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Abstract- During chronic infections, a distinct physiological condition named “exhaustion” arises that is 

associated with the dysfunctionality in immune cells and their eventual removal from the environment, which 

evidently help the progress of infection or tumors in human or animal bodies. This state of immune cells could 

be under the control of different elements such as the antigen load, help from inhibitory cells, lack of 

costimulatory signals and etc. Exhaustion that has been found in different immune system cells, is usually 

accompanied by impaired effector function and proliferation of immune cells, poor memory recall, upregulation 

of inhibitory molecules, compromised metabolism and altered transcription program, and is considered a 

reversible process, unlike other physiological states like anergy or senescence, organized through the blockage 

of several factors. Although the emergence of these cells in viral infections and cancer is an undesirable event, 

the importance of the presence of exhausted cells in autoimmune diseases and organ transplantation is 

highlighted as a positive change. In this review, we aimed to determine the occurrence of this process in 

different immune cells, the characteristics obtained by these cells, effective and primitive factors on exhaustion, 

metabolic and transcriptional cell changes, and the use of these cells in autoimmune diseases and organ 

transplantation.  
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Introduction 
 

Despite the differences in the nature of infectious 

agents, immune system responses usually start with the 

reactions of innate immunity, from taking up the antigens 

to processing and presenting them to more specified 

immune cells belonging to adaptive immunity. In other 

words, this acute response requires the establishment of a 

collaboration between immune cells, which begins with 

antigen-presenting cells in charge of picking up the 

antigens and delivering them to T cells, usually lasts for 

1-2 weeks, proceeds with clonal proliferation and 

differentiation of B and T cells, and finally ends up in the 

clearance of infectious agents deletion of 95% of effector 

cells and the formation of memory responses by T and B 

cells (1). However, following chronic infection, an almost 

stable and dynamic phase is formed in the body; in other 

words, the immune system and the infectious agent 
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balance each other. During this phase of the infection, the 

failure of immune cells in this battle and the persistence 

of the infection cause continuous stimulation by the 

antigens, the immune cells become exhausted and are 

unable to remove the agent; in other words, they become 

addicted to the infectious agent (2). The appearance of 

this status shares some properties with anergy and 

senescence, which means immune cells that have gone 

through exhaustion lose their functions, and it eventually 

leads to their removal and apoptosis (3). More 

interestingly, the footprints of this phenomenon have 

been sighted in tumors. In the microenvironment of 

cancer, due to low immunogenicity and low expression of 

tumor antigens and co-stimulatory molecules, high 

expression of inhibitory and inflammatory cytokines, and 

acidic environment of the tumor, immune effector cells 

are affected and differentiated into exhausted cells (4).  

Although it seems that the development of this 

physiological state in cells delays the response to the 

growth of the infection and cancer cells, but prolonged 

response causes pathological reactions that ultimately 

lead to damage to tissue. Therefore, the production of 

these cells during prolonged response can prevent tissue 

damage (5). So far, this phenomenon has been discovered 

and well-studied in T cells; however, recent studies have 

shown this process is not only limited to T cells, but also 

it can occur in B cells (6), natural killer (NK) cells (2), as 

well as innate lymphoid-like cells (ILC) (7), and dendritic 

cells(DC) (8), suggesting that exhaustion might be a 

strategy coming from infectious agents or cancer cells to 

guarantee their persistence.  More notably, exhaustion has 

been sighted in CAR T cells (9). Therefore, considering 

the extension of exhaustion in immune cells and its 

impacts on the efficiency of the responses, in this review 

we will focus on immune cells exhaustion, underlying 

reasons and the process of its progress, its influence on 

the function of immune cells, features of exhausted cells, 

and the present methods to preserve and reverse this 

phenomenon and the answer to this question that how 

exhaustion can be advantageous. 

 

Exhaustion of T cells 

The history of the discovery of exhaustion dates back 

to the 1960s when the experiments conducted on the 

exposure to high doses of antigen, led to the description 

of depletion and exhaustion (10). For the first time, this 

process was detected in CD8+T cells of mice infected 

with lymphocytic choriomeningitis virus (LCMV) as, not 

only were these cells not able to remove infected cells but 

also they did not cause any immunopathological death 

(11). After the discovery of this phenomenon in mice, 

studies were carried out to identify this phenomenon in 

primates such as humans, which led to the discovery of 

this phenomenon in human infections with Simian 

immunodeficiency virus (SIV), Human 

Immunodeficiency Virus (HIV) (12), Hepatitis B virus 

(HBV) (13), Hepatitis C virus (HCV) (14), and human T-

cell lymphotropic virus (HTLV) (15), and bacterial 

infection with Mycobacterium tuberculosis (16), and 

fungal infections such as Candida albicans and Metastatic 

cancers (17). Also, in a recent study, the presence of a 

group of T cells with the exhaustion phenotype was 

detected in patients with common variable immune 

deficiency (CVID) (18). 

Exhaustion of CD8+T cell as the first and major group 

affected by exhaustion, is defined by the stepwise and 

progressive loss of CD8+T cell functions, starting with 

Interleukin-2 (IL-2) production, followed by impairing 

tumor necrosis factor-α (TNF-α) production, and in 

severe levels of exhaustion, CD8+T cells either entirely 

or partially lose the ability to produce interferon-gamma 

(IFN-γ), beta-chemokines, or degranulation of them, 

which eventually leads to their physical elimination. 

Moreover, Up-regulation of inhibitory receptors such as 

programmed cell death protein 1 (PD-1/PD-L1), 

lymphocyte-activation gene (LAG-3), T cell 

immunoglobulin and mucin domain-containing protein 3 

(Tim-3), 2B4/CD244, CD160, T cell immunoreceptor 

with Ig and immunoreceptor tyrosine-based inhibition 

motif (ITIM) domains (TIGIT), GP49B, and Cytotoxic 

T-lymphocyte protein 4 (CTLA4) has been sighted as the 

most prominent features of exhausted T cells (19). Other 

features that have been found out in these cells include 

changes in response to hemostatic cytokines and 

metabolic pathways, lack of antigen-independent 

homeostasis, and changes in chemokine receptors, 

signaling, migration, and implantation (20). Concerning 

the factors involved in the establishment of Exhaustion in 

CD8+T cells, along with the duration of infection, the 

type of epitope delivered, and the load of the virus, other 

factors such as the level of cytokines produced, the 

presence of CD8+T cells, NK cells, and Antigen-

presenting cells(APC) cells can be at the root of this 

phenomenon (21). The type of infection can also 

determine the characteristics of exhausted cells (5), 

which will be discussed in the following sections. 

