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Abstract

Host immunity has an essential role in the clinical management of cancers. Therefore, it is 

advantageous to choose therapies that can promote tumor cell death and concurrently boost host 

immunity. The dynamic tumor microenvironment (TME) determines whether an antineoplastic 

drug will elicit favorable or disparaging immune responses from tumor-infiltrating lymphocytes 

(TILs). CD8+ T cells are one of the primary tumor-infiltrating immune cells that deliver antitumor 

responses. Here, we review the influence of various factors in the TME on CD8+ T cell exhaustion 

and survival, and possible strategies for restoring CD8+ T cell effector function through 

immunotherapy.

Teaser:

Cancer therapies influence tumor microenvironment (TME) plasticity and alter CD8+ T cell-

mediated antitumor responses. Therefore, an understanding of TME plasticity and its impact on 

the immune system is crucial for designing a successful cancer therapy.
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Introduction

The proper understanding of host immunity and its role in cancer is crucial for successful 

cancer therapy. Considering the enormous importance of the immune system in cancer 

therapy, several immunomodulatory drugs and immunotherapeutic agents have been used to 
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treat various malignancies. Typical examples of immunomodulatory agents are cytokines, 

including interferons (IFNs), interleukin-2 (IL-2), IL-11, granulocyte-macrophage colony-

stimulating factor (GM-CSF), and erythropoietin [1]. The classical example of 

immunomodulatory drugs in clinical use are thalidomide, lenalidomide, and pomalidomide 

[2]. These three drugs induce the cellular release of IL-2 [2]. Similar to immunomodulating 

drugs, the US Food and Drug Administration (FDA) has approved immune checkpoint 

inhibitors that can target T cell co-inhibitory molecules, including cytotoxic T lymphocyte-

associated antigen 4 (CTLA-4), programmed cell death protein (PD-1), and programmed 

death-ligand 1 (PD-L1). These immunotherapeutics have proven efficacy in enhancing T 

cell-mediated antitumor effects in various malignancies, including melanoma, nonsmall cell 

lung cancer (NSCLC), and other cancers [3]. CTLA-4 and PD-1 regulate both peripheral and 

tumor-infiltrating T cells. In the peripheral immune system, CTLA-4 regulates the 

proliferation of T cells in lymph nodes during the early immune response. However, PD-1 

works during the later phase of immune response and inhibits T cell function [4]. CTLA-4 is 

expressed mainly on regulatory T cells (Tregs); within the tumors, however, PD-1 is 

primarily expressed on exhausted T cells [3]. Several tumors express PD-L1 and interact 

with T cells expressing PD-1; this interaction promotes compromised T cell effector 

function [5].

Tumor cells favor creating a protumorigenic local environment, also known as the TME. The 

TME encompasses lymphatic and blood vessels, extracellular matrix (ECM), stromal cells 

(e.g., fibroblasts), lymphocytes, neutrophils, natural killer (NK) cells, NK-T cells, tumor-

associated macrophages (TAMs), RNAs, secreted proteins, and small organelles [6]. Based 

on the presence of immune cells, TMEs are classified as inflamed, immunological ignorant, 

or immune desert [7]. Based on the presence and absence of T cell infiltrates, the inflamed 

TME can be divided into T cell-inflamed versus non-T cell-inflamed TME. T cell-inflamed 

TME contains T cells and its subsets and chemokines [8]. It also contains macrophages, B 

cells, and plasma cells, whereas the non-T cell-inflamed TME consists mainly of 

macrophages [9]. By contrast, immunological-ignorant TME lacks activation markers on T 

cells. Immunological ignorance indicates a state in which adaptive immune system 

components are unable to recognize or respond to pathogens or tumor antigens [10]. The 

immune-desert TME is the immune-neglected region within the tumor that lacks functional 

effector T cells [11].

The reprogramming of TME residents directly or indirectly affects the immune and stromal 

cells, which consequently regulates the growth and survival of cancer cells [12]. The TME 

can be considered a combat zone in which host immune and non-immune cells interact with 

tumor cells, and several soluble mediators, including ILs, are released. Tumor cell plasticity 

induces polarization of the TME in either an immunosuppressive or inflammatory direction. 

The immunosuppressive landscape of TME attenuates the antitumor immunity of the host, 

leading to tumor progression and cancer cell growth [13]. The importance of the TME is 

exemplified in neuroblastoma, which primarily affects children. Although the MYCN 

oncogene is mutated in many patients, MYCN-targeted therapy fails to influence 

neuroblastoma. However, MYCN mutation is not solely responsible for neuroblastoma 

malignancies; the TME also contributes substantially to neuroblastoma tumorigenesis and, 

thus, strategies to target both tumor cells and TME should be considered [14,15]. Similar to 
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MYCN, c-MYC is another proto-oncogene with an important role in regulating the immune 

response in the TME [16]. c-MYC impedes cancer immunotherapy and, therefore, the Myc 

inhibitor, MYCi361 and its improved analog, MYCi975, can sensitize tumors to anti-PD1 

immunotherapy [17]. In contrast to c-MYC, loss of phosphatase and tensin homolog (PTEN) 

in the tumor is associated with an immunosuppressive TME [18]. Similar to the loss of 

PTEN, the loss of liver kinase B1 (LKB1), a serine/threonine kinase, has also been reported 

to regulate TME and causes dysregulation of cytokine and chemokine secretion, including 

CCL2, and increased recruitment of protumorigenic macrophages [19].

The immunotherapeutic approach to induce tumor cell death by tumor-infiltrating T cells, 

targeting specific antigens expressed on tumor cells, is an emerging area to treat different 

malignancies. Recent studies showed that the exhaustion and functional impairments of T 

cells in TME are defining features of many cancers. Therefore, a thorough understanding of 

the intrinsic properties if T cells, such as their survival and effector functions, will be 

fundamental for restoring an antitumor immune response [20]. The presence of immune 

cells, especially T cells within TME, determines whether the tumor is hot (T cell inflamed) 

or cold (T cell non-inflamed) [8]. Hot tumors express chemokines, T cell markers, and IFN I 

signatures that regulate overall tumor immunity [8]. The importance of TIL in tumor 

immunity is illustrated by metastatic melanoma, in which T cell infiltration is considered as 

a prognostic biomarker in response to therapy. However, the analysis of intertumoral CD8+ 

T cell counts showed heterogeneity for synchronous and metachronous metastases. In 

synchronous tumors, CD8+ T cell density was comparable; however, in metachronous 

tumors, CD8+ T cell density was variable [21]. These observations suggest that 

heterogeneity in CD8+ T cell infiltration into tumors governs differential immunity.

Tumor immunity is a multistep process. During the initial stage, tumor cells with oncogenic 

mutation(s) express specific antigens that distinguish cancer cells from healthy cells and 

help immune cells (i.e., antigen-presenting cells; APCs) recognize the specific tumor 

antigens. APCs present tumor antigens to T cells in the lymph nodes, and this interaction 

between APCs and T cells results in T cell priming and activation. The activated T cells 

migrate and infiltrate into the tumor via the circulation. The tumor-infiltrating T cells 

recognize specific antigen(s) on cancer cells and eventually destroy them. The dying tumor 

cells further release antigen(s), which ensures the tumor immunity cycle [22]. Several 

factors, including cytokines, kinases, and cellular metabolites, regulate the survival and 

effector function of tumor-infiltrating T cells. In this review, we discuss various TME-

derived factors that influence tumor-infiltrating CD8+ T cell dysfunction and consider 

different strategies that can help to restore their function and survival to further enhance 

immunotherapy efficacy.

Infiltration of CD8+ T cells in solid tumors

Crosstalk between the peripheral immune system and TME is crucial for the antitumor 

responses of effector CD8+ T cells. Therefore, the proper understanding of peripheral and 

tumor-infiltrating T cells is crucial from a therapeutic perspective. The priming, expansion, 

and migration of T cells specific to tumor antigens occur in the local peripheral lymphoid 

organ, especially in tumor-draining lymph nodes (dLN). dLN-resident T cells are activated 
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by soluble antigens of the tumor, tumor fragments, and apoptotic tumor cells. Dendritic cells 

(DCs) can also carry tumor antigenic peptides from the tumor to dLN [23]. During the late 

stages of cancer, CD8+ T cells in lymphoid organs of tumor-bearing mice and patients lose 

their effector function, ultimately diminishing the antitumor response [24]. TILs are one of 

the integral and essential components of the TME. Tumor-infiltrating mononuclear immune 

cells constitute a significant fraction of TILs and serve as a predictive indicator of drug 

efficacy in several cancers. TILs have an essential role in creating either pro- or anti-

tumorigenic TME, affecting tumor progression and therapy resistance [25]. T lymphocytes 

are significant components of TILs, of which CD4+, CD8+ and Tregs are frequently 

observed in various cancer. CD8+ T cells have a crucial role in host antitumor immune 

responses in conjunction with CD4+ T cells. CD8+ T cells release granzyme B, perforin, and 

IFN-γ, and act as cytotoxic cells that ultimately kill cancer cells. Analyses of Cancer 

Genome Atlas (TCGA) data sets using Oncomine Platform (Thermo Fisher, Ann Arbor, MI, 

USA) for CD8 gene expression in malignancies such as brain, breast, colorectal (CRC), and 

ovarian tumors, indicated that CD8 gene expression is downregulated in the brain, CRC, and 

ovarian cancer, but unaltered in breast cancer (Figure 1a–d). However, analyses in melanoma 

and lung cancers using TCGA data sets suggested no major difference in CD8A copy 

number between normal and malignant tissues (Figure 1e,f). The TCGA data sets indicate 

heterogeneity of CD8 gene expression in different malignancies. Tumor-residing CD8+ T 

cells (TILs) are mainly memory T cells and, therefore, are called tissue-resident memory 

(TRM) T cells. TRM cells are characterized by the high expression of surface markers 

CD103 and/or CD49a integrins, and T cell activation marker, CD69 [26]. Mechanisms of 

antigen-specific CD8+ T cell activation, expansion, and migration into the tumor are 

presented in Figure 2.

