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T cell exhaustion caused by continuous antigen stimulation in chronic viral

infections and the tumor microenvironment is a major barrier to successful

elimination of viruses and tumor cells. Although immune checkpoint inhibitors

should reverse T cell exhaustion, shortcomings, such as off-target effects and

single targets, limit their application. Therefore, it is important to identify

molecular targets in effector T cells that simultaneously regulate the

expression of multiple immune checkpoints. Over the past few years, non-

coding RNAs, including microRNAs and long non-coding RNAs, have been

shown to participate in the immune response against viral infections and

tumors. In this review, we focus on the roles and underlying mechanisms of

microRNAs and long non-coding RNAs in the regulation of T cell exhaustion

during chronic viral infections and tumorigenesis. We hope that this review will

stimulate research to provide more precise and effective immunotherapies

against viral infections and tumors.
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Abbreviations: LCMV, Lymphocytic choriomeningitis virus; HSV-1, Herpes simplex virus type 1; HIV,

Human immunodeficiency virus; HBV, Hepatitis B virus; SARS-CoV-2, Severe acute respiratory syndrome

coronavirus 2; PD-1, Programmed death-1; PD-L1, Programmed death ligand-1; CTLA4, Cytotoxic T-

lymphocyte antigen 4; TIM-3, T-cell immunoglobulin domain and mucin domain 3; BTLA, B- and T-

lymphocyte attenuator; LAG3, Lymphocyte activation gene 3; CD244, Cluster of differentiation 244; IL-2,

Interlekin-2; TNF-a, Tumor necrosis factor-a; IFN-g, Interferon-g; NcRNAs, Non-coding RNAs;

MiRNAs, MicroRNAs; LncRNAs, Long non-coding RNAs; LAT, Latency-associated transcript; TCR, T

cell antigen receptor; Ptger2, Prostaglandin E2; SOCS-1, Suppressor of cytokine signaling; Blimp-1, B

lymphocyte-induced maturation protein 1; HCC, Hepatocellular carcinoma; NPC, Nasopharyngeal

carcinoma; PRC2, Polycomb repressor complex 2; CircRNAs, Circular RNAs.
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Introduction

T cell exhaustion was first observed in murine models of

chronic lymphocytic choriomeningitis virus (LCMV) infection.

Researchers have found that virus-specific CD8+ T cells can

persist indefinitely in chronically infected hosts but are unable to

develop antiviral effector functions and thus fail to control viral

infection (1, 2). Since then, several types of viruses have been

shown to induce T cell exhaustion during viral infections,

including herpes simplex virus type 1 (HSV-1), human

immunodeficiency virus (HIV), hepatitis B virus (HBV),

hepatitis C virus (HCV), Epstein–Barr virus, and severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), a recently

identified coronavirus that continuously affects millions of

people (3). Growing evidence has revealed that exhausted T

cells are also widely distributed in the tumor microenvironment

because of persistent exposure to tumor antigens (4–6). During

chronic viral infections and tumorigenesis, the exhaustion of

virus- or tumor-specific CD4+ and CD8+ T cells is characterized

by elevated levels of immune checkpoints, such as programmed

death-1 (PD-1), programmed death ligand-1 (PD-L1), cytotoxic

T-lymphocyte antigen 4 (CTLA4), T-cell immunoglobulin

domain and mucin domain 3 (TIM-3), B- and T-lymphocyte

attenuator (BTLA), lymphocyte activation gene 3 (LAG3), and

cluster of differentiation 244 (CD244, also known as 2B4). These

cells have decreased ability to produce proinflammatory

cytokines, such as interleukin-2 (IL-2), tumor necrosis factor-

a (TNF-a), and interferon-g (IFN-g), and exhibit impaired T cell

proliferation (7).

A number of studies have demonstrated that abnormally high

expression of immune checkpoints is a hallmark of T cell

exhaustion (8–10). By binding to the corresponding ligands,

immune checkpoints can induce T cell dysfunction through a

variety of mechanisms, including metabolic processes,

proliferation, cytokine secretion, recruiting immunosuppressive

cells, and impairing T cell memory homeostasis (11, 12)

(Figure 1). Although many studies have attempted to reverse T

cell exhaustion using immune checkpoint inhibitors, the primary

or secondary treatment tolerance, general toxicity, and immune-

related adverse events observed in most individuals who receive

immune checkpoint blockade therapy. These effects significantly

limit their clinical use because of their shortcomings, such as off-

target effects and single targets (16). Thus, understanding the

regulatory mechanism underlying the expression of these immune

checkpoints and identifying molecular targets in effector T cells

that can simultaneously regulate the expression of multiple

immune checkpoints warrant further research.