CD4+T cells, like CD8+T cells, undergo exhaustion 

following prolonged, chronic infection, and cancer (22). 

Exhaustion in CD4+T cells usually occurs following 

continuous stimulation by antigen, meanwhile, it seems 

that stimulatory signals play a role in inducing this 

condition in CD4+ T cells. Like CD8+T cells in these 
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cells, increased expression of CD200, B And T 

Lymphocyte Associated (BTLA), CTLA4, TIM3, LAG-

3, and PD 1, and decreased production of functional 

cytokines such as IL-2, TNF-α, and INFγ (Figure 1) (23) 

can be detected in CD4+T cells and, unlike exhausted 

CTLs these cells can produce IL-10 or IL-21. Although 

CD4+T cells possess some common transcription factors 

with CD8+ T cells, they specifically express GATA-

Binding Protein 3 (GATA3), T-Box Transcription Factor 

21 (Tbx21), RAR Related Orphan Receptor A (Rora), B-

Cell Lymphoma 6 Protein (Bcl6), and B-Lymphocyte-

Induced Maturation Protein 1 (Blimp-1). Having said 

that, the expression of these factors is not observed in all 

CD4+T cells presented in infection, which indicates the 

presence of different subgroups of CD4+ T cells in 

exhaustion during chronic infection (24). Recent studies 

have also shown a decrease in response to T helper type 

2 (Th2) cells following chronic infection with filarial 

nematode Litomosoides sigmodontis in the infected mice. 

This phenotype was associated with loss of functional 

capacity to produce interleukins 2, 5, and 4 and increased 

expression of PD-1which could be restored by blocking 

PD-1/PDL-2 (25). Although this phenotype had been 

previously considered to be related to the exhaustion 

phenotype, recent studies have shown that the 

transcriptional profile of these cells is different from 

exhausted CD4+T cells and has some similarities with the 

cellular anergy (26).  

 

Exhaustion of NK cells 

The same as T cell, prolonged exposure to the 

microenvironment of a tumor or a chronic infection 

usually results in a state of dysfunctionality in NK cells. 

This state in NK cells, which was first evidenced in the 

1985s, and has been earlier sighted in other adaptive 

immune cells, is suspected to be the exhaustion phase 

accompanied by suppressing the anti-tumor/infection 

potential of NK cells (27). 

Under normal circumstances, the elimination of 

infected cells by NK cells is typically carried out through 

three mechanisms, which are categorized into two models 

of direct and indirect. In the direct model, mediated by the 

release of granules containing vital factors in perforation 

of cell membranes, caspase-dependent or independent 

mechanisms like perforin/granzyme; antibody-dependent 

cell-mediated cytotoxicity (ADCC), tumor necrosis 

factor receptor superfamily member 6 (TNFRSF6) (Fas 

ligand (FasL)) and TNF-related apoptosis-inducing 

ligand (TRAIL) play the leading roles. The indirect model 

is also based on the function of NK cells in the production 

of IL-10, TNF-α, INF-γ, chemokine ligands-4 (CCL-4), 

CCL-3, and-5, which could recruit, activate, and promote 

differentiation of innate and adaptive inflammatory 

immune cells (28). However, NK cells functions can be 

impaired and become targets of exhaustion, probably due 

to the presence of inhibitory factors like regulatory cells 

or soluble factors in the microenvironment of tumors or 

infections, which are naturally programmed to activate 

some specific pathways to control NK cells activity and 

prevent these cells from attacking normal cells (29). The 

exhausted phenotype of NK cells has been observed in 

several cancers including, acute myeloid leukemia, 

breast, pancreas, colorectal, and stomach cancer (30) and 

viral infections with HIV (31), HCV (32), and HBV (33) 

viruses.  

The status of exhaustion in NK cells could probably 

stem from impaired signaling, the presence of regulatory 

cells such as myeloid-derived suppressor cells (MDSC) 

that inhibit natural killer group 2D (NKG2D) expression 

by producing suppressive cytokines, recruitment of 

melanoma-derived fibroblasts that produce prostaglandin 

E2 (PGE2) and Indoleamine 2, 3-dioxygenases (IDO), 

inhibitory cytokines such as transforming growth factor-

beta (TGF-β), exosomes produced by tumor cells, and 

increased expression of co-stimulatory receptors and 

hypoxia in the tumor microenvironment (Figure 1) (34). 

Moreover, in the experiment performed by Felices et al., 

continuous exposure to IL-15 has been shown to lead to a 

decline in viability, function and signaling of NK cells, 

which was accompanied by reduced fatty acid oxidation 

(FAO). The permanent exposure to IL-15 exerted 

dysfunctional NK cells, which was reckoned to be 

exhausted NK cells, providing evidence that prolonged 

cytokine exposure might result in detrimental impacts and 

dysfunctionality in NK cells, which can be associated 

with the exhaustion phase (35). Like exhausted T cells, 

once that NK cells have gone through exhaustion, several 

changes occur in the phenotype of these cells, which 

affect their activity. Some of these changes are including 

metabolic changes, changes in gene transcription, 

increased expression of inhibitory receptors such as 

TIGIT, as one of the vital NK cells exhaustion markers, 

Tim-3, PD-1, and NKG2A, and decreased expression of 

NKG2D, CD16, natural cytotoxicity receptors (NCRs) 

NK lineage-restricted progenitor (NKp30, NKp44, 

NKp46), CD226, and 2B4 receptors, reduced expression 

of molecules involved in cytotoxicity such as perforin and 

granzyme, increased proliferation and decreased 

expression of INFγ (2). As these changes come with the 

expression of inhibitory molecules, it seems that blocking 

them could reverse and return functions of NK cells as 

TGF-β blocking in a study was associated with restoring 
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dysfunctional NK cells in human hepatocellular 

carcinoma or in another experiment, TIM-3 blockade was 

accompanied by the improved phenotype of NK cells 

(36). 