Apart from TRM T cells, there are several other phenotypes of CD8+ T cells in the TME. 

Notably, the stem-like CD8+ T cell phenotype is considered to be important for antitumor 

responses [6]. Stem-like CD8+ T cells differentiate into effector cytotoxic CD8+ T cells and 

localize in the tumor niche, where APC populations are abundant [6]. However, there are 

some malignancies in which APCs within tumors are minimal and correspond to reduced 

CD8+ T cell infiltration, leading to immune escape by tumors. In the absence of adequate 

APCs, the activation of CD8+ T cells is considerably compromised.

Interestingly, tumor-infiltrating CD8+ T cells can also serve as a bystander activation where 

T cells activated for a specific antigen can also respond against unrelated antigen(s) [27]. For 

example, in CRC and lung cancer, tumor-infiltrating CD8+ T cells show reactivity with 

tumor antigens as well as unrelated antigens, such as Epstein–Barr virus (EBV), human 

cytomegalovirus (HCMV), or influenza virus [28]. The presence of bystander CD8+ T cells 

in a tumor might prevent its immune escape. The latter is a protumor phenomenon that leads 

to tumor cell growth and survival, and failure to respond to the antitumor responses triggered 

by CD8+ T cells. The decreased infiltration of CD8+ T cells is also regulated by immune 

suppressive mechanisms, mediated via indoleamine-2, 3-dioxygenase (IDO), PD-L1/B7-H1, 

and FoxP3+ Tregs [29]. Cancer radiotherapy also affects the tumor infiltration of CD8+ T 

cells. Radiotherapy causes blood vessel damage in the TME, which permits infiltration of 

TAMs, myeloid-derived suppressor cells (MDSCs), and Tregs that ultimately attenuate 

CD8+ T cell infiltration into the tumor, inducing immunosuppression [30]. Tumor-
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infiltrating CD8+ T cells are prognostically and predictively important in breast 

malignancies [31]. The predictive value of TILs is particularly relevant in triple-negative 

breast cancers (TNBCs) and human epidermal growth factor receptor 2 (HER2+) breast 

cancers [32]. TNBCs are lymphocyte-predominant breast cancers, showing clusters of 

lymphocyte infiltrates [33]. Interestingly, T cell infiltration into TNBC tumors is associated 

with overall survival [34]. However, in HER2+ breast cancer, lymphocyte infiltration is not 

directly correlated with survival [35]. Similar to TNBCs, increased TILs and decreased 

Tregs correlate with improved survival in patients with ovarian cancer [36]. Unlike TNBC, 

pancreatic ductal adenocarcinoma (PDAC) lacks a defined tumor infiltration of CD8+ T 

cells; however, PDAC TME is flooded with inflammatory cells. In PDAC, the presence of 

inflammatory infiltrates in TME accelerates tumor growth and metastasis and suppresses the 

effector function of cytotoxic CD8+ T cells [37]. These examples collectively suggest that 

tumor-infiltrating CD8+ T cells have an essential role in tumor regression and overall 

survival. However, the heterogeneous infiltration of CD8+ T cells into tumors remains 

unclear in different tumors. This distribution could be regulated by several factors, including 

cytokine milieu in TME, the status of protein kinases, and alteration of metabolic status.

Cytokines and its role in CD8+ T cell infiltration into tumor

Cytokines are a group of small secretory proteins made by various types of cell, including 

immune and tumor cells. Cytokines are crucial regulators of TME plasticity and have a 

significant role in CD8+ T cell infiltration and effector function (Table 1). IL-2 regulates 

CD8+ T cell activation and proliferation and induces CD8+ T cell-mediated anti-tumor 

responses [38]. It also synergizes with IL-12 and IFN-γ in the augmenting cytotoxic 

function of tumor-infiltrating CD8+ T cells [39]. In contrast to these cytokines, several other 

cytokines, including IL-10 and IL-35, suppress the antitumor function of tumor-infiltrating 

CD8+ T cells [40]. IL-10 is an immunosuppressive cytokine that affects CD8+ T cell tumor 

reactivation mainly via tempering IFN-γ production [41]. IL-10 and IL-35 are released by 

Tregs and upregulate co-inhibitory proteins, such as PD-1, PD-L1, and CTLA-4 expression 

on tumor-infiltrating CD8+ T cells. T cell co-inhibitory molecules promote dysfunction in T 

cell activation, expansion, effector function, and survival. The combined network of IL-10 

and IL-35 co-inhibitory proteins suppresses the effector function and induces exhaustion in 

tumor-infiltrating CD8+ T cells [40]. In addition to releasing IL-10 and IL-35, Tregs also 

interact with CD11c+ DCs and diminish the activation and expansion of CD8+ T cells in the 

tumor. Recent studies showed that depletion of Tregs in PDAC increases the infiltration of 

IFN-γ-producing cytotoxic CD8+ T cells into the tumor [42]. Another essential cytokine, 

transforming growth factor-beta (TGF-β), is also reported to have roles in tumor growth/

survival and host immunity. TGF-β induces immunosuppression in the host and helps the 

tumor escape from the immune system [43]. Thus, it has been reported that TGF-β 
attenuation promotes CD8+ T cell-mediated antitumor responses [43]. Similarly, a study in a 

murine model of PDAC showed that adoptive transfer of TGFβ-insensitive CD8+ T cells 

induced tumor regression [44]. IL-4 and IL-12 similarly affect CD8+ T cell effector function 

adversely by influencing the expansion of CD8+ Tregs with Foxp3−IL-10+ phenotype [45]. 

Tumor necrosis factor alpha (TNF-α) released by cancer and stromal cells is reported to 

induce apoptosis in tumor-infiltrating CD8+ T cells [46].
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Alongside immunosuppressive cytokines, in TME, anti-inflammatory cytokines are present 

that help to restore cytotoxic CD8+ T cell function. The pleiotropic cytokine, IL-15, is 

secreted by various immune and non-immune cell types and is associated with inflammation 

and defensive immunity [47]. IL-15 induces NK, NK-T, and cytotoxic CD8+ T cells, and is 

considered a potential candidate for cancer immunotherapy [48]. The role of IL-15 in 

promoting antitumor responses has been shown in ovarian cancer. Ovarian tumor antigen 

loaded on cytokine-matured human DCs, along with a combination of IL-15 and a p38 

inhibitor, induced CD4+Th17-mediated responses and CD8+ T cell cytotoxicity [49]. Th17 

helper cells are a subset of CD4+ T cells that release a proinflammatory cytokine, IL-17, 

which also increases antitumor immunity. In an ovarian cancer model, IL-17 in TME 

induced an antitumor immune responses [49]. IL-18, also known as IFN-γ-inducing factor 

(IGIF), is an antitumor cytokine and promotes T cell activation [50]. In syngeneic and 

humanized tumor models, blockade of ectoenzyme CD39 induced the release of active IL-18 

and prompted the expansion of tumor-infiltrating CD8+ effector T cells [51]. Therefore, 

there is growing interest in identifying cytokines in the TME to understand their functions in 

regulating tumor-infiltrating CD8+ T cells and that could be used to alter TME dynamics to 

restore the antitumor efficacy of CD8+ T cells.

Small-molecular-weight cytokines, also known as chemokines, have a regulatory role in T 

cell migration. Effector T cell migration is a crucial step required for antitumor response. 

Chemokines regulate the infiltration of T cells in the TME. The association between T cell 

infiltration and chemokine receptor CXCR3 and ligands CXCL9, CXCL10, and CXCL11 in 

recruiting CD8+ T cells, Th1 cells, and NK cells has been reported in tumors [52]. 