Non-coding RNAs (ncRNAs), including microRNAs

(miRNAs) and long ncRNAs (lncRNAs), are RNA molecules

that are not translated into protein products. miRNAs are a

group of evolutionarily conserved ncRNAs ranging from 19 to

24 nucleotides in length that play significant roles in post-

transcriptional gene regulation through mRNA degradation or
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translational repression (17). lncRNAs are long functional

ncRNAs that are more than 200 nucleotides long (18). Several

biological processes are known to be controlled by miRNAs and

lncRNAs, including cell differentiation, proliferation,

ossification, autophagy, and apoptosis (19–24). miRNAs and

lncRNAs also play critical regulatory roles in the progression of

various disorders, such as cancers, viral infections, and

neurodegenerative diseases (25–30). There is growing evidence

that miRNAs and lncRNAs act as regulators of immune escape

by directly or indirectly modulating the expression of immune-

regulating molecules, especially immune checkpoint proteins,

such as members of the CD28, B7, TNF, and TNF receptor

families (31, 32). Additionally, miRNAs and lncRNAs play

important roles in the differentiation, proliferation, and

cytokine secretion of CD4+ and CD8+ T cells (33). Many

miRNAs and lncRNAs have been demonstrated to be

dysregulated following continuous exposure to antigens in

viral infections and tumors, and these miRNAs and lncRNAs

play crucial roles in the maintenance of T cell functions (34–37),

suggesting that miRNAs and lncRNAs have great potential as

therapeutic targets for reversing T cell exhaustion.

In this review, we provide an overview of the roles of

miRNAs and lncRNAs in T cell exhaustion during chronic

viral infections and tumorigenesis and present their potential

implications in reversing T cell exhaustion against human

cancers and viral infections, with an emphasis on immune

checkpoint regulation. We hope that this review will

contribute to the development of non-coding RNA-based

therapeutic approaches for the treatment of any type of RNA-

related disease, such as SARS-CoV-2.
Chronic viral infections

An increasing number of studies have confirmed that the

antigenic load during viral infections directly contributes to CD4+

and CD8+ T cell exhaustion, and several ncRNAs have been

identified to be involved. In this section, we summarize the roles of

ncRNAs in T cell exhaustion during chronic HSV-1, LCMV, and

HIV infections (Table 1).
Herpes simplex virus type 1

HSV-1 is a human alpha herpesvirus closely related to

orofacial, genital herpes, and encephalitis (49). HSV-1 infection

is quite prevalent, with 80–90% of the population infected with

HSV-1 during their lifetime. After infection, HSV-1 hijacks host

cell factors, including miRNAs and lncRNAs, to facilitate viral

replication and gene expression (50–53). A growing body of

evidence has revealed that the HSV-1 latency-associated

transcript (LAT), a viral lncRNA that is abundantly expressed

during latent infection and plays a vital role in the HSV-1 latency
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reactivation cycle, is an important mediator that promotes viral

survival and immune evasion by increasing immune checkpoint

expression, thus inducing exhaustion of HSV-1 specific T cells.

For example, Homayon et al. found that increased latency in the

mouse trigeminal ganglia is associated with higher levels of the

exhaustion markers PD-1 and TIM-3, suggesting the functional

significance of T cell exhaustion in HSV-1 establishing latency.

Further investigation revealed that LAT+ viruses contain more

CD8+ T cells expressing PD-1 and TIM-3 than those in LAT-

viruses and that CD8a+ dendritic cells are involved in LAT-

induced expression of PD-1 and TIM-3 (29, 38, 54). In addition,

Lbachir et al. reported that HSV-1 LAT inhibited the cytotoxic

function of HSV-1-specific CD8+ T cells and decreased IFN-g and
Frontiers in Immunology 03
TNF-a production by directly or indirectly upregulating PD-L1

expression in mouse neuroblastoma cells (40). Moreover, they

found that LAT interferes with the phenotypic and functional

maturation of HSV-1 antigen-positive dendritic cells and

upregulates the expression of PD-1, TIM-3, and CTLA-4 in

HSV-specific CD8+ T cells (41, 55).
Lymphocytic choriomeningitis virus

LCMV infection in mice is a well-established model for

investigating the mechanism underlying T cell exhaustion

induced by chronic viral infection (56). In studies investigating
TABLE 1 Roles of of ncRNAs in T cell exhaustion during chronic viral infections.