 

Exhaustion of B cells 

B cells, as the most vital member of the humoral 

immune system, are considered another target of 

exhaustion, which could possibly limit their responses to 

infections. While the features of exhausted T cells and 

factors influencing this phenomenon in T cells have been 

well defined, studies about this condition in B cells in 

different infections are incomplete. However, it seems 

continued exposure to bacterial and viral antigens, for 

example, in chronic HIV infection, leads to exhaustion of 

memory B cells. Specifically, exhaustion of B cells in 

HIV infection was demonstrated by the presence of a 

specific group of B cells called Tissue-like memory B 

cells mainly recognized by the high expression of CD20, 

low expression of CD21, other markers like Fc receptor-

like protein 4(FCRL-4), and inhibitory molecules (37). 

In an experiment on patients with GVHD, 

dysfunctional B cells were presented by CD21−, CD27−, 

CD10− , CD19 + , decreased proliferation, increased 

expression of inhibitory receptors, and changed 

implantation receptors (38). The most important 

similarity of these cells with exhausted T cells is the 

expression of inhibitory receptors such as PD-1, CD72, 

CD22 receptors, and Leukocyte-associated 

immunoglobulin-like receptor 1 (Lair-1)(Although these 

receptors are expressed in naive cells too, their expression 

is increased in exhausted B cells.), CD32b, and Sialic 

acid-binding Ig-like lectin 6 (Siglec-6) receptors, which 

are specific to exhausted B cells, and CD85d, CD85j, and 

CD85k, which are commonly found in NK cells, as well 

as implant-related receptors such as CD11c and C-X-C 

Motif Chemokine Receptor 3 (CXCR3). Characteristics 

such as decreased proliferation and immunoglobulin 

diversity in B cells following exhaustion have also been 

observed (6). Although similar groups of dysfunctional B 

cells have been seen in other chronic infectious and non-

infectious diseases such as HCV, Mycobacterium 

tuberculosis, and Plasmodium falciparum, not all of them 

were nominated as exhausted cells as in a recent study on 

Plasmodium falciparum, the presence of atypical B cells 

defined by CD19 +, CD27 -, CD10 - , CD21 – was observed 

alongside the persistence of Plasmodium falciparum, but 

these cells have not been defined as exhausted cells (39). 

Exhaustion of DCs 

DCs are a subset of bone marrow-derived cells located 

in various tissues and organs to act as initiators of the 

immune reactions. This function of DC’s is performed by 

tacking up the antigen, processing and presenting it to 

specialized acquired immune cells. Three subsets are 

defined for dendritic cells, including pDC, mDC type one 

and two, and monocyte-derived DCs, which play 

essential roles in infection and tumors as one of the most 

important suppliers of antigens that can also be 

influenced by exhaustion (40). Previously the role of IL-

10 in the exhaustion of DCs, and the role of CD40 in 

restoring IL-10 dependent exhaustion has been 

discovered (41). In the following studies, LCMV CL-13 

and HIV infections were shown to be capable of targeting 

plasmacytoid dendritic cells (pDC) and use these cells to 

spread and cause a chronic condition (42). In HIV 

specifically, the viruses can interfere with the function of 

DCs by delaying the production of INFα, which are 

considered vital for the initiation of an immune response. 

In infections with HBV and HIV decreased numbers of 

pDCs with impaired ability to produce INF-α, reduced 

ability of myeloid dendritic cells (mDCs) to stimulate T 

cells, have been observed (43). In CL-13 infection, the 

reduction in the production of INF-α, and decrease in 

expression of co-stimulatory molecules and major 

histocompatibility complex (MHC) class I and II, may 

interfere with the ability of DCs to deliver antigen and 

stimulate T cells, which eventually could prevent the 

differentiation and maturation of DCs (44). Not 

surprising that, in people with chronic infection with 

HCV, the number of mDCs and pDCs, their ability to 

stimulate T cells, and produce INF-α was lower than 

healthy people (45). Exhaustion of pDCs in the tumor 

microenvironment has also been associated with a defect 

in the production of INF-α along with a defect in the 

production of IL-6 and TNF-α, and induction of the 

production of IL-10 by CD4+  T cells (Figure 1) (46). 

Finally, a recent study found that the continuous 

stimulation of DCs after LCMV infection by TLR-7 

signaling may reduce the production of INF-α and sustain 

the population of exhausted pDCs (47). As a result, it can 

be assumed that exhausted pDCs have a deficiency in the 

production of INF-α in response to stimulation with TLR, 

chronic infection, or stimulation by other viruses, and this 

deficiency can cause the disruption of responses by the 

innate immune system and control of infection. 
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Figure 1. During the persistence of an antigen, a number of factors could help establish exhaustion of immune cells like 〖CD8〗^+T cells, 〖

"CD4" 〗^"+" T cells, NK cells, and dendritic cells, which is followed by the increase of the expression of inhibitory receptors. T regs by consuming 

IL-2 and production of IL-10 and TGF-β suppress 〖"CD4" 〗^"+" and 〖CD8〗^+T cell responses. The formation of M2 macrophages and MDSC, 

which produce IL-10, TGF-β, and ROS, contribute to T regs formation and inhibiting T cells and NK cells functions. On the one hand, the presence of 

NK cells could limit the other immune cells' functions by a range of mechanisms like direct killing and the production of inhibitory factors. On the 

other hand, the deletion of the help of 〖"CD4" 〗^"+" T cells could restrict 〖CD8〗^+T cells function and help the survival of infectious agents 

 

 

Supportive factors of exhaustion 

Antigen load 

The common feature in the chronic infections and 

cancer, besides the other involved factors in exhaustion 

seems to be long term exposure of immune cells with 

antigens, and the high load of antigen (21). While several 

studies have shown that this phenomenon mostly takes 

place at higher doses of chronic infections with viruses 

such as LCMV, HBV, HCV, and HIV infection (48), 

infections with yellow fever and the flu can lead to the 

formation of memory and effector cell responses (49). 