Chemokines expressed in melanomas include CCL2, CCL3, CCL4, CCL5, CCL19, CCL21, 

CXCL9, CXCL10, CXCL11, and CXCL13, and are associated with infiltration of 

lymphocytes [53]. Interestingly, CD8β transcript expression is tightly associated with the 

higher expression of CCL2, CCL4, CCL5, CCL19, CCL21, CXCL9, CXCL10, CXCL11, 

CXCL13, and XCL2 in lymphocytes infiltrating melanoma tumors [53]. Given the crucial 

role of cytokines/chemokines in regulating antitumor responses of CD8+ T cells, cytokine-

based therapy has been used in various cancers. One of the first cytokine-based therapies in 

cancer was IL-2-based therapy. Systemic IL-2 treatment has been used to induce an 

anticancer immune response in metastatic melanoma and renal cancer; however, systemic 

IL-2 (i.e., aldesleukin) treatment is associated with toxicity [54]. However, the low-dose 

IL-2-derivative PEGylated IL-2 (i.e., NKTR-214) showed promising antitumor efficacy with 

acceptable toxicity [54]. These emerging results suggest a promising therapeutic future for 

cytokine-based cancer therapy to improve T cell-mediated antitumor effects.

Immunotherapeutics to potentiate tumor-infiltrating CD8+ T cells

Significant research has focused on finding immunotherapeutic approaches to increase and 

restore functions of tumor-infiltrating CD8+ T cells for cancer therapy. CD8+ T cell 

dysfunction is relatively common in solid tumors and, therefore, several approaches have 

been suggested to increase CD8+ T cell infiltration and restore its functions. Some of the 

methods tested include the therapeutic use of checkpoint inhibitor (CPI) antibodies, T cell 

co-stimulatory molecules, agonistic antibodies, chimeric antigen receptor (CAR)-T cells, 

TCR-transduced T cells, and TIL-based cancer therapy (Figure 3).
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Targeting the T cell co-inhibitory axis for cancer therapy

The expression of T cell co-inhibitory molecules (PD1, PD-L1, and CTLA-4) is reported to 

attenuate T cell activation, functions, and survival. Importantly, blockade of these co-

inhibitory molecules reprograms T cell functions in several cancers [55]. However, such 

blockade has shown limited benefit against certain types of hematological and solid cancer.

The T cell co-inhibitory molecules, CTLA-4, and PD1, are crucial regulators of central and 

peripheral tolerance. T cell progenitors originate from bone marrow and undergo 

development in the thymus, where immature T cells proliferate and generate a range of 

TCRs because of the recombination of TCR gene segments [56]. The T cells that can bind to 

self-antigens are deleted to prevent autoreactivity through a process termed ‘central 

tolerance’. Although this is useful to prevent autoimmune reactivity, it is not suitable for the 

anticancer response [57]. CTLA-4 is involved significantly in central tolerance and, during T 

cell development, CTLA-4 regulates effector and regulatory T cells [58]. One of the 

mechanisms by which CTLA-4 regulates T cell tolerance is by increasing the T cell 

activation threshold. The minimum immune response resulting from the increased activation 

threshold of T cells against self-peptide (s) is favorable for host immunity [58]. However, 

CTLA-4 function is crucial for T cell homeostasis and, therefore, optimal expression of 

CTLA-4 is important for satisfactory therapeutic outcomes. Genetic loss of CTLA-4 induces 

uncontrolled T cell proliferation, leading to health complications and even death [59].

Another T cell co-inhibitory axis, PD1/PD-L1, is also associated with the regulation of 

central tolerance. This axis regulates the transition of thymocytes from the thymic double-

negative (DN) to double-positive phase (CD4+CD8+) of T cells. This transition is promoted 

by loss of PD-1, suggesting that PD-1 is involved in the regulation of the T cell repertoire 

[60]. Naïve T cells released from the thymus to the peripheral, spleen, and lymphoid organs 

interact with APCs, presenting foreign antigenic peptide(s) or tumor antigen(s). Sometimes, 

naïve T cells react against self-peptides because some TCRs recognize the self-protein [61]. 

To prevent such T cell autoreactivity, several co-inhibitory molecules inhibit T cell 

activation, known as peripheral tolerance [62]. These co-inhibitory molecules, including 

CTLA-4 and PD-1, regulate T cell activation in different stages. CTLA-4 and PD-1 

differentially regulate CD4+ and CD8+ T cell phenotypes, respectively [59]. CTLA-4 

regulates T cell activation at early stages in lymphoid tissues, whereas PD-1 regulates T cell 

activation at late activation stages in peripheral tissue [63]. One of the mechanisms of 

peripheral immune tolerance is reported to be via the interaction between PD-L1 on APCs 

and PD-1 on T cells that attenuate the T cell immune response against self-antigen(s) [64]. 

Other peripheral tolerance mechanisms include T cell exhaustion and an increase in Treg 

cell population [65]. Treatment with an anti-CTLA-4 antibody in a tumor model showed 

activation of effector T cell function, promoted Treg depletion, and enhanced the antitumor 

immune response and tumor regression [66,67]. Although CTLA-4 depletes Tregs in TME, 

anti-CTLA-4 is not associated with Treg depletion in the peripheral system. The peripheral 

depletion of Tregs is also associated with the presence of the Fc receptor on host cells. 

Therefore, the efficacy of anti-CTLA-4 antibody-based immunotherapy in inflamed tumors 

is potentially dependent on Fc gamma receptor (FcγR) binding [68]. Considering the 

differential regulatory role of PD-1 and CTLA-4 in immune tolerance, their combined 
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blockade is suggested to provide a significant antitumor response by increasing the 

effector:suppressor immune cell ratio [69].

The blockade of the PD-1/PD-L1 T cell co-inhibitory axis has been targeted to enhance 

CD8+ T cell infiltration into tumors and restore antitumor immune responses [70]. PD-1 

differentially affects CD8+ T cell effector function in different cancer types [71–74]. For 

example, in certain breast cancer subtypes, regardless of PD-1 expression on CD8+ T cells, 

the effector function is unaltered [74]. By contrast, in melanoma, the presence of PD-1 on 

CD8+ T cells decreases the T cell effector function [75,76]. Similarly, blockade of another T 

cell co-inhibitory molecule, CTLA-4, effectively promotes tumor regression by restoring the 

cytotoxic function of tumor-infiltrating CD8+ T cells in multiple cancers [77,78]. In CT26 

colon cancer and ID8-VEGF ovarian cancer animal models, PD-1 demonstrated a regulatory 

role in Foxp3+ Treg and CD8+ T cell function, whereas increased CTLA-4 expression was 

associated with dysfunction of CD8+ T effector cells. CD8+ T cell dysfunctions, especially 

their proliferation and the property to release cytokines, were severely hampered in 

PD-1+CTLA-4+CD8+ T cells compared with either PD-1+CD8+ or CTLA4+CD8+ T cells. 

These results suggest that combined overexpression of PD-1 and CTLA-4 on CD8+ T cells 

adversely impacts CD8+ T cell-mediated antitumor immune responses during cancer therapy 

[78]. The members of the innate immune system, DCs and NK cells, and members of the 

adaptive immune system, T helper cells (CD4+ T cell subset), facilitate the priming of CD8+ 

T cells for a tumor antigen. PD-1 and CTLA-4 restrict CD8+ T cell priming and, thus, 

increase the exhaustion of tumor-infiltrating CD8+ T cells [79]. In addition, PD-1 and 

CTLA-4 can crosstalk with other proteins to render CD8+ T cells dysfunctional. Vascular 

endothelial growth factor (VEGF) and semaphorin receptor, neuropilin-1 (Nrp-1), are 

overexpressed on tumor-infiltrating CD8+ T cells and, together with PD-1 or CTLA-4, 

adversely affect T cell functions [80]. In human lung cancer, Nrp-1 is present on 

CD8+PD-1+ cells (i.e., Nrp1+PD-1+CD8+ T cells) and interacts with semaphorin 3A on 

tumor cells. The interaction of Nrp-1 with semaphorin 3A resulted in attenuation of CD8+ T 

cell migration and cytotoxicity. In the B16F10 melanoma model, CD8+ T cells, expressing 

Nrp1 and PD-1 (i.e., Nrp1+PD-1+CD8+) are present in the tumor and exhibit an exhausted 

state, as evidenced by elevated expression of LAG-3, Tim-3, and CTLA-4 [80].

The infiltration of CD8+ T cells into tumors is also regulated by WNT/β-catenin signaling. 

In human metastatic melanomas, upregulation of intrinsic WNT/β-catenin signaling is 

associated with the absence of a T cell gene signature [81]. Similarly, in the autochthonous 

mouse melanoma model, increased tumor-intrinsic WNT/β-catenin signaling induced T cell 

depletion and resistance towards anti-PD-1 or anti-CTLA-4 therapy [81].

The blockade of PD-1 has shown limited efficacy in the clinic for some cancers types. 

