays T-cell exhaustion, expands the T-cell repertoire, and 
slows tumor growth. Cancer Immunol Immunother 68:175. 

25 Perez-Diez, A., Joncker, N. T., Choi, K., et al. 2007. CD4 cells can be more efficient at 
tumor rejection than CD8 cells. Blood 109:5346. 

26 Papalexi, E. and Satija, R. 2018. Single-cell RNA sequencing to explore immune cell 
heterogeneity. Nat Rev Immunol 18:35. 

27 Lim, B., Lin, Y., and Navin, N. 2020. Advancing Cancer Research and Medicine with 
Single-Cell Genomics. Cancer Cell 37:456. 

28 Fuller, M. J. and Zajac, A. J. 2003. Ablation of CD8 and CD4 T cell responses by high 
viral loads. J Immunol 170:477. 

29 Miller, B. C., Sen, D. R., Al Abosy, R., et al. 2019. Subsets of exhausted CD8+ T cells 
differentially mediate tumor control and respond to  checkpoint blockade. Nat Immunol 
20:326. 

30 Beltra, J. C., Manne, S., Abdel-Hakeem, M. S., et al. 2020. Developmental Relationships 
of Four Exhausted CD8+ T cell subsets reveals  underlying transcriptional and epigenetic 
landscape control mechanisms. Immunity 52:825. 

31 Fuller, M. J., Khanolkar, A., Tebo, A. E., and Zajac, A. J. 2004. Maintenance, loss, and 
resurgence of T cell responses during acute, protracted, and chronic viral infections. J 
Immunol 172:4204. 

32 Paley, M. A., Kroy, D. C., Odorizzi, P. M., et al. 2012. Progenitor and terminal subsets of 
CD8+ T cells cooperate to contain chronic viral infection. Science 338:1220. 

33 Blackburn, S. D., Shin, H., Freeman, G. J., and Wherry, E. J. 2008. Selective expansion of 
a subset of exhausted CD8 T cells by alphaPD-L1 blockade. Proc Natl Acad Sci U S A 
105:15016. 

34 Wherry, E. J., Ha, S. J., Kaech, S. M., et al. 2007. Molecular signature of CD8+ T cell 
exhaustion during chronic viral infection. Immunity 27:670. 

35 Shin, H., Blackburn, S. D., Blattman, J. N., and Wherry, E. J. 2007. Viral antigen and 
extensive division maintain virus-specific CD8 T cells during chronic infection. J Exp 
Med 204:941. 

36 Sen, D. R., Kaminski, J., Barnitz, R. A., et al. 2016. The epigenetic landscape of T cell 
exhaustion. Science 354:1165. 

37 Philip, M., Fairchild, L., Sun, L., et al. 2017. Chromatin states define tumour-specific T 
cell dysfunction and reprogramming. Nature 545:452. 

38 Bengsch, B., Johnson, A. L., Kurachi, M., et al. 2016. Bioenergetic Insufficiencies Due to 
Metabolic Alterations Regulated by the Inhibitory Receptor PD-1 Are an Early Driver of 
CD8(+) T Cell Exhaustion. Immunity 45:358. 

39 Schwartz, R. H. 1990. A cell culture model for T lymphocyte clonal anergy. Science 
248:1349. 

40 Greenwald, R. J., Boussiotis, V. A., Lorsbach, R. B., et al. 2001. CTLA-4 regulates 
induction of anergy in vivo. Immunity 14:145. 

41 Akbar, A. N. and Henson, S. M. 2011. Are senescence and exhaustion intertwined or 
unrelated processes that compromise immunity? Nat Rev Immunol 11:289. 

42 HAYFLICK, L. and MOORHEAD, P. S. 1961. The serial cultivation of human diploid cell 
strains. Exp Cell Res 25:585. 

43 Crespo, J., Sun, H., Welling, T. H., et al. 2013. T cell anergy, exhaustion, senescence, and 
stemness in the tumor microenvironment. Curr Opin Immunol 25:214. 

44 Im, S. J., Hashimoto, M., Gerner, M. Y., et al. 2016. Defining CD8+ T cells that provide 
the proliferative burst after PD-1 therapy. Nature 537:417. 

45 Galletti, G., De Simone, G., Mazza, E. M. C., et al. 2020. Two subsets of stem-like CD8+ 
memory T cell  progenitors with distinct fate commitments in humans. Nat Immunol 
21:1552. 