Therefore, it can be concluded that the magnitude, 

duration, and repeated T cell activation by the provided 

antigens exert a differentiating phase which is followed 

by the phenotypic and functional quality of the response.  

Furthermore, unstable viral epitope mutations by 

creating plasticity status in exhausted subsets can change 

the phenotypic and functional states of anti-vital T cells 

(21). In viral diseases such as LCMV, HIV, HCV, and 

SIV, the emergence of an escape mutation prevents T cell 

exhaustion. However, this mutation does not prevent loss 

of function, increased PD-1 expression, and progression 

to exhaustion in non-mutated epitope-specific cells, 

specifically in LCMV. In HIV, HCV, and SIV infections 

with mutations in the presented epitope, a decrease in PD-

1 expression was observed in T cells specific for non-

mutant epitopes (50). Recent studies indicated the role of 

the type of epitope presented and the type of infection in 

the severity of exhaustion. The first stage of exhaustion, 

which is accompanied by a lack of IL-2 production, loss 

of cytotoxicity, and poor cell proliferation, is seen in a 

group of viral infections, including LCMV, HIV, and 

HCV. The second stage of exhaustion, which is 

associated with the non-production of TNF-α and 

incomplete production of INFγ, has occurred in LCMV, 

HIV, HCV, HBV, and adenovirus. The Full Exhaustion 

phase occurs only in LCMV, HIV, HCV, and HTLV, and 

eventually, the removal of exhausted cells occurs in LCM 

(51). 

 

Cellular factors affecting exhaustion 

Presence of NK cells and their inhibitory effects 

NK cells, as a group of innate lymphoid-like cells, 

originating from the common lymphoid progenitor 

(CLP), have the potential to differentiate into ILC2, ILC3 

(including CCR6+LTi-like cells). These cells are able to 

attack and lysis infected cells during viral and tumor 

infections (as it was previously mentioned) (52). 

However, these cells could play a different role during 

chronic infection, and unexpectedly, limit the antiviral 

responses of CD8+T cells, which can eventually lead to 

the exhaustion of CD8+T cells. However, this reaction 

might be against what these cells are programmed to act, 

this response seems to protect the body from pathological 

damage caused by the activity of CD8+T cells (53).  

This activity of NK cells has been observed during 

chronic infection with LCMV, HBV, HCV, HIV, and a 

group of bacterial infections such as Listeria 
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monocytogenes, Toxoplasma gondii, and Yersinia pestis 

(54). This reaction of NK cells is usually determined by 

the production of IL10 and TGF-β cytokines (55), a direct 

killing of T cells by NKGD2 signaling, expression of 

UL16 binding protein 1(ULBP1-3) and MHC Class I 

Chain-Related gene A (MICA) ligands in T cells, and 

restricting the functions of APC cells by the release of 

perforin (56), and limiting their ability to deliver antigens. 

Moreover, the depletion of these cells following the 

chronic infection is also associated with an increase in the 

number of CD8+  T cells, preserving cytotoxic T 

lymphocyte (CTL) responses and protecting them from 

exhaustion (57). 

 

Depletion of CD4+ T cells help 

Although CD8+T cell activation is triggered by MHC 

class I signaling and DC stimulatory signals, the help 

from CD4+ T cells seems to play an important role in the 

activation and response of these cells, since the helping 

signals promote maintenance of central memory T cells 

and seem to be vital for the regulation of the function and 

size of effector memory T cells (58). This help is often 

provided by cross-talking with DCs and activating them 

by CD40-CD40L signaling (59). It has also been reported 

that this cross-talk can be established directly by CD40-

CD40L signaling between CD4+  T and CD8+  T cells 

(60). Moreover, the production capacity of IL2 and IL21 

by these cells is considered an important factor for the 

activation and proliferation of CD8+ T cells (61). This 

means that, the lack of CD4+T help can accelerate and 

increase the intensity of exhaustion since the main 

resource of IL-2 and IL-21 production, which are vital for 

the maintenance of CTLs responses, has been impaired 

(62). However it should be noted that , in some infections, 

stimulation of toll-like receptors (TLRs) stimulates the 

maturation of DCs and the production of factors needed 

to activate CD8+ T, such as INF type I, which could 

eliminate the need for CD4+  T cells presence (63). 

During chronic LCMV infection, the need for IL2 and 

IL21 plays a vital role in maintaining CD8+T responses. 

As In the absence of IL21 probably because of the lack of 

CD4 T cells help, the virus remains at a higher dose in the 

body, and the inability to express the IL2 receptor is 

associated with the removal of CD8+ T cells (64). The 

importance of the presence of CD4+ T cells and IL21 

production can be specifically seen in HIV, HBV, and 

HCV infections as the higher IL21 levels gets, the better 

response of CD8+T cells and control of the virus can be 

formed. More specifically the impact of the presence 

CD4+T cell can be observed in HIV infection, where 

CD4+T cells are the main targets of the virus, and the 

exhaustion of CD8+T cells occurs earlier (65).  

 

Regulatory T cells (T regs) and their synergistic effect 

on exhaustion 

CD4 +, CD127−, and CD25 +  T regs that eventually 

appear in the environment at the last stage of response to 

infections have a role in subsiding the immune responses 

and forming tolerance. Furthermore, they prevent the 

immune system from overreaction resulting in pathologic 

damage and autoimmunity (66). Considering their role in 

the modulating immune reactions it seems the presence 

of T regs can be effective in inducing exhaustion in 

chronic infections and cancer, as the depletion of these 

cells following the infection with LCMV in mice has 

improved the function of CD8+  T cells and their 

proliferation (67). However, it should be noted that the 

depletion of these cells was not associated with a 

reduction in viral load. In addition to chronic infection 

with LCMV, the presence of T regs has been observed in 

HCV, HBV, HIV, and tumor microenvironment (68).  