NcRNA Disease Target Role Reference

LAT HSV-1 infection PD-1, TIM-3 Promoting CD8+ T cells exhaustion (38, 39)

PD-L1 Promoting CD8+ T cells exhaustion (40)

PD-1, TIM-3, CTLA-4 Promoting CD8+ T cells exhaustion (41)

miR-31 LCMV infection c-Maf, Ptger2 Promoting CD8+ T cells exhaustion (42)

miR-155 PD-1, CD160, 2B4 Promoting CD8+ T cells exhaustion (43)

miR-9 HIV-1 infection Blimp-1 Inhibiting CD4+ T cells exhaustion (44, 45)

let-7 IL-10 Inhibiting CD4+ T cells exhaustion (46)

miR-146a PD-1, CTLA-4 Promoting CD4+ T cells exhaustion (47, 48)
fro
FIGURE 1

Immune checkpoints increase T cell exhaustion. During chronic viral infections and tumorigenesis, CD4+ and CD8+ T cells recognize antigens
presented by MHC complexes on antigen-presenting cells (APCs) or tumor cells through the TCR, stimulating expression of multiple immune
checkpoints, such as TIM3, CTLA4 LAG3, killer cell immunoglobulin-like receptor (KIR), PD-1, 2B4, CD160, BTLA, and TIGIT. By binding to the
corresponding ligands, these immune checkpoints can drive T cell exhaustion through metabolic processes, inhibiting proliferation and cytokine
secretion, recruiting immunosuppressive cells, and impairing T cell memory homeostasis. In addition, the high antigen stimulation of TCR
induced expression of TOX/TOX2 and EOMES, two transcriptional factors that are involved in promoting T cell exhaustion by regulating
transcription of PD-1, CD160, LAG3, and TIGIT (13–15).
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the role and molecular mechanism of miRNAs during T cell

activation and differentiation, miR-31 expression was found to

be strongly enhanced by activation of the T cell antigen receptor

(TCR) in a calcium- and NFAT-dependent manner (42, 57, 58).

Further studies confirmed that miR-31 promotes CD8+ T cell

exhaustion and inhibits T cell responses to LCMV infection by

increasing expression of c-Maf, a transcription factor, and

Ptger2, the receptor for prostaglandin E2 (Ptger2), which

contributes to CD8+ T cell dysfunction by upregulating several

immune checkpoints, such as PD-1, LAG3, and IL-10 (59–62),

and downregulating the expression of several T cell effector

molecules, including perforin, granzymes, and osteopontin (42).

miR-155 is another miRNA, the expression of which is

affected by TCR activation. Romero et al. reported that miR-

155 functions as a key molecule for effector CD8+ T cell

accumulation and response to LCMV infection by targeting

suppressor of cytokine signaling (SOCS-1), thus promoting

cytokine responsiveness and accumulation (63). However,

Wherry et al. found increased miR-155 expression in

exhausted T cells during LCMV infection and that miR-155

promotes the development, proliferation, accumulation, and

long-term durability of terminally differentiated and exhausted

T cells through the activator protein 1 (AP-1) transcription

factor pathway. Moreover, miR-155 reduced the percentage of

CD8+ T cells producing IFN-g and TNF-a and promoted T cell

exhaustion by upregulating the expression of immune

checkpoints, including PD-1, CD160, and 2B4 (43).
Human immunodeficiency virus

Functional exhaustion of immune cells is also a defining

characteristic of HIV-1 chronic infection, and several miRNAs

have been identified to be involved in the development of T cell

exhaustion observed in HIV-1 infection, including miR-9,

miRNA let-7, and miR-146a. Kelleher et al. found that

downregulation of miR-9 in progressive HIV-1 infection

upregulated the expression of B lymphocyte-induced

maturation protein 1 (Blimp-1), a transcriptional repressor of

IL-2 expression, and was correlated with PD-1, LAG3, 2B4, IFN-

g, and TNF-a (44, 45, 64). miRNA let-7 is another miRNA that

was shown to be significantly downregulated in CD4+ T cells

from HIV-1 infected patients, and miRNA let-7 depletion

increased the expression of IL-10, an immunosuppressive

cytokine that drives the exhaustion of intratumoral CD8+ T

cells through a pathway dependent on the transcription factor

Blimp-1 (45, 65, 66). miR-146a expression is induced during

acute and chronic HIV-1 infections (67, 68). Feng et al. found

that chronic HIV-1 infection upregulated the expression of miR-

146a and exhaustion markers PD-1 and CTLA-4 following T cell

activation, and the depletion of miR-146a improved the antiviral

capacity of peripheral blood mononuclear cells from chronic

HIV-1 infected patients through the upregulation of antiviral
Frontiers in Immunology 04
cytokines, such as IFN-g, IL-2, and TNF-a. Further investigation
revealed that miR-146a positively regulates the expression of