46 Wieland, D., Kemming, J., Schuch, A., et al. 2017. TCF1+ hepatitis C virus-specific CD8+ 
T cells are  maintained after cessation of chronic antigen stimulation. Nat Commun 
8:15050. 

47 Siddiqui, I., Schaeuble, K., Chennupati, V., et al. 2019. Intratumoral Tcf1+PD-1+CD8+ T 
cells with stem-like  properties promote tumor control in response to vaccination 



 

 17/20 

and   checkpoint blockade immunotherapy. Immunity 50:195. 
48 Herbst, R. S., Soria, J. C., Kowanetz, M., et al. 2014. Predictive correlates of response to 

the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature 515:563. 
49 Tumeh, P. C., Harview, C. L., Yearley, J. H., et al. 2014. PD-1 blockade induces responses 

by inhibiting adaptive immune resistance. Nature 515:568. 
50 Simoni, Y., Becht, E., Fehlings, M., et al. 2018. Bystander CD8+ T cells are abundant and 

phenotypically distinct in human tumour infiltrates. Nature 557:575. 
51 Scheper, W., Kelderman, S., Fanchi, L. F., et al. 2019. Low and variable tumor reactivity 

of the intratumoral TCR repertoire in human cancers. Nat Med 25:89. 
52 Oliveira, G., Stromhaug, K., Klaeger, S., et al. 2021. Phenotype, specificity and avidity of 

antitumour CD8+ T cells in melanoma. Nature 596:119. 
53 Hulpke, S. and Tampe, R. 2013. The MHC I loading complex: a multitasking machinery 

in adaptive immunity. Trends Biochem Sci 38:412. 
54 Coulie, P. G., Van den Eynde, B. J., van der Bruggen, P., and Boon, T. 2014. Tumour 

antigens recognized by T lymphocytes: at the core of cancer immunotherapy. Nat Rev 
Cancer 14:135. 

55 Gros, A., Robbins, P. F., Yao, X., et al. 2014. PD-1 identifies the patient-specific CD8⁺ 
tumor-reactive repertoire infiltrating human tumors. J Clin Invest 124:2246. 

56 Yost, K. E., Satpathy, A. T., Wells, D. K., et al. 2019. Clonal replacement of tumor-specific 
T cells following PD-1 blockade. Nat Med 25:1251. 

57 Bassez, A., Vos, H., Van Dyck, L., et al. 2021. A single-cell map of intratumoral changes 
during anti-PD1 treatment of patients with breast cancer. Nat Med 27:820. 

58 Amaria, R. N., Reddy, S. M., Tawbi, H. A., et al. 2018. Neoadjuvant immune checkpoint 
blockade in high-risk resectable melanoma. Nat Med 24:1649. 

59 Forde, P. M., Chaft, J. E., Smith, K. N., et al. 2018. Neoadjuvant PD-1 Blockade in 
Resectable Lung Cancer. N Engl J Med 378:1976. 

60 Sade-Feldman, M., Yizhak, K., Bjorgaard, S. L., et al. 2018. Defining T Cell States 
Associated with Response to Checkpoint Immunotherapy in Melanoma. Cell 175:998. 

61 Tirosh, I., Izar, B., Prakadan, S. M., et al. 2016. Dissecting the multicellular ecosystem of 
metastatic melanoma by single-cell RNA-seq. Science 352:189. 

62 Li, H., van der Leun, A. M., Yofe, I., et al. 2019. Dysfunctional CD8 T Cells Form a 
Proliferative, Dynamically Regulated Compartment within Human Melanoma. Cell 
176:775. 

63 Nagasaki, J., Inozume, T., Sax, N., et al. 2022. PD-1 blockade therapy promotes 
infiltration of tumor-attacking exhausted T cell clonotypes. Cell Rep 38:110331. 

64 Kim, C. G., Kim, G., Kim, K. H., et al. 2021. Distinct exhaustion features of T 
lymphocytes shape the tumor-immune microenvironment with therapeutic implication in 
patients with non-small-cell lung cancer. J Immunother Cancer 9:e002780. 