The function of T regs to suppress responses is 

normally accompanied by the high expression of CD25, 

which enables T regs to consume IL-2 in the environment, 

and subsequently leads to the deficiency of this vital 

cytokine for effector T cells, meaning that it has 

inhibitory effects on CD8+ T proliferation and activity 

(69). Furthermore, the production of IL10, TGF-β, and 

IL35 by these cells can limit the responses of CD8+T cells 

and help to induce this phenomenon in them (70). T regs 

by inhibiting CD4+T cells activity and impending CD4 

+T cells help, increasing the expression of inhibitory 

receptors such as PD-1 and CTLA4 in DCs, help to the 

growth of exhaustion (67). Besides the expression of 

CTLA4 in T regs suppresses the functions of CD8+T cells 

(71). Finally, T regs, by affecting antigen-presenting cells 

make these cells produce IDO, which has a suppressive 

effect on effector cells (72). The presence of CD8+T regs, 

which are involved in limiting immune responses during 

autoimmune diseases (73), has also been demonstrated 

during chronic infections such as LCMV and this group 

of cells can impact the function of other groups of T cells 

by the production of CCL4 and perforin. Therefore, it is 

not far-fetched to expect that targeting CD8+T regs can 

be associated with restoring the function of CD8 CD8+T 

cells (74).  

 

The effect of the presence of APCs on exhaustion 

DCs 

DCs that act like detonators in the initiation of 

responses and activation of adaptive immune cells, during 

chronic infections become the main targets of the 
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infectious agents. For example, the function of pDCs, 

which play a key role in producing INFα/β and activation 

of CD4+T cells , CD8+T cells , macrophages (MQ), and 

mDCs get impaired (75),as in HBV and HIV infection, 

the ability of pDCs to produce INFα decreases, which in 

turn affects the function of the dendritic cells and T cells 

(76). During HIV and HCV infections, the virus uses 

pDCs to spread and survive in the body for a long time, 

meaning that these cells become the depository of the 

infection. In addition, preventing the maturation of DCs, 

the reduction of the first and second stimulatory signals 

required for T cell activation following DC infection can 

play a role in the endurance of the infection (77). 

Furthermore, by expressing PDL-1 and IL-10, these cells 

can participate in the survival of the infection as well as 

inhibit the antiviral responses of T cells and cause the 

spread of exhaustion (78). 

In the tumor microenvironment, these cells also 

acquire immunosuppressive properties and take part in 

exhaustion through various mechanisms. Studies have 

shown that in the microenvironment of the tumor, the 

differentiation and maturation of DCs are usually 

impaired, which subsequently affects the function of 

these cells, and could cause these cells to fail in the 

presenting of antigens. This phenomenon can be along 

with an increase in the expression of PDL-1, and factors 

such as IL-6, TGF-B, OX40L, Inducible T Cell 

costimulatory ligand (ICOSL)(that helps the induction of 

T regs and production of IL-10 by them), Galactin-1, and 

IDO (79).  

 

Regulatory B cells (B regs) 

This group of B cells that contribute to less than 11% 

of the population of B cells, with a similar phenotype like 

plasma  cells (expression of CD1d, CD27, and CD24) and 

several subgroups are believed to be responsible for 

maintaining 383 tolerance and homeostasis by the 

production of IL-10, TGF-β, and IL-35 (80) and 

subsequently suppressing the immune system meaning that 

they can play a role in a range of diseases 385 including 

HIV, HBV, bacterial diseases, and cancer (81) and favor 

them. For example, in HBV infection, these cells, by 

producing IL-10, can play a role in suppressing CD8+T 

responses of producing INF-γ and TNF-α, and CD4+T cell 

responses (82). IL-10 production by B regs can have 

substantial impacts as it is associated with the induction of 

T regs that can suppress the production of antiviral 

cytokines from pDCs (83). In HIV infection, IL-10 

expression and increased PD-L1 expression in these cells 

are associated with 391 impaired immune function, 

inhibition of the function of other APCs, and proliferation 

of CD4+T cells; moreover, depleting these cells could help 

the recovery of CD8+T cells (84). Studies in mouse models 

have also shown that these cells could increase T regs 

formation by expressing TGF-β. Besides, these cells have 

been shown exhibit phenotypic expression of TGF-β, IL-

10, and PDL-1, which suppress the responses of DC, MQ, 

B, and T cells in the tumor (81). It has also been illustrated 

that the expression of CTLA4 396 in CD4 +T cells forms 

and differentiates the iBreg group, which can regulate 

immune responses by producing TGF-β 397 and IDO and 

stimulate the appearance of T regs (85).  

 

Macrophages (MQ) 

MQs are the other group of effector cells, belonging to 

the innate immune system, with the ability phagocytose 

pathogens and release both pro-inflammatory and 

antimicrobial mediators that origins from hematopoietic 

progenitor cells and differentiate to monocytes. After 

entering the blood system, monocytes, in exposure to 

infectious agents, differentiates to macrophages. 

Macrophages, which have a significant part in eliminating 

diseased and damaged cells through their programmed cell 

death, are considered to have the plasticity to two groups, 

based on environmental factors and cytokines, classified as 

M1 (classically activated macrophages) and the M2 

(alternatively activated macrophages), in other words, the 

function of these cells can be influenced by the plasticity 

(86).  

M2 macrophages, with some subtypes, known to have 

repair and suppressive function, appearing at the final 

stages of infection, can also be recruited in chronic 

infections and cancer. For instance, following HCV, HBV, 

and HIV infections, and M2s can produce IL10 and TGF-

β, which suppresses the immune system (87). In the tumor 

microenvironment, macrophages called Tumor-associated 

macrophages (TAM) can repress the immune system and 

promote exhaustion by various mechanisms. These cells 

express PDL-1, PDL-2, B7-1, B7-2, and expressing L-

arginine could reduce TCR expression and promote T cell 

exhaustion. Moreover, TAMs can produce ROS, IL-10, 

TGF-β, which could stimulate T regs, suppress T cells 

cytotoxicity and induce exhaustion. They are also capable 

of expressing human leukocyte antigen (HLA-E) for NK, 

and non-classical HLA-G for T cells that inhibits these 

cells. Finally, by evacuating the environment from vital 

amino acids like tryptophan and L-arginine, TAMs can 

speed the process of exhaustion (88).  