PD-1 and CTLA-4 (47, 48). These findings suggest that the miR-

9/Blimp-1, let-7/IL-10, and miR-146a/PD-1/CTLA-4 axes play

important roles in CD4+ T cell dysfunction observed in HIV-

1 infection.
Tumorigenesis

In the tumor microenvironment, tumor cells can negatively

regulate the functions of tumor-infiltrating T lymphocytes

through their association with immunosuppressive cells and the

secretion of immunosuppressive cytokines that inhibit tumor-

infiltrating T lymphocytes activation by stimulating the expression

of multiple inhibitor receptors through binding to cytokine

receptors and then triggering signal transducer and activator of

transcription (STAT)-dependent signaling pathway (69). In this

section, we summarized the roles of ncRNAs in T cell exhaustion

during tumorigenesis of melanoma, hepatocellular carcinoma

(HCC), breast cancer, nasopharyngeal carcinoma (NPC),

gliomas, and lung adenocarcinoma (Table 2).
Melanoma

Melanoma, the most aggressive type of skin cancer, is a

common cancer in the western world, increasing in incidence

(80), although a rapid decline in death rates has been reported in

the United States since the introduction of immune checkpoint

inhibitors (81). In a study of the underlying roles and

mechanisms of miR-155 in melanoma progression, miR-155

expression was found to be upregulated in effector CD8+ T cells

depending on the strength of TCR stimulation and

differentiation, and miR-155 knockout promoted tumor

growth by enhancing the SOCS-1/STAT5 signaling pathway,

thereby impairing cytokine production and resulting in CD8+ T

cell exhaustion (63). In addition, miR-155 was found to inhibit T

cell senescence and exhaustion to enhance the antitumor

response by silencing key transcriptional factors that drive

terminal differentiation and exhaustion of T cells via the

Ship1/Phf19/Polycomb repressor complex 2 (PRC2) axis (71).

Moreover, Li et al. reported that miR-28 was significantly altered

in exhausted T cells isolated from a murine melanoma model.

Further investigation revealed that miR-28 is involved in T cell

exhaustion by directly regulating several immune checkpoints,

including PD-1, TIM-3, and BTLA (70).
Hepatocellular carcinoma

HCC was the seventh most common cancer and the second

leading cause of cancer-related deaths worldwide in 2020 (80).
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The main risk factors for HCC are chronic HBV or hepatitis C

viral infections (82). A study investigating the regulatory

network between host factors and T cell exhaustion in HBV-

related hepatocellular carcinoma revealed an HBV/pSTAT3/

SALL4/miR-200c axis regulated PD-L1 expression and

confirmed that miR-200c functions as a therapeutic target to

reverse T cell exhaustion during HCC progression (72). In

addition, lnc-Tim3 can induce the exhaustion of CD8+ T cells

by specifically binding to TIM-3 to upregulate the expression of

anti-apoptotic proteins by releasing Bat3 and promoting the

activation of p53 and RELA (73).
Breast cancer

Breast cancer remains the most diagnosed cancer and the

leading cause of cancer-related deaths in women, with an

estimated 2.3 million new cases worldwide by 2022 (80).

Zhang et al. studied the role of miRNAs in human breast

cancer progression and found that the expression of 117

miRNAs was significantly altered in CD8+ PD-1+ and CD8+

PD-1– T cells isolated from 4T1 breast tumor-bearing mice.

Among them, miR-149-3p has been shown to promote T cell

proliferation, secretion of cytokines IL-2, TNF-a, and IFN-g, and
cytotoxicity of CD8+ T cells against 4T1 breast tumor cells.