Therefore, fully understanding the molecular mechanisms mediated by checkpoint inhibitors 

will allow new strategies to be developed to restore CD8+ T cell functions. Thus, other 

pharmacological agents have been used to increase the efficacy of checkpoint inhibitors. For 

example, PD-1 blockade alone in CT26 colon cancer, TSA mammary adenocarcinoma, and 

MCA38 colon cancer mouse models did not show significant therapeutic benefit. However, 

the combined treatment of PD-1 and intratumoral injection of the highly interferogenic toll-

like receptor 9 (TLR9) agonist, SD101, showed measurable antitumor responses by 
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intratumoral CD8+ T cells [82]. In a pancreatic cancer mouse model, TGF-β in the TME 

impeded the efficacy of combined treatment of gemcitabine and anti-PD-1. However, this 

combined treatment increased intratumoral cytotoxic CD8+ T cells and reduced tumor 

burden when TGF-β was blocked [83]. The US Food and Drug Administration (FDA) has 

approved inhibitory antibodies against CTLA-4 (i.e., Ipilimumab), PD1 (i.e., nivolumab, 

pembrolizumab, and cemiplimab), and PD-L1 (i.e., atezolizumab, avelumab, and 

durvalumab). Table 2 provides examples of clinical trials for solid tumors, targeting T cell 

co-inhibitory or co-stimulatory proteins.

T cell exhaustion is the dysfunction or physical elimination of T cells in response to a 

specific antigen(s) during chronic diseases, including viral infection and cancer [84]. T cells 

undergoing exhaustion lose their proliferation capacity and effector functions, and their 

memory recall is compromised [85]. Exhausted T cells are characterized by increased 

expression of co-inhibitory receptors, including PD-1, CTLA-4, lymphocyte activation 

gene-3 (LAG3; CD223), T cell immunoglobulin and mucin domain-3 (TIM-3), CD39, 

CD96, CD160, T cell immunoreceptor with Ig and ITIM domains (TIGIT), 2B4 (CD244), 

and B and T lymphocyte attenuator (BTLA) [85]. The therapeutic use of immune checkpoint 

inhibitors of PD-1 and other molecules might be able to reinvigorate exhausted T cells and 

provide clinical benefit to patients with various malignancies (Table 3) [86–107]. 

Unfortunately, outcomes of PD1-based checkpoint blockade are not effective for all patients, 

and T cell exhaustion is not always reversed in patients with advanced malignancies [108]. 

Recently, tumor-reactive TILs have been reported that have hallmarks of exhausted and 

memory cells along with the expression of PD-1 and T cell factor 1 (Tcf1). PD1+TCf1+ 

TILs are associated with immunotherapy-induced proliferation [109]. In some patients with 

cancer, the expression of PD-1 is higher on activated and functional CD8+ T cells. 

Therefore, anti-PD1 antibody-based immunotherapy is not effective in these patients to 

reinvigorate exhausted T cells [110]. Concurrently, a study in syngeneic mouse tumor 

models showed that PD1 blockade-based immunotherapy could not recover dysfunctional 

PD-1+CD38+CD8+ T cells [111]. The failure of checkpoint blockade-based immunotherapy 

to reinvigorate exhausted T cells could be associated with the intrinsic and extrinsic 

mechanisms of resistance. The mechanism of T cell exhaustion is different in different 

cancers. For example, a study in melanoma (B16F10), breast (E0771), and lung carcinoma 

(LLC) cell lines suggested that each tumor has a characteristic and distinct TIL exhaustion 

signature [88]. As an advance in the field of T cell exhaustion and reinvigoration, a 

physiologically relevant high-throughput assay to identify the modulators of T cell 

exhaustion has been reported that can be used to screen small molecules that can reverse T 

cell exhaustion in the lymphocytic choriomeningitis virus model (LCMV) [112]. It is 

believed that a rationalized approach using a combination of small-molecule and checkpoint 

inhibitors could be used to reinvigorate exhausted CD8+ T cells in cancer immunotherapy.

Targeting the T cell co-stimulatory axis in cancer therapy

In addition to clinical trials with anti-PD-1 and anti-CTLA-4 agents, other trials targeting T 

cell co-stimulatory proteins are ongoing (Table 2). Examples of T cell co-stimulatory 

molecules that can be targeted to restore T cell functions are 4-1BB, OX40, CD40, CD27, 

CD70, inducible T-cell co-stimulator (ICOS), and glucocorticoid-induced tumor necrosis 
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factor receptor-related protein (GITR) [113–115]. The activation of 4-1BB, a TNFR family 

member, increases the cytotoxicity of CD8+ T cells via the induction of IFN-γ [116]. 

Clinical trials with the agonistic monoclonal antibodies (mAbs) utomilumab (PF-05082566) 

and urelumab (BMS-663513) that activate 4-1BB are ongoing for multiple cancers [117]. 

Although clinical trials have shown robust anti-tumor responses, considerable toxicity has 

also been observed because of FcγR interactions with nonspecific targets. To reduce/

overcome the unacceptable toxicity of 4-1BB agonistic mAbs, an Fc-free tumor-targeted 

4-1BB-agonistic antibody was used that delivered better therapeutic efficacy [118]. OX40 is 

another T cell co-stimulatory molecule on the surface of activated T cells. The interaction 

between OX40 and its ligand, OX40L, promotes T cell expansion and Treg suppression to 

increase antitumor responses [119]. Given the central role of OX40 in the regulation of 

CD8+ T cell effector function, an anti-OX40 agonistic mAb is under clinical trials for 

cancer. 4-1BB and OX40 agonistic mAbs have also been demonstrated to restore MEK 

inhibitor-induced T cell dysfunction [120]. Another T cell co-stimulatory axis, CD40L-

CD40, has also been reported in supporting MEK inhibitor-induced cancer cell death in 

animal models. In the mutant KRas-driven pancreatic cancer animal model, a combination 

of a MEK inhibitor and an agonistic anti-CD40 mAb showed robust antitumor responses 

[121]. The CD27-CD70 axis is also important in T cell activation, and increased expression 

of CD70 and CD27 is reported both in hematological and solid cancers [113,122]. In 

papillary thyroid cancer, CD70 expression was detected on tumor cells, whereas the 

expression of the CD70 receptor, CD27, was mainly on intratumoral lymphocytes [123]. 

GITR is another co-stimulatory molecule that takes part in T cell activation. The combined 

inhibition of PD-1 and GITR synergistically increased T cell tumor infiltration and durable 

anti-tumor responses by CD8+ T cells [124]. ICOS is an additional co-stimulatory molecule 

present on activated T cells and has also been targeted in cancer [125]. Interestingly, the 

combined use of ICOS aptamer and CTLA-4 inhibition demonstrated strong antitumor 

responses by cytotoxic T cells [126]. Given the importance of T cell co-stimulatory 

molecules in cancer immunotherapy, current onco-immunology research has focused on 

finding novel therapeutics to trigger T cell co-stimulatory pathways.

Several preclinical studies and clinical trials are underway to test the therapeutic efficacy of 

co-inhibitory or costimulatory immune receptors. However, the FDA has so far approved 

only anti-PD1/PD-L1 and anti-CTLA-4 antibody-based cancer immunotherapy for clinical 

use in some advanced malignancies. Most of the immunotherapeutic agents that target co-

stimulatory molecules are not yet clinically approved. There could be several reasons for the 

delayed use of agonistic antibodies in clinics, including traditional bivalent antibody format 

and co-stimulatory molecules on Tregs [127]. In the traditional bivalent antibody format, 

differential Fc gamma receptors (FcγR) are a major concern. FcγR regulates antibody-

induced activation of effector T cells and antitumor response [127]. As an example, to 

achieve the antitumor activity of the 4-1BB agonistic antibody requires FcγR-dependent 

Treg depletion and FcγR-independent 4-1BB agonism [128]. One of the primary reasons for 

the failure of agonistic antibodies against co-stimulatory molecules is because Tregs express 

several co-stimulatory molecules [128]. Conceivably, co-stimulatory agonistic antibodies 

might prove an effective therapeutic option in cancer; however, a detailed mechanistic 

understanding will be necessary for their clinical application.
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CAR-T cell therapy in cancer

The adoptive transfer of engineered T cells has shown clinical benefits to some patients with 

cancer. In hematological cancer, the adoptive transfer of cytotoxic lymphocytes targeting 

tumor cells has been successful [129]. TCRs can be manipulated to improve their survival 

and effector function. Therefore, CAR-T cells bearing specificity against tumor antigens 

have been developed and have shown promising results in hematological cancers. However, 

CAR-T cells to treat solid cancers are still in early stages, with no success thus far. The 

primary reason for their failure against solid tumor is because the immunosuppressive 

environment within TME favors tumor growth by promoting CD8+ T cell dysfunction. 