 

MDSCs 

These cells with origination from myeloid cells and 

heterogenicity have been observed to take part in reduction 
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and suppressing the immune responses. These cells, 

especially in tumors, generally use a variety of mechanisms 

to attenuate immune responses. They impede responses 

through the production of reactive oxygen species (ROS), 

nitrogen oxide (NO), which mediates induction of 

oxidative stress, the inhibition of the differentiation of 

other myeloid cells, and STAT-5 and JAK3 

phosphorylation, plus stimulation the apoptosis of T cells 

(89). MDSCs can also take advantage of two factors of 

inducible nitric oxide synthase (iNOS) and arginase 

(ARG)-1 to impair CD8 +T cell functions and reduce CD3ζ 

expression (90). Production of IDO by MDSCs which 

leads to formation of kynurenine could hamper the 

expansion of effector T cells. Moreover, depletion of 

amino acids such as L-arginine, L-tryptophan, and L-

cysteine, could hugely impact T cells, impair T cells 

metabolism. More interestingly MDSCs are seemed to 

contribute to suppress NK cells responses by the 

production of TGF-β and ROS, and inducing T regs by IL-

10 and TGF-β production (91).  

In chronic infections such as HCV and HIV, this cell 

group also plays an essential role in suppressing immunity. 

During HCV infection, this cell group can modulate 

cellular responses by depleting L-arginine and the ROS-

dependent pathway (92). In HIV infection, the presence of 

these cells and the production of arginase type 1 is 

associated with a decrease in the clonal proliferation of T 

cells and suppression of their function. Receiving highly 

active antiretroviral therapy (HAART) treatments has been 

incited to cause a reduction in the number of these cells and 

is associated with the restoration of  CD8+T  cellular 

responses (93).  

 

The effect of inhibitory and stimulatory cytokines on 

the exhaustion 

Exhaustion promoting cytokines 

TGF-β 

TGF-β, as one of the cytokines that play an important 

role in the homeostasis of cells and organs, takes a role in 

suppressing and reducing immune responses. This 

cytokine, which can be secreted by various sources such as 

T regs, TAMs, MDSCs and cancerous cells, binds to its 

receptor and initiates the SMAD pathway inside the target 

cells (94). This cytokine can inhibit T cell proliferation by 

inhibiting IL-2 production, as well as inhibiting c-Myc 

involved in the cell cycle along with increasing cyclin-

dependent kinase inhibitors p21 and p27 (95). TGF-β via 

the production of SMAD and ATF1, the suppression of 

INF-γ and β and granzyme, could suppress the cytotoxicity 

of CD8+T cells (96). TGF-β which is produced by TAMs 

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

cells in a dose dependent manner. Moreover, TGF-β seems 

to affect NK cells and inhibit the various functions of these 

cells. This effect is mediated through three pathways: 

silencing of T-bet expression and transcription, followed 

by decreased INF-γ expression (97), decreased DNAX-

activating protein of 12 kDa (DAP12) levels following the 

impact of miR-183 produced by TGF-β (98) and decreased 

NKP30 and NKG2D receptor expressions (99). Finally, in 

B cells, this cytokine inhibits activation, proliferation 

through the inhibition of cyclins involved in the cell cycle, 

increases p27 and p21 expression, decreases c-Myc 

expression (100) and switching class of antibodies 

(exception for IgA) (101). TGF-β can also exert the 

exhaustion of other immune cells via several processes, 

including the increase in the production of arginase and 

IDO in dendritic cells, reducing MHC class II expression 

in DCs, reducing the presentation of antigen by DCs, and 

inducing the phenotype of undifferentiated myeloid cells, 

which limits the function of APC (102). Therefore, 

regarding the role of this soluble factor in the exhaustion 

treatment with blocking TGF-β antibodies have resulted in 

improved function of CD8+T cells and restored their 

population in malignant pleural effusion (MPE) (103). 

 

IL10 

IL-10, with anti-inflammatory characteristics, and 

secreted by a range of different cells, has an essential 

function in infections by confining the immune reactions to 

antigens and thereby preventing damage to the host. 

Moreover, depending on the type of cytokines, IL-10 is 

released which can exert vital functions (104). This 

cytokine induces its effects through signal transducer and 

activator of transcription-3 (STAT3) (105). More notably  

the polymorphism of this cytokine or its receptor may be 

responsible for differences in the growth, establishment or 

immediate clearance of infections (106). IL10 could reduce 

the production of pro-inflammatory cytokines such as 

TNF-α, INF-γ, and IL-2, the clonal proliferation, and 

differentiating of CD4+ T cells (106). In other words, it 

could cause the ablation of the cross-talk of CD4+  and 

CD8+ T cells. In NK cells, IL10 has been shown to be 

capable of limiting the production of inflammatory 

cytokines, although it can also induce cytotoxic effects in 

NK cells (107). It can also cause a reduction in the 

expression and the presence of antigen by MHC class II 

and the inhibition of the production of inflammatory 

chemokines and cytokines such as monocyte chemo-

attractant protein (MCP)-5, MCP-1, TNF-α, IL-18, and IL-

6 (108). High expression of IL-10 has been detected in 

chronic viral infections with HIV, HCV, HBV, LCMV 

(109), tumors (104). In an experiment on patients with 
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ovarian cancer, presence dysfunctional CD8 +T cells were 

correlated with the population of infiltrating follicular 

regulatory T (Tfr) cells with upregulated IL-10 expression 

(110). Sawant et al., has recently found that in the 

microenvironment of the tumor IL-10 and IL-35 released 

by T regs could cause the exhaustion of intratumoral T cells 

in a BLIMP1 dependent pathway (70). In a study 

immunotherapy and treatment of chronic LCMV infection 

has been indicated to inhibit IL-10 production and increase 

T cell responses (111) proposing this fact that IL-10 is 

closely related to the induction of exhaustion. Another 

experiment in LCMV infection revealed usage of PD-1 

blocking antibodies is conversely correlated with the 

expression of IL-10 by CD8 +T cells on the other hand, 

blocking IL-10 expression is associated with strengthening 

the impacts of blocking PD-1 (112). 