Further investigation of the molecular mechanism demonstrated

that upregulation of miR-149-3p reversed T cell exhaustion by

targeting several immune checkpoints, including PD-1, TIM-3,

BTLA, and Foxp1 (74). In addition, two downregulated

miRNAs, miR-424-5p (75) and miR-138-5p (76), were shown

to reduce breast cancer cell viability and restrain T cell

exhaustion by upregulating the expression of the effector

cytokines IL-2, TNF-a, and IFN-g, and downregulating

the expression of the regulatory cytokine IL-10 by targeting

PD-L1.
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Nasopharyngeal carcinoma

NPC is a common head and neck cancer of nasopharyngeal

epithelium (80). A study to understand the mechanism of T cell

development in the tumor microenvironment of NPC found that

hypoxia-induced overexpression of miR-24 promoted the

transition of activated T cells to exhausted T cells by

increasing the expression of CD39, PD-1, and TIM-3. Further

investigation revealed that miR-24 reduced ATP production and

decreased mitochondrial mass in T cells by binding to and

repressing the expression of the proto-oncogene Myc and

fibroblast growth factor 11, two essential factors for the

reprogramming of mitochondrial dynamics (77).
Gliomas

Gliomas are the most common and aggressive tumors that

arise in the central nervous system and are characterized by poor

prognosis (83). Researchers have studied the effects of miR-15a/

16 on the antitumor immune response in glioma-infiltrating

CD8+ T cells and observed that an miR-15a/16 deficiency in an

orthotropic GL261 mouse glioma model attenuated cancer

progression by inhibiting tumor growth and prolonged mouse

survival. Mechanistic investigations revealed that miR-15a/16

deficiency resulted in tumor-infiltrating CD8+ T cells

accumulation and promoted the secretion of IFN-g, IL-2, and
TNF-a. Moreover, miR-15a/16 knockout resulted in lower

expression of PD-1, TIM-3, and LAG-3 by targeting mTOR, a

crucial regulator of T cell functions (78, 84).
Lung adenocarcinoma

Lung cancer remains the leading cause of cancer-related deaths,

with an estimated 2.2 million new cases and 1.8 million deaths
TABLE 2 Roles of ncRNAs in T cell exhaustion during tumorigenesis.

NcRNA Disease Target Role Reference

miR-28 Melanoma PD-1, TIM-3, BTLA Inhibiting exhaustion of CD4+, CD8+ T cells and Treg cells (70)

miR-155 SOCS-1 Inhibiting CD8+ T cells exhaustion (63)

Ship1 Inhibiting CD8+ T cells exhaustion (71)

miR-200c HCC PD-L1 Inhibiting CD8+ T cells exhaustion (72)

lnc-Tim3 TIM-3 Promoting CD8+ T cells exhaustion (73)

miR-149-3p Breast cancer PD-1, TIM-3, BTLA, Foxp1 Inhibiting CD8+ T cells exhaustion (74)

miR-424-5p PD-L1 Inhibiting CD8+ T cells exhaustion (75)

miRNA-138-5p PD-L1 Inhibiting CD8+ T cells exhaustion (76)

miR-24 NPC CD39, PD-1, TIM-3 Promoting CD4+ T cells exhaustion (77)

miR-15a/16 Glioma PD-1, TIM-3, LAG-3 Promoting CD8+ T cells exhaustion (78)

circRNA-002178 Lung adenocarcinoma PD-L1, PD-1 Promoting CD8+ T cells exhaustion (79)
fro
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worldwide in 2020 (80). Lung adenocarcinoma usually originates

from the mucosal glands and represents approximately 40% of all

lung cancers. In a study that determined the function and

mechanism of circular RNAs (circRNAs) in lung adenocarcinoma,

has-circRNA-002178 expression was significantly upregulated in

lung adenocarcinoma cells and tissues. This high expression of

has-circRNA-002178 induced T cell exhaustion by spongingmiR-34

to enhance PD-L1 expression in cancer cells. Moreover, cancer cell-

derived circRNA-002178 can be delivered into CD8+ T cells via

exosomes, resulting in increased PD-1 expression (79).
Discussion

Viral infections and tumors are two classes of diseases that

pose significant threats to humans (80, 85). During viral

infections and tumorigenesis, effector CD4+ and CD8+ T cells

act as master players of the adaptive immune system to eradicate

the virus and tumor cells from the host. However, T cells

chronically exposed to viral and tumor antigens gradually lose

their ability to control viral replication and tumor cell growth

(86). Thus, T cell-based immunotherapy is a promising

approach for the treatment of viral infections and tumors. A

growing body of evidence suggests that the ncRNA-mediated

upregulation of numerous immune checkpoints is involved in

virus- and tumor cell-induced T cell exhaustion (Figure 2).