CAR-T cells in TME are pushed to become nonfunctional and express T cell co-inhibitory 

surface molecules [130,131]. Therefore, attempts are also being made to improve the 

adoptive transfer of TILs that target neoantigens in various malignancies [132].

The other reasons for the failure of CAR-T cell therapy in solid tumors are thought to 

include desmoplastic components (i.e., fibrous or connective tissue), which prevent CAR-T 

cells from entering tumors. It has been reported that mild hypothermia abolishes 

desmoplastic integrity in tumors. The inclusion of mild hyperthermia and CAR-T cell 

therapy resulted in increased T cell infiltration into human melanoma tumors [133]. Similar 

to mild hypothermia, cytokines and chemotherapeutic agents have also been used to improve 

CAR-T cell infiltration of various tumors. For example, combined treatment of IL-12 with 

the chemotherapeutic agent doxorubicin enhanced the infiltration of CD8+ T cells into 

tumors, leading to robust anticancer effects [134]. Another approach to improve the efficacy 

of CAR-T cell therapy in cancer could be the combined use of CAR-T cells along with 

blockade of T cell co-inhibitory molecules. Several clinical trials for the application of 

CAR-T cells alone or in a combination with CPI are ongoing in solid tumors. Table 4 

provides examples of clinical trials of CAR-T cells against solid tumors. In several current 

CAR-T clinical trials, adverse effects have been reported because of adoptive transfer. 

Therefore, new approaches to using CAR-T cell-based immunotherapy with reduced adverse 

effects will be essential.

Cancer therapy using TCR-transduced T cells

CAR-T cell therapy targets surface molecules of immune cells and cannot target intracellular 

peptide(s) presented by major histocompatibility complexes (MHCs). Therefore, to target 

intracellular peptides presented by MHCs, TCR-transduced T cells have been developed 

[135]. These cells are generated from patient T cells and are designed to encode the TCRαβ 
protein, which targets tumor or virus-infected cells [136]. The large-scale production of 

TCR-transduced cells is achieved using semiautomated devices and modular systems [136]. 

TCR-transduced T cells showed prolonged survival (i.e., >18 months) and activation even 

after the secondary encounter with antigen(s) [137]. Several tumor antigens have been used 

to generate TCR-transduced T cells, including trophoblast glycoprotein (TPBG) in renal 

cancer [138], placenta-specific 1 (PLAC1) in breast cancer [139], nucleophosmin 1 (NPM1) 

in acute myeloid leukemia (AML) [140], NY-ESO-1 in synovial cell sarcoma, in patients 

with melanoma and common epithelial tumors [141], and MAGE-A4 in esophageal cancer 

[142], and effectively demonstrated antitumor responses in preclinical studies. Diffuse 

intrinsic pontine glioma is a lethal cancer prevalent in children. In >70% of diffuse intrinsic 
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pontine glioma cases, an amino acid substitution from lysine (K) to methionine (M) at 

position 27 of histone 3 variant 3 (H3.3) has been reported. Interestingly, TCR-transduced T 

cells against synthetic peptides with H3.3K27M mutation were proposed to treat HLA-

A2+H3.3K27M+ glioma cells [143]. Clinical trials are underway to validate the therapeutic 

efficacy of TCR-transduced T cell-based cancer therapy in patients with various 

malignancies, including metastatic synovial cell sarcoma, melanoma, and esophageal cancer 

[141,142]. Taken together, TCR-transduced T cell therapy is a powerful therapeutic tool with 

the potential to improve T cell-mediated antitumor responses.

Cancer therapy using TILs

CAR and TCR-transduced T cell-based cancer immunotherapies are useful to target surface 

and intracellular antigens; however, an adoptive transfer of TILs has been proposed that can 

specifically target tumor antigens [144]. In TIL-dependent cancer therapy, the initial step 

involves the identification of mutated protein in the tumor. The mutated protein is then 

inserted into autologous APCs, such as DCs. Further steps include co-culture of autologous 

TILs with antigen-loaded APCs and selection of antigen-specific TILs. Their expansion 

follows the selection of antigen-specific TILs. The expanded T cells are used for transfusion 

in the donor patients [132]. The efficacy of TIL-based immunotherapy has been appreciated 

in various cancers, including metastatic melanoma and metastatic human papillomavirus 

(HPV)-associated carcinomas, ovarian and breast cancers [145–148]. Several clinical trials 

are underway to establish the antitumor efficacy of TIL-based cancer immunotherapy alone 

or in combination with other anticancer agents in patients with different malignancies, 

including metastatic head and neck squamous cell carcinoma (IDNCT03083873), cervical 

carcinoma (IDNCT03108495), ovarian cancer, anaplastic thyroid cancer, osteosarcoma, or 

other bone and soft tissue sarcomas (IDNCT03449108). Taken together, TIL-based cancer 

therapy has the potential to treat the advanced stage of various undruggable solid 

malignancies.

Emerging modulators of CD8+ T cell function

Role of protein kinases in CD8+ T cell infiltration of tumors

The CD8+ T cell effector function is regulated by various factors, such as antigen receptors, 

co-stimulatory molecules, cytokines, and protein kinases [149]. Interestingly, several 

upstream MAPKs have been reported to be mutated or upregulated in multiple cancers 

[77,150,151]. However, attempts to inhibit upstream and downstream MAPKs have not been 

successful because of ensuing drug resistance and their impact on suppressing the immune 

compartment. The primary reason for the failure of MAPK inhibitors is a lack of 

understanding of the effects of MAPK inhibition on CD8+ T cell function and survival. 

Several examples suggest that understanding the roles of protein kinases in T cell biology 

will help strategize augmenting antitumor responses, perhaps with an additional agent(s). As 

an example, lymphocyte function-associated antigen-1 (LFA-1) mediates T cell activation 

via ERK1/2 signaling upon TCR engagement [152]. Furthermore, intercellular adhesion 

molecule-1 (ICAM-1) ligation with LFA-1 increases ERK1/2 signaling to enhance CD8+ T 

cell activation [152]. Jun N-terminal kinase (JNK), a MAPK, has a paradoxical role in the 

regulation of CD4+ and CD8+ T cells [153]. A study in vivo using B16, a melanoma cell 
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line, and EL-4, a lymphoma cell line, showed that JNK1-knockout mice were susceptible to 

tumor growth, specifically because of CD8+ T cell dysfunction [153]. Mutations in the 

BRAF proto-oncogene, a serine/threonine kinase, has an essential role in oncogenesis. A 

study showed that melanoma cells treated short term (3–7 days) with a BRAF inhibitor were 

efficiently recognized by autologous CD8+ T cells (TILs). However, melanoma cells treated 

long term (14–21 days) with BRAF inhibitor were weakly recognized by autologous CD8+ 

T cells (TILs). These results suggest that BRAF inhibition differentially modulates tumor 

antigen expression and mediates tumor resistance, perhaps by decreasing functional CD8+ T 

cells [154]. Another study using BRAF and MEK inhibitors (dabrafenib and trametinib, 

respectively) showed a differential impact on CD8+ T cells [77]. Dabrafenib treatment in 

human activated T cells (in vitro), induced ERK phosphorylation (i.e., activation) and did 

not suppress CD8+ T cell function. However, trametinib treatment decreased ERK 

phosphorylation, T cell proliferation, and cytokine expression [77]. However, combining 

trametinib with checkpoint inhibitors for PD-1 or CTLA-4 increased CD8+ T cell infiltration 

and promoted a robust antitumor response in a CT26 tumor model [77]. T cell activation is 

also reported to induce TCR-ZAP-70 protein tyrosine kinase-mediated downstream 

signaling, which regulates T cell motility, adhesion, and cytokine production. Rasal1, a 

GTPase-activating protein, binds with the TCR-ZAP-70 binding protein and inhibits the 

Ras-ERK pathway, T cell activation, and antitumor responses [155]. Rasal1 is expressed on 

activated T cells, and its knockdown induced CD8+ T cell infiltration in B16 melanoma and 

EL-4 lymphoma tumors [155]. Upon TCR-mediated activation, tumor-infiltrating CD8+ T 

cells showed reduced expression of ERK and the protein tyrosine kinase, ITK. However, in 

splenic CD8+ T cells, there were no such alterations in ERK and ITK kinase expression, 

suggesting that ERK and ITK kinases are differentially regulated in peripheral and tumor-

infiltrating CD8+ T cells [156]. Sorafenib, a multikinase inhibitor and first-line therapy for 

hepatocellular carcinoma (HCC), can provide limited benefit to patients with HCC. The 

success of sorafenib treatment was associated with the activation status of ERK in HCC 