 

IL-2 

IL-2, produced by T cells whilst an immune response, 

is necessary for the growth, proliferation, and 

differentiation of naïve T cells into effector T cells, and its 

activity begins with the phosphorylation of a group of 

STATs such as STAT5A, STAT5B, STAT1, and STAT3 

(113). Of note because the importance of IL2 in the 

activation and maintenance of T cell responses, it is the 

most studied of this group of molecules for the treatment 

of cancer (114). IL2 performs critical functions for the 

elimination of cancer cells and virus-infected cells. In one 

such function, IL2 promotes CD8+  T and NK cells 

cytotoxic activities. Thus, the signaling pathways 

contributing to T cell exhaustion could be linked to the 

signaling pathways contributing to IL2 loss, and it seems 

that providing this cytokine in the environment can save 

and recover exhausted T cells responses and deactivate the 

PD-1 signaling pathway (64). The use of this interleukin in 

the treatment of chronic LCMV, HIV, and HCV infection 

by increasing the number of infectious T cells, controlling 

infection, reducing virus loading. Moreover, its usage 

along with PD-1 signaling blocker showed a synergistic 

effect on the increase of  CD8+T cells numbers (64). IL-2 

therapy in patients with   malignant pleural effusion (MPE) 

of lung cancer have been illustrated to cause a reduction in 

PD-1 expression and improved INF-γ, granzyme B 

expression, and CD8+T cells proliferation (115). 

Moreover, an experiment on murine models infected with 

Mycobacterium tuberculosis showed that treated mice with 

IL-2 had restored antigen specific T cell responses (116). 

However it should be noted that the use of this cytokine 

can have contrary effects as T regs, have an abundant 

expression of the IL-2R,   and are reliant on IL-2 produced 

by activated T cells, therefore the usage of IL-2 might end 

up in the rise of T regs which eventually benefit the 

expansion of exhaustion (117). Also, IL-2 induces antigen-

induced cell death (ACID), which stimulates cells to reach 

the final stages of exhaustion, inhibits the growth of 

memory cells, and controls the expression of inhibitory 

receptors that taken together might influence the survival 

and functions of transferred cells in In-vivo (118).  

 

IL-7 

IL-7, as another required cytokine for T-cell 

development as well as for the survival and homeostasis of 

mature T-cells, can be released by Epithelial and stromal 

cells of primary lymphatic organs and fibroblasts of 

secondary lymphatic organs (119). When the binding 

between IL-7 and the receptor which consists of two 

chains: IL-7Rα and the γc chain occurs, it induces the 

phosphorylation of the tyrosine Y449 on the IL-7Rα chain 

as a result of transphosphorylation of Jak1 and Jak3 which 

turns Y449 to the docking site for STAT5. In response, 

phosphorylated and dimerized STAT5, is translocated to 

the nucleus where it regulates gene expression implicated 

in differentiation. Finally, important metabolic pathways in 

the cell undergo changes, which in turn regulate migration, 

metabolism, survival, and cell cycle progression (120). 

These features and the ability of this cytokine to protect T 

cells' responses have made it a candidate for reversing 

exhausted T cells responses and limit the occurrence of this 

phenomenon (121). IL7-R expression in exhausted cells in 

mice infected with chronic infection has been inversely 

related to the intensity of exhaustion (122). The use of this 

cytokine in the treatment of HIV has also been associated 

with an increase in the number of CD4+ T and CD8+T 

naïve and memory cells (123). In vaccination against the 

tumor, the use of this cytokine as an adjuvant has been 

associated with an increase in the population of effector 

and memory T cells (124). In prostate cancer, NKG2D-

CAR T cells that were also carrying IL-7 gene, besides 

enhanced potential of IL-7 production, had a better anti-

tumor activity, declined apoptosis and exhaustion rate 

improved survival, and proliferation (125). Finally, using 

IL-7 therapy in infectious disease and tumor models has 

been indicated to limit the expression of PD-1 in CD8+T 

cells (126).  

 

IL-15 

IL-15, as a cytokine with a similar function to IL-2, 

binds to the IL2R-β receptor and is released by a wide 

range of non-hematopoietic and hematopoietic cells. 

Although the main source for the production of this 

cytokine is monocyte, macrophage, and dendritic cell cells, 

the production of this cytokine in low dose has also been 
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observed by T and B cells (127). However, IL2 production 

is one of the first functions to get defective in the 

exhaustion process, and compared to IL-15, has a higher 

ability to affect the response of cells (5), like interleukin 2, 

it can stimulate CD8+T  cell proliferation, maintain the 

cytotoxic properties of CD8+ T cells, and direct the 

differentiation of these cells during acute infection. It has 

also been revealed to plays a role in maintaining and 

growing homeostasis and functions of NK and natural 

killer T cells (NKT) (128). Unlike IL-2, IL-15 does not 

stimulate and induce T regs and, by inducing B-cell 

lymphoma 2 (BCL-2), increases T cell survival (129). IL-

15 in TCR transgenic mouse models has been shown to 

cause an increase in the activity of CD8+T cells that have 

recognized a specific melanoma antigen (130). CAR-

T/IL15 cells, in a study had better proliferation ability, 

preserved less differentiated stem cell memory (Tscm) 

phenotype, and decreased expression of exhausted related 

markers, which was accompanied with declined mTOR 

activity and improved metabolic function, suggesting that 

IL-15 through hampering mTOR activity could help 

maintaining cells in Tscm phenotype (131). In mouse 

models of repeated sepsis IL-15 was capable of increasing 

survival through its improving impact on sepsis-induced T 

exhaustion which was followed by expansion of the 

populations of NK and MQs (132).  

Having said that, IL-15 has some limitations, including 

a short half-life, cytotoxicity, and its ability to induce the 

expression of inhibitory cytokines in chronic infections 

that could limit its use in the clinic (118). Furthermore, 

IL15, like interleukin-2, can stimulate T cells to express 

inhibitory receptors such as Tim3 and B4, not surprising 

that targeting the receptor of these two cytokines in 

chronically infected mice reversed the induction of these 

two inhibitory receptors (117). 