Therefore, ncRNAs are of relevant research interest, and their

roles in reversing T cell exhaustion should be considered.
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To date, 11 RNA-based therapeutics, including small

interfering RNAs (siRNAs) and antisense oligonucleotides

(ASOs), have been approved by the Food and Drug

Administration (FDA) and the European Medicines Agency

(EMA) for the treatment of liver, muscle, or central nervous

system-related diseases (87). In addition, several miRNA-based

therapeutics are in phase II or III clinical development for the

treatment of keloids, HCV infection, type II diabetes,

nonalcoholic fatty liver disease, and Huntington’s disease, but

no lncRNA-based therapeutic approaches have entered clinical

development. Key challenges facing miRNA- and lncRNA-based

therapeutics are the hurdles of low specificity, specific delivery,

and immune responses. Therefore, technical advancements in

molecular biology, immunology, pharmacology, chemistry, and

nanotechnology are needed to improve specificity, tolerance,

and delivery.

In addition, it should be investigated how T cell exhaustion-

related ncRNAs develop altered expression, along with whether

these ncRNAs interact and coordinate to regulate target genes,

especially since they are powerful regulators of gene expression.

Further studies are needed to elucidate the role of ncRNAs in the

immune microenvironment, such as function of ncRNAs as

“messenger RNAs” for communication between T cells and

tumor/virus-infected cells. More importantly, several groups

have reported that the number of T cell exhaustion markers

was increased in CD4+ and CD8+ T cells in patients suffering

from SARS-CoV-2 infection (88–90). Thus, more attention

should be directed towards how to reverse T cell exhaustion
FIGURE 2

ncRNAs regulate expression of numerous immune checkpoints. During chronic viral infections and tumorigenesis, numbers of ncRNAs are
found to be involved in virus- and tumor cell-induced T cell exhaustion by regulating expression of immune checkpoints. These immune
checkpoints are mainly inhibitory receptors or the transcriptional factors that regulate their transcription.
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during SARS-CoV-2 infection and whether ncRNAs can act as

useful therapeutic targets for the treatment.

Overall, this review summarizes and discusses the roles of

ncRNAs in T cell exhaustion during chronic viral infections and

tumorigenesis and indicates that ncRNAs may be potent targets

for enhancing T cell-based immunotherapy against chronic viral

infections and tumors.
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et al. A single-cell atlas of the peripheral immune response in patients with severe
COVID-19. Nat Med (2020) 26(7):1070–6. doi: 10.1038/s41591-020-0944-y

89. Zheng HY, Zhang M, Yang CX, Zhang N, Wang XC, Yang XP, et al.
Elevated exhaustion levels and reduced functional diversity of T cells in peripheral
blood may predict severe progression in COVID-19 patients. Cell Mol Immunol
(2020) 17(5):541–3. doi: 10.1038/s41423-020-0401-3

90. Zheng HY, Xu M, Yang CX, Tian RR, Zhang M, Li JJ, et al. Longitudinal
transcriptome analyses show robust T cell immunity during recovery from
COVID-19. Signal Transduct Target Ther (2020) 5(1):294. doi: 10.1038/s41392-
020-00457-4
frontiersin.org

https://doi.org/10.18632/oncotarget.10731
https://doi.org/10.1038/s41467-019-09882-8
https://doi.org/10.1038/s41467-018-03584-3
https://doi.org/10.1038/s41419-018-0528-7
https://doi.org/10.1038/s41419-018-0528-7
https://doi.org/10.1098/rsob.190061
https://doi.org/10.1016/j.lfs.2020.118239
https://doi.org/10.1016/j.ejphar.2021.173933
https://doi.org/10.3389/fimmu.2020.01906
https://doi.org/10.1002/ijc.30912
https://doi.org/10.1038/s41419-020-2230-9
https://doi.org/10.3322/caac.21660
https://doi.org/10.2105/AJPH.2020.305567
https://doi.org/10.3322/caac.21613
https://doi.org/10.1038/nri3198
https://doi.org/10.1016/S2214-109X(22)00132-2
https://doi.org/10.1016/S2214-109X(22)00132-2
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41392-020-00457-4
https://doi.org/10.1038/s41392-020-00457-4
https://doi.org/10.3389/fimmu.2022.959729
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Non-coding RNAs: Key players in T cell exhaustion
	Introduction
	Chronic viral infections
	Herpes simplex virus type 1
	Lymphocytic choriomeningitis virus
	Human immunodeficiency virus
	Tumorigenesis
	Melanoma
	Hepatocellular carcinoma
	Breast cancer
	Nasopharyngeal carcinoma
	Gliomas
	Lung adenocarcinoma
	Discussion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