[157]. The analyses of human and mouse HCC samples treated with sorafenib demonstrated 

two heterogeneous phenotypes of active ERK and PD-1 within the same tumor. The first 

phenotype was pERKlowPD-1+, where tumor infiltration of CD8+ T cells was very high and 

these CD8+ T cells had higher expression of PD-1. The second phenotype, pERKhighPD-1−, 

had low expression of PD1. Interestingly, the pERKlowPD-1+ phenotype showed decreased 

overall and disease-free survival compared with the pERKhighPD-1− phenotype. Importantly, 

the pERKhighPD-1− phenotype had CD8+ T cells with low expression of PD-1, suggesting 

that the status of PD-1 on tumor-infiltrating CD8+ T cells is a deciding factor for antitumor 

responses [158]. MAP2K (or MEK) is an upstream regulator of MAPK. The targeted 

inhibition of MEK induced tumor suppression and the increased lifespan and infiltration of 

CD8+ T cells; however, MEK inhibition attenuated T cell priming in lymph nodes [151]. In 

a CT26 tumor model in BALB/c mice, combined therapy of anti-PD-L1 with a MEK 

inhibitor showed robust and durable antitumor efficacy, including complete remission of 

tumors in some mice [151]. Another MAP3K family member, Mixed Lineage Kinase-3 

(MLK3), has a paradoxical role in the regulation of cancer cell death [159] and inhibits T 

cell activation and cytotoxicity [160]. Using a murine breast cancer cell line, 4T1 xenograft 

model in Balb/c mice, inhibition of MLK3 was shown to induce tumor infiltration of 

cytotoxic CD8+ T cells [160]. MLK3 inhibition also increases CD70 expression on CD8+ T 
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cells, associated with increased apoptosis of these cells [161]. Interestingly, in a TNBC in 
vivo model, combined treatment with a MLK3 pharmacological inhibitor and CD70 

antagonist promoted CD8+ T cell survival, tumor infiltration, and antitumor efficacy [161]. 

MAP4K4 is also an upstream regulator of MAPKs. The upregulated expression of MAP4K4 

inhibited LFA-1 during T cell activation, whereas ablation of MAP4K4 increased LFA-1 

expression on CD8+ T cells. The increased LFA-1 expression on T cells was associated with 

increased T cell interaction with APCs, which increased the CD8+ T cell effector function 

[162].

The receptor tyrosine kinase (RTK) receptor family member, epidermal growth factor 

receptor (EGFR), is overexpressed in epithelial cancer cells. A study carried out to 

understand how EGFR tyrosine kinase inhibitors (TKIs) influence significant MHC-I in 

NSCLC cells showed that inhibition of EGFR in NSCLC increased the gene and surface 

protein expression of MHC-I. T cells recognize tumor antigens presented by the MHC-I 

molecule on APCs and deliver an antitumor response. The ERK-MEK inhibitor, trametinib, 

was able to increase MHC-I, whereas the phosphatidylinositol 3-kinase inhibitor buparlisib 

was incapable of inducing MHC-I expression in NSCLC. These results suggest that MEK-

ERK inhibition induces EGFR-activated MHC-I expression [163].

The Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling 

pathway regulates a range of cytokines and growth factors. However, JAK2 inhibitors in 

TNBC did not show any efficacy, perhaps because the TNBC cells acquired platelet-derived 

growth factor receptor beta (PDGFRβ)-mediated drug resistance. To overcome failure of the 

JAK2 inhibitor as a single agent, triple combination therapy with PDGFRβ, JAK2, and 

MEK1/2 inhibitors increased tumor-infiltrating CD8+ T cells significantly [164]. The JAK/

STAT pathway is attenuated by cytokine-inducible SH2-containing protein (CISH) [165]. 

Downregulation in JAK/STAT signaling induced TCR-mediated activation of tumor-

infiltrating CD8+ T cells [165,166]. Interestingly, induction of CISH is involved in 

granulocyte-macrophage colony-stimulating factor (GM-CSF)-mediated DC development, 

and DC-mediated cytotoxic T cell activation [165]. Therefore, it is clear that protein kinases 

have a crucial role in CD8+ T cell tumor infiltration, survival, and antitumor responses. 

Hence, a proper understanding of protein kinases could lead to the management of different 

types of cancer.

Metabolic factors regulating CD8+ T cell infiltration of tumors

Metabolism is the sum of the biochemical reactions within living cells that provide the 

necessary energy for vital cellular processes. Cellular metabolism allows T cells to acquire 

and utilize energy necessary for their survival, proliferation, and function. The alteration of 

metabolism in the TME significantly affects TIL survival and antitumor responses. 

Similarly, the survival and effector function of tumor-infiltrating CD8+ T cells is directly 

associated with metabolic factors in the TME [167–169]. In activated T cells, metabolic 

reprogramming induces glycolytic flux and lactate, lipid, and protein production [170]. 

However, impaired glucose metabolism is a major issue that adversely affects tumor-

infiltrating CD8+ T cells. Effector T cells require a healthy glucose metabolism; however, 

lack of necessary nutrients and other factors impairs glucose metabolism in tumor-
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infiltrating CD8+ T cells. In clear cell renal cell carcinoma (ccRCC), tumor-infiltrating 

CD8+ T cells are abundant. However, they are deficient in their effector functions because of 

perturbed metabolism. Further analyses suggested that tumor-infiltrating CD8+ T cells in 

ccRCC were unable to uptake glucose for glycolysis. As a result, the mitochondria in CD8+ 

T cells were fragmented, hyperpolarized, and unable to generate robust reactive oxygen 

species (ROS) because of inhibition of mitochondrial superoxide dismutase 2 (SOD2) [171]. 

In human and mouse melanomas, insufficiency in glycolytic metabolism and oxidative 

phosphorylation (OXPHOS) in tumor-infiltrating CD8+ T cells is also reported [168].

Rapidly proliferating tumor cells consume most of the nutrients and, therefore, creates a 

nutrient-insufficient environment for tumor-infiltrating CD8+ T cells. In the pro-TME, 

infiltrating CD8+ T cells also lack or have dysfunctional metabolic enzyme activities. For 

example, in melanoma, tumor-infiltrating CD8+ T cells had decreased activity of the 

glycolytic pathway enzymes, ENOLASE 1 (i.e., alpha-enolase) and phosphoenolpyruvate 

(PEP) [168]. ENOLASE 1 is an upstream enzyme responsible for PEP production in the 

glycolytic pathway. Furthermore, PEP is a substrate for pyruvate synthesis in glycolysis. 

Therefore, when ENOLASE1 activity is low, the supply of pyruvate increases CD8+ T cell 

effector function via the upregulation of glycolysis. Pyruvate is involved in glycolysis and 

OXPHOS reactions; therefore, the supply of pyruvate increases the function of tumor-

infiltrating CD8+ T cells [168]. The active metabolism of PEP promotes calcium ion (Ca2+)-

nuclear factor of activated T cells 1 (NFATc1) signaling to induce T cell effector function 

[172]. Molecular studies in a melanoma model showed that PEP decreases sarco/ER Ca2+-

ATPase activity to promote Ca2+-NFATc1 signaling in T cells [172]. Therapeutically, 

phosphoenolpyruvate carboxykinase 1 has been targeted to increase phosphoenolpyruvate in 

T cells to increase CD8+ T cell effector function [172]. The aberrant increase in the 

glycolytic gate-keeping enzyme, pyruvate dehydrogenase kinase 1 (PDK1), was reported to 

have a protumor role and to adversely regulate the survival and effector functions of tumor-

infiltrating CD8+ T cells [169]. In ovarian cancer, PDK1 regulates PD-L1 through activation 

of JNK activity. The overexpression of PDK1 can enhance the PD-1–PD-L1 axis in CD8+ T 

cells and attenuate its effector function [169]. Given the crucial role of glucose metabolism 

in tumor-infiltrating CD8+ T cell function, several direct or indirect approaches have been 

proposed to restore normal glucose metabolism in tumor-infiltrating CD8+ T cells. As an 

example, acetate, a monocarboxylic acid anion, has been suggested to overcome restricted 

glucose metabolism in tumor-infiltrating CD8+ T cells [173]. The positive influence of 

acetate treatment has also been reported in acetyl-coenzyme A (acetyl-CoA) metabolism, 

lipogenesis, and protein acetylation [173,174].

Amino acids have a crucial role in T cell differentiation and functions. For example, 

glutamine metabolism, an α-amino acid, has a regulatory role in successful adoptive 

immunotherapy [175]. A study using a tumor-inoculated mouse model showed that the 

adoptive transfer of CD8+ T cells with attenuated glutamine metabolism promoted tumor 

regression and overall survival. The attenuation of glutamine metabolism induced CD8+ T 

cell proliferation and survival via downregulation of PD-1 expression on CD8+ T cells [175]. 