65 Aubert, R. D., Kamphorst, A. O., Sarkar, S., et al. 2011. Antigen-specific CD4 T-cell help 
rescues exhausted CD8 T cells during chronic viral infection. Proc Natl Acad Sci U S A 
108:21182. 

66 Miggelbrink, A. M., Jackson, J. D., Lorrey, S. J., et al. 2021. CD4 T-Cell Exhaustion: Does 
It Exist and What Are Its Roles in Cancer? Clin Cancer Res 27:5742. 

67 Crawford, A., Angelosanto, J. M., Kao, C., et al. 2014. Molecular and transcriptional basis 
of CD4⁺ T cell dysfunction during chronic infection. Immunity 40:289. 

68 Hwang, S., Cobb, D. A., Bhadra, R., et al. 2016. Blimp-1-mediated CD4 T cell exhaustion 
causes CD8 T cell dysfunction during chronic toxoplasmosis. J Exp Med 213:1799. 

69 Brooks, D. G., Teyton, L., Oldstone, M. B., and McGavern, D. B. 2005. Intrinsic functional 
dysregulation of CD4 T cells occurs rapidly following persistent viral infection. J Virol 
79:10514. 

70 Zinselmeyer, B. H., Heydari, S., Sacristán, C., et al. 2013. PD-1 promotes immune 
exhaustion by inducing antiviral T cell motility paralysis. J Exp Med 210:757. 

71 Sasidharan Nair, V., Toor, S. M., Taha, R. Z., et al. 2020. Transcriptomic Profiling of 
Tumor-Infiltrating CD4＋TIM-3+ T cells reveals  their suppressive, exhausted, and 
metastatic characteristics in colorectal cancer   patients. Vaccines (Basel) 8:17. 

72 Rad Pour, S., Morikawa, H., Kiani, N. A., et al. 2019. Exhaustion of CD4+ T-cells 
mediated by the Kynurenine Pathway in Melanoma. Sci Rep 9:12150. 



 

 18/20 

73 Fu, J., Yu, A., Xiao, X., et al. 2020. CD4+ T cell exhaustion leads to  adoptive transfer 
therapy failure which can be prevented by immune checkpoint 

blockade. Am J Cancer Res 10:4234. 
74 Balança, C. C., Salvioni, A., Scarlata, C. M., et al. 2021. PD-1 blockade restores helper 

activity of tumor-infiltrating, exhausted PD-1hiCD39+ CD4 T cells. JCI Insight 6. 
75 Sekine, T., Perez-Potti, A., Nguyen, S., et al. 2020. TOX is expressed by exhausted and 

polyfunctional human effector memory CD8+ T cells. Sci Immunol 5:eaba7918. 
76 Khan, O., Giles, J. R., McDonald, S., et al. 2019. TOX transcriptionally and epigenetically 

programs CD8+ T cell exhaustion. Nature 571:211. 
77 Oh, D. Y., Kwek, S. S., Raju, S. S., et al. 2020. Intratumoral CD4+   T Cells Mediate Anti-

tumor Cytotoxicity in Human Bladder Cancer. Cell 181:1612. 
78 Sakaguchi, S., Sakaguchi, N., Asano, M., et al. 1995. Immunologic self-tolerance 

maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). 
Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases. 
J Immunol 155:1151. 

79 Togashi, Y., Shitara, K., and Nishikawa, H. 2019. Regulatory T cells in cancer 
immunosuppression - implications for anticancer therapy. Nat Rev Clin Oncol 16:356. 

80 Onizuka, S., Tawara, I., Shimizu, J., et al. 1999. Tumor rejection by in vivo 
administration of anti-CD25 (interleukin-2 receptor alpha) monoclonal antibody. Cancer 
Res 59:3128. 

81 Shimizu, J., Yamazaki, S., and Sakaguchi, S. 1999. Induction of tumor immunity by 
removing CD25+CD4+ T cells: a common basis between tumor immunity and 
autoimmunity. J Immunol 163:5211. 

82 Lowther, D. E., Goods, B. A., Lucca, L. E., et al. 2016. PD-1 marks dysfunctional 
regulatory T cells in malignant gliomas. JCI Insight 1:e85935. 

83 Kalathil, S. G., Wang, K., Hutson, A., et al. 2020. Tivozanib mediated inhibition of c-
Kit/SCF signaling on Tregs and MDSCs and reversal of tumor induced immune 
suppression correlates with survival of HCC patients. Oncoimmunology 9:1824863. 