 

IL-21 

IL-21 with a γ-chain, and similarities with IL-2, is 

released by NKT, CD8+T cells, and some subsets of CD4+ 

T cells like TFH and TH17 with pleiotropic properties have 

multiple impacts on a broad range of cell types, including, 

but not limited to, B cells, monocytes, CD4+and CD8+T 

cells, macrophages and DCs. In T and B cells, IL-21 

activates STAT1, STAT3, and STAT5, with STAT3 

activation being the most potent and sustained (133). This 

cytokine, which is capable of influencing the expression of 

several transcription factors, can determine the 

differentiation and the fate of CD4+T cells and CD8+T and 

inhibit Tregs (133). In CD8+ T cells specifically, it is 

accompanied by the increase of survival, cytokine 

production, proliferation, and cytotoxicity of these cells 

(134). In other words, with the help of BCL6 and 

transcription factor T-cell factor 1 (TCF1) transcription 

factors, IL-21 can preserve these cells in less differentiated 

forms and memory-like phase (135). In studies on models 

of SIV infection, the essential role of IL-21 in anti-viral 

immunity has been proven. IL-21 produced by CD4+  T 

cells During chronic SIV infection sustain CD8+  T cell 

expansion and their potency of the production of IFN-γ, 

TNF-α, and IL-2, which could mean that IL-21 directly 

influence CD8+  T cells to limit chronic viral infections 

(136). In murine models infected with LCMV that were 

lacking IL21 production or its receptor, CD8+T cells 

reached the final stage of exhaustion sooner and were not 

capable of infection clearance (137). An experiment found 

that IL-21 was able to reprogram the mitochondrial 

metabolism of CD8+T  cells, induce phenotypes of 

memory-like cells and alter metabolism toward fatty acid 

oxidation (138). Moreover, it was shown that the 

proliferation of CD8+ T cells in the presence of IL21 

reduced the expression of PD-1 and CD57, which indicates 

the importance of this cytokine in the exhaustion (138). 

More recently it has been illustrated that lactate 

dehydrogenase (LDH) inhibition which was combined 

with IL-21 treatment causes an increase in the generation 

of TSCM cells and subsequently an improvement in the 

antitumor and survival rate (139). Furthermore, early 

studies provided compelling evidence that IL-21 is a 

promising immunotherapeutic agent for tumors. IL-21 

promotes the maturation, enhances cytotoxicity, and 

induces production of IFN-γ, and perforin by CD8+T cells 

(140). Nevertheless, in some tumors such as breast (141), 

T cell leukemia (142), Hodgkin's lymphoma (143), and 

multiple myeloma (144), this interleukin has been 

indicated to be pro-tumorigenic, suggesting that better 

understanding of the role of IL-21 in these malignancies is 

required. 

 

IFNα/β: cytokines with complexed nature 

Type 1 interferon which consist of different subtypes 

including INFα and INFβ have been shown to be vital not 

only for innate but also for adaptive immunity against viral 

infections. The signaling of INF-Is happens through signal 

heterodimeric transmembrane receptor, comprised of 

IFNAR1 and IFNAR2, which results in receptor 

dimerizing, activation of Janus kinase 1 (JAK1) and 

tyrosine kinase 2 (TYK2), docking of STAT-1and STAT-

2, which finally results in the translocation of STAT1, 

STAT2 and IRF9 to the nucleus to target and stimulate 

expression of interferon-stimulated genes (ISG) (145). The 

release of INFα/β as critical proinflammatory cytokines 

from DCs can help other immune system with activation 
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antiviral mechanisms and attenuate the viral expansion and 

replication during acute infections (146). However, it 

seems once a chronic viral infection is established in a host, 

secretion of INFα/β remains high and could stimulate 

expression of exhaustion promoting factors like PD-1, IL-

10, and IDO, besides in an experiment on LCMV, it was 

found out that T-Cell-Specific Transcription Factor 

1(TCF-1) by stimulation of B-Cell Lymphoma 6 Protein 

(BCL-6) could antagonize the impact of INF-I, and 

suppress exhaustion related factors (147). On the contrary, 

in a study it was shown that lacking the negative regulator 

of INF-I, 2'-5' oligoadenylate synthetase-like 1 (OASL1) 

during the infection of mouse models with LCMV 

signaling of INF-I resulted in the induction of antiviral 

CD8+T cells responses and elimination of viremia (148). 

Taken together it seems in the early stages of the viral 

infections INFα/β could have defining roles in the quality 

of response and repressing the expansion of infections, but 

this role might backfire by the lasting of period of the 

presence of infection. However contradictory data on the 

area of INF-I and exhaustion requires more investigation. 

 

Influence of inhibitory receptors on the progression of 

exhaustion 

Inhibitory receptors are among the most important 

regulatory pathways for self-tolerance, control of 

autoreactivity of immune cells, and prevention of 

immunopathogenic responses (21). These inhibitory 

receptors often have an ITIM sequence (except for a few 

inhibitory receptors such as LAG3) that can inhibit cells in 

three ways: 1. Interference in the downstream signaling 

pathway of activator receptors and TCR (149). Compete 

with co-stimulatory pathways for binding to common 

ligands or interfering with the formation of lipid rafts or 

micro clusters increased expression of genes that disrupt T 

cell function (150).  

 

PD-1 

PD-1, classified as one of the negative 

immunoregulatory molecules, is one of the receptors that 

have been mostly studied regarding exhaustion of immune 

cells, which promote immune evasion of tumor cells, 

which is usually up-regulated in chronic viral infections 

such as HSV, HIV, HCV, and HBV (151). Two ligands of  

PDL-1, with the ability to be expressed by immune and 

non-immune cells, and PDL-2 with the ability to be 

represented by B cells of the germinal center and DCs and 

MQ cells have been discover for PD-1 (152). PD-L1 and 

PD-L2 are believed to have different roles in the process of 

the regulation of the immune system. While PD-