Another α-amino acid, L-arginine, improves T cell metabolism, tumor infiltration, and 

antitumor immune responses [176,177]. In a study where ovalbumin-expressing B16 

melanoma cells were orthotopically implanted in C57BL/6 mice, adoptive transfer of L-
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arginine-treated OT-1 T cells (specific for ovalbumin antigen) significantly induced 

antitumor responses and increased the survival of mice [177]. In general, DCs are involved 

in antitumor responses; however, in a study of the BALB/NeuT mammary carcinoma model, 

a phenotype (i.e., MHC II+/CD11b+/CD11chigh) of tumor-infiltrating DCs (i.e., TIDCs) 

decided the suppression of CD8+ T cell-mediated antitumor responses [176]. Interestingly, 

arginase metabolism by L-arginine regulates TIDC-mediated CD8+ T cell function and 

survival [176]. Apart from glutamine and L-arginine, several other amino acids are also 

involved in regulating tumor-infiltrating CD8+ T cell functions. Therefore, a thorough 

assessment of these amino acids within TME could help strategies for effective cancer 

immunotherapy.

Fatty acid catabolism has a significant role in tumor-infiltrating CD8+ T cell effector 

function and T cell-mediated antitumor immune responses [178]. In a mouse model of 

melanoma, because of concurrent hypoglycemic and hypoxic conditions within tumors, the 

expression of peroxisome proliferator-activated receptor-α (PPAR-α) and fatty acid 

catabolism increased in tumor-infiltrating CD8+ T cells [178]. To survive in a hypoxic TME, 

tumor-infiltrating CD8+ T cells adapt to increase hypoxia-inducible factor (HIF) 

transcription factors, specifically HIF-1α, but not HIF-2α [179]. The nucleoside, adenosine, 

is a component of DNA and RNA. Interestingly, its accumulation is involved in tumor 

growth and progression and impairs the effector function of CD8+ T cells. Further analysis 

demonstrated that adenosine attenuates central memory T cell generation via the A2A 

receptor-mediated pathway in peripheral and tumor-infiltrating T cells [180]. Besides the 

metabolic factors discussed earlier, additional metabolic factors regulate tumor-infiltrating 

CD8+ T cell survival and function. A detailed understanding of all these metabolic factors 

could help to restore the antitumor functions of tumor-infiltrating CD8+ T cells.

Toll-like receptor agonists in cancer immunotherapy

TLRs are involved in the regulation of immune activation upon pathogenic encounter. TLRs 

can act as natural immune modulators and, therefore, its potential could be exploited in 

cancer immunotherapy [181]. TLRs recognize pathogen-associated molecular patterns 

(PAMPs), which are expressed by pathogens and also associated with endogenous damage-

associated molecular patterns (DAMPs), which are released from dying and stressed cells 

[182]. Given the immune-stimulatory nature of TLRs, TLR agonists have been implicated in 

cancer immunotherapy to boost host immunity against tumors [183]. TLR agonists are 

reported to promote immune cell activation in TME and to attenuate tolerance and immune-

inhibitory signaling [184]. The role of several TLRs, including TLR1/2, TLR3, TLR4, 

TLR5, TLR7, TLR8, and TLR9 ligands, are well established in enhancing CD8+ T cell 

antitumor efficacy [185–190]. TLR1/2 and 7 decrease PD1 expression on CD8+ T cells, 

leading to increased antitumor efficacy and tumor suppression [185]. The regulatory 

function of TLR1/2 has been reported in 4-1BB-mediated activation of CD8+ T cells and 

antitumor responses [191]. The agonist of TLR1/2, diprovocim, improved antitumor CD8+ T 

cell efficacy during anti-PD-L1-based cancer immunotherapy [192]. In a murine model of 

leukemia, small-molecule agonist 23 (SMU-Z1) induced TLR2 via association with TLR1, 

which promoted the proliferation of CD8+ T cells [193]. This TLR2 agonist was also 

associated with the human DC phenotype CD141+, required to induce antitumor effects by 
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CD8+ T cells [194]. TLR3 agonists have also been reported to improve CD8+ T cell effector 

function along with antibody-mediated cancer immunotherapy [186].

Irreversible T cell exhaustion is associated with the failure of checkpoint inhibitors. 

Targeting the CD40–TLR4 axis restored T cell effector function in a preclinical cancer 

model [195]. TLR4 agonists and other cancer therapeutics have been reported to 

successfully promote CD8+ T cell antitumor efficacy [187,196]. CBLB502, an agonist of 

TLR5, promoted CD8+ T cell-mediated antitumor responses in graft-versus-tumor models 

[197]. In colon and mammary metastatic preclinical in vivo models, TLR5 agonists showed 

organ-specific immuno-adjuvant function independent of tumor antigens [188]. The 

intratumoral treatment with a TLR7 agonist promoted M1 macrophages in TME and 

induced CD8+ T cell effector function by increasing IFN-γ expression [198]. An agonist of 

TLR7/8 (i.e., MEDI9197) promoted localized effects, which led to enhanced CD8+ T cell 

effector function and antitumor effects [199]. The bispecific agonist of TLR7/8 has been 

reported in melanoma, bladder, and RCC tumor models. The TLR7/8 bispecific agonist 

increased DC activation and expansion in lymph nodes, leading to enhanced priming and 

expansion of cytotoxic CD8+ T cells [200]. TLR9 has been reported to regulate the 

accumulation, maturation, and lymph node migration of antigen-loaded tumor DCs, which 

ultimately expand cytotoxic CD8+ T cells, leading to the enhanced killing of tumor cells 

[201]. Together, these results suggest TLR agonists as potential therapeutic tools to enhance 

anticancer efficacy in cancer immunotherapy.

STING in cancer immunotherapy

The stimulator of interferon genes (STING) is an intracellular receptor of the endoplasmic 

reticulum (ER), which is crucial for DNA-mediated immunological reactions [202]. It is also 

a cytosolic DNA-sensing pathway. The DNA sensor in the cytosol is cyclic GMP-AMP 

Synthase (cGAS), which activates the innate immune system mainly via IFN-1 expression 

[203]. STING-induced IFN-1 production promotes DC activation, which ultimately activates 

CD8+ T cells against tumor antigens [204]. The differential expression of STING has been 

reported in CRC. Higher STING expression is observed in early stages of cancer and is 

associated with higher tumor infiltration of CD8+ T cells. The higher expression of STING 

in CRC is also associated with increased overall survival in patients with cancer. By contrast, 

lower STING expression is associated with lower infiltration and lower survival of patients 

[205]. Cyclic dinucleotides (CDNs) are STING agonists that could induce an immune 

response [206]. In an in vivo study, colon cancer tumors treated with a STING agonist 

showed a decreased tumor burden and increased expression of ICOS and IFNγ on CD8+ T 

cells [205]. STING also modulates chemotherapeutic drug efficacy. For example, in BRCA-

deficient models of TNBC, the efficacy of PARP-1 inhibitors was dependent on STING-

mediated CD8+ T cell antitumor effects [207]. The combined efficacy of STING-based 

immunotherapy with VEGFR2, PD-1, and CTLA-4 blockade has shown promising 

outcomes in cancer therapy by improving CD8+IFN-γ+ T cell population and function 

[208].

Apart from immunotherapeutic agents, STING agonists and other chemotherapeutic drugs 

have shown promising results. For example, in a preclinical in vivo tumor model, combined 
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treatment with a STAT3 inhibitor and STING agonist promoted CD8+ T cell infiltration, 

decreased Tregs and MDSCs in TME, leading to an antitumor response [209]. CDNs have 

some limitations, including barriers to drug delivery and their rapid clearance; therefore, an 

improved version of CDNs has also been reported. STING-activating nanoparticles (STING-

NPs), along with immune checkpoint inhibitors, increase STING signaling in TME and 

sentinel lymph nodes, leading to enhanced immunogenic and tumoricidal 

microenvironments [206]. The emerging and promising role of STING agonists might have 

a promising future in improving CD8+ T cell effector functions, leading to a robust 

antitumor response.

Concluding remarks

In summary, cancer-induced immunosuppressive environments in the host and TME are key 

reasons for the failure of numerous antineoplastic therapeutics and, subsequently, drug 

resistance. Current approaches to cancer treatment are based on treating tumor cells to 

induce cell death. However, the discovery of checkpoint inhibitors and their efficacies have 

forced us to consider tumor immunity for a successful treatment plan. Emerging trends 

suggest that targeting tumor and immune systems have promising therapeutic outcomes, 

especially in hematological cancer; however, the results of several ongoing clinical trials in 

patients with solid malignancies are still anticipated. Chemotherapeutic agent-induced TME 

plasticity is crucial for CD8+ T cell-mediated antitumor responses and, thus, a clear 

understanding of the drug-induced alterations in TME will be essential to overcome drug 

resistance. Therefore, basic knowledge of antineoplastic therapeutic-induced changes in 

cytokines/chemokines, protein kinases, and metabolic factors in the TME will be vital to 

restoring CD8+ T cell-mediated antitumor responses.
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Highlights

• Current cancer therapy targets both the tumor and the immune system.

• Tumor microenvironment (TME) regulates the anti-tumor immune responses.