84 Kamada, T., Togashi, Y., Tay, C., et al. 2019. PD-1+ regulatory T cells amplified by PD-1 
blockade promote hyperprogression of cancer. Proc Natl Acad Sci U S A 116:9999. 

85 Yokosuka, T., Takamatsu, M., Kobayashi-Imanishi, W., et al. 2012. Programmed cell 
death 1 forms negative costimulatory microclusters that directly inhibit T cell receptor 
signaling by recruiting phosphatase SHP2. J Exp Med 209:1201. 

86 Hui, E., Cheung, J., Zhu, J., et al. 2017. T cell costimulatory receptor CD28 is a primary 
target for PD-1-mediated inhibition. Science 355:1428. 

87 Kamphorst, A. O., Wieland, A., Nasti, T., et al. 2017. Rescue of exhausted CD8 T cells by 
PD-1-targeted therapies is CD28-dependent. Science 355:1423. 

88 Zhang, B., Chikuma, S., Hori, S., et al. 2016. Nonoverlapping roles of PD-1 and FoxP3 in 
maintaining immune tolerance in a novel autoimmune pancreatitis mouse model. Proc 
Natl Acad Sci U S A 113:8490. 

89 Kumagai, S., Togashi, Y., Kamada, T., et al. 2020. The PD-1 expression balance between 
effector and regulatory T cells predicts the clinical efficacy of PD-1 blockade therapies. 
Nat Immunol 21:1346. 

90 Kumagai, S., Koyama, S., Itahashi, K., et al. 2022. Lactic acid promotes PD-1 expression 
in regulatory T cells in highly glycolytic tumor microenvironments. Cancer Cell 40:201. 

 
  



 

 19/20 

Figures and figure legends 
Fig. 1. CD4+ T-cell exhaustion. Exhaustion in CD4+ T cells reportedly has negative effects on 
proliferation, cytokine production, cytotoxicity, B-cell help and CD8+ T-cell effector functions. 
CD4+ T cells with reduced effector functions upregulate exhaustion-related immune 
checkpoint molecules, such as PD-1 and TIM-3, paralleling phenotypes observed in exhausted 
CD8+ T cells. APC, antigen-presenting cell. 
 
Fig. 2. Exhaustion-like Treg cells and PD-1 blockade. PD-1 expression inhibits TCR and 
CD28 signals in Treg cells and thereby attenuates Treg cell-mediated immune 
suppression (left). PD-1 blockade increases TCR and CD28 signaling in Treg cells and 
thereby enhances their proliferation and suppressive activity. Strong immune 
suppression by such expanded and activated Treg cells hampers the activation of CD8+ 
T cells (right). APC, antigen-presenting cell. 
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Table 1. Features of exhausted CD8+ T cells in chronic infection and cancer 
 Chronic infection Cancer 
 Mouse (LCMV 

clone 13) 
Human (HIV, 
HBV, HCV) Mouse Human 

Antigen Viral antigen Viral antigen OVA, 
neoantigen, and 
self-antigen 

Neoantigen and 
self-antigen 

Key 
molecules 

Progenitor: 
TCF1+, 
SLAMF6+, 
CXCR5+ 
Terminal: TIM-
3+ 

Progenitor: 
TCF1+, CD127+ 
Terminal: 
TCF1-, CD127- 

Progenitor: 
TCF1+, 
SLAMF6+ 
Terminal: TIM-
3+ 

Progenitor: 
TCF1+, CCR7+, 
CXCR5+ 
Terminal: TIM-
3+, CD39+ 

Inhibitory 
receptors 

Progenitor: PD-
1int, TIM-3lo, 
LAG-3lo, 
TIGITlo 
Terminal: PD-
1hi, TIM-3hi, 
LAG-3hi, 
TIGIThi 

Terminal: PD-
1hi, CD39hi, 
TIGIThi 

Progenitor: PD-
1int, TIM-3lo 
Terminal: PD-
1hi, TIM-3hi, 
CD39hi, 
TIGIThi, CTLA-
4hi 

Progenitor: PD-
1int, TIM-3lo  
Terminal: PD-
1hi, TIM-3hi, 
LAG-3hi, 
CD39hi, 
TIGIThi, CTLA-
4hi 
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