• Tumor-infiltrating CD8+ T cells are crucial for tumor cell killing.

• Cytokines, kinases, and metabolic factors regulate TME and CD8+ T cell 

functions.

• Tumor infiltration and functions of CD8+ T cells could be restored by 

immunotherapy.
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Figure 1. 
CD8A expression in solid malignancies. CD8 gene (i.e., CD8A) expression in brain, breast, 

colorectal, and ovarian cancers, and copy number in melanoma and lung cancer were 

analyzed by using The Cancer Genome Atlas (TCGA) with the Oncomine™ Platform 

(Thermo Fisher, Ann Arbor, MI, USA) on May 11, 2020 and July 11, 2020, respectively. 

CD8A gene expression in (a) brain (N=10), brain glioblastoma (BG; N=542) and 

glioblastoma (G; N=5); (b) breast (N=61), invasive breast carcinoma (IBC; N=76), invasive 

ductal breast carcinoma (IDBC;N=389), invasive lobular breast carcinoma (ILBC; N=36), 

and mixed lobular and ductal breast carcinoma (MLDBC; N=7); (c) colon (N=19), cecum 

adenocarcinoma (cecum AC; N=24), colon adenocarcinoma (colon AC; N=102), colon 

mucinous adenocarcinoma (CMA; N=20), rectal adenocarcinoma (RA; N=60) and rectal 
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mucinous adenocarcinoma (RMA; N=6); (d) in ovary (N=8) and ovarian serous 

cystadenocarcinoma (OSC; N=586). CD8A copy number in (e) blood (N=312) and 

cutaneous melanoma (CM; N=58); and (f) lung (N=396), acinar lung adenocarcinoma 

(ALA; N=13), lung adenocarcinoma (LA; N=331), lung adenocarcinoma, mixed subtype 

(LAMS; N=92), lung mucinous adenocarcinoma (LMA; N=9), non-mucinous 

bronchioloalveolar carcinoma (NMBC; N=18), papillary lung adenocarcinoma (PLA; 

N=18), squamous cell lung carcinoma (SCLC; N=471), and squamous cell lung carcinoma, 

basaloid variant, (SCLC BV; N=17). The green oval background in the graph represents 

tumor tissues.
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Figure 2. 
Schematic diagram for CD8+ T cell infiltration into tumors. Tumor antigens (TAs) are 

released by tumors and recognized by antigen-presenting cells (APCs), such as dendritic 

cells (DCs), in the lymph nodes. In other modes, tumor-infiltrating APCs loaded with TAs 

travel to the lymph nodes. The APCs process and present TA to CD8+ T cells, resulting in 

CD8+ T cell activation and generation of TA-specific CD8+ T cells. These TA-specific CD8+ 

T cells express CD49a and CD103 on their surfaces and bind with E-cadherin on tumor 

cells. The TA-specific CD8+ T cells recognize antigens present on tumor cells and induce 

tumor cell death. Abbreviation: MHC-I, major histocompatibility complex class I.
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Figure 3. 
Hypothetical T cell-dependent cancer therapy to enhance CD8+ T cell infiltration and 

effector function. Various approaches can improve CD8+ T cell infiltration and effector 

function, including inhibition of T cell co-inhibitory axis (e.g., B7/CTLA-4) by using 

CTLA-4 blocking antibodies, induction of T cell costimulatory axis (e.g., 4-1BB/4-1BBL) 

by using a 4-1BB agonistic antibodies, and using chimeric antigen receptor (CAR) T cells, T 

cell receptor (TCR)-transduced T cells, and tumor-infiltrating T cells (TILs). Abbreviation: 

MHC-I, major histocompatibility complex class I.
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Table 1.

Effect of TME cytokines on tumor-infiltrating CD8+ T cells

Cytokine Source in TME Effect on CD8+ T cells (TILs) Refs

IL-2 Intratumoral injection of IL-2 Increases CD8+ T cell infiltration [38]

IL-10 Tregs Increases CD8+ T cell exhaustion [40]

IL-15 Tumor and stroma Increases CD8+ T cell infiltration [47]

IL-17 Helper T cells Increases CD8+ T cell effector function [49]

IL-18 Tumor cells Increases CD8+ T cell cytotoxicity [50]

IL-35 Tregs Decreases CD8+ T cell effector function [40]

TNF-α Cancer and stromal cells Induces CD8+ T cell exhaustion [46]
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Table 2.

Co-stimulatory/co-inhibitory molecule-based immunotherapy to increase tumor-infiltrating CD8+ T cells
a

Target Immunotherapeutics ClinicalTrials.gov 
identifier Cancer Refs

PD-1 Nivolumab, pembrolizumab, 
cemiplimab

NCT00730639, 
NCT02142738, 
NCT04154943

Advanced or recurrent malignancies, 
metastatic NSCLC, skin cancer stage II-IV, 
cutaneous squamous cell carcinoma

[71,72]

PDL-1 Atezolizumab, avelumab NCT02031458, 
NCT01772004

Advanced or metastatic NSCLC, metastatic 
or locally advanced solid tumors

[73,74]

CTLA-4 + 
PD-1

Ipilimumab + nivolumab NCT02970981 Melanoma

CD70 ARGX-110 NCT02759250, 
NCT01813539

Nasopharyngeal carcinoma, advanced 
malignancies

[113]

ICOS + PD-1 GSK3359609+Pembrolizumab NCT04128696 Recurrent or metastatic head and neck 
squamous cell carcinoma

[125]

GITR INCAGN01876 NCT03126110 Advanced or metastatic malignancies

OX40 PF-04518600 NCT02315066 Advanced or metastatic carcinoma

4-1BB PF-05082566, BMS-663513 NCT01307267, 
NCT01471210

Solid tumors or B cell lymphomas; 
advanced and/or metastatic solid tumors 
and relapsed/refractory B cell 
nonHodgkin’s lymphoma

[114,115]

CD39 IPH5201 NCT04261075 Advanced solid tumors

CD73 MEDI9447 NCT03611556 Metastatic pancreatic cancer

a
Abbreviation: CD, cluster of differentiation.
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Table 3.

Drug targets that can revert CD8+ T cell exhaustion in cancer
a

Target Current development stage Cancer types where these inhibitory receptors are expressed on CD8+ T cells Refs

PD1 In clinical use Melanoma and RCC, NSCLC, glioblastoma [86–88]

CTLA-4 In clinical use Ovarian cancer [89]

LAG-3 In clinical trails Fibrosarcoma, melanoma, colorectal adenocarcinoma, glioblastoma [88,90]

TIM-3 In clinical trails RCC, acute myelogenous leukemia, gastric cancer [91–93]

TIGIT In clinical trails Follicular lymphoma, colon carcinoma, lung cancer, glioblastoma [88,94–96]

BTLA In clinical trails Metastatic melanoma, hepatocellular carcinoma [97,98]

CD39 In clinical trails Glioblastoma [88]

VISTA In clinical trials Squamous cell carcinoma, human ovarian and endometrial cancer, colon cancer [99–101]

2B4 Preclinical stage Pancreatic adenocarcinoma, lung cancer [102,103]

CD96 Preclinical stage Colon carcinoma, fibrosarcoma, melanoma, lung adenocarcinoma [104,105]

CD160 Preclinical stage Pancreatic cancer, lung cancer [96,107]

a
Abbreviations: CD, cluster of differentiation; LAG-3, lymphocyte-activation gene 3; TIM-3, T-cell immunoglobulin and mucin domain-3; VISTA, 

V-type immunoglobulin domain-containing suppressor of T cell activation.
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Table 4.

Clinical trials of CAR-T cell therapy in cancer

Target ClinicalTrials.gov identifier Cancer

TM4SF1 and EpCAM NCT04151186 Epithelial-derived solid tumors

c-Met/PD-L1 NCT03672305 Primary hepatocellular carcinoma

GPC3-T2 NCT03198546 Hepatocellular carcinoma

CTLA-4, PD-1, and MUC1 NCT03179007 Advanced solid tumor

NKG2D NCT04270461 Solid tumors

PD-1 and mesothelin NCT03747965 Solid tumors

CEA NCT03682744 Adenocarcinoma, peritoneal metastases, or malignant ascites

B7–H3 NCT04185038 Diffuse intrinsic pontine glioma/diffuse midline glioma and recurrent or 
refractory pediatric central nervous system tumors

MUC1 NCT03525782 NSCLC

EGFR NCT03618381 Recurrent/refractory solid tumors

a
Abbreviations: CD, cluster of differentiation; CEA, carcinoembryonic antigen; EpCAM, epithelial cell adhesion molecule; TM4SF1, 

transmembrane 4 L six family member 1; c-Met, tyrosine-protein kinase Met or hepatocyte growth factor receptor (HGFR); GPC3, glypican 3; 
MUC1, Mucin 1; NKG2D, natural killer group 2 member D.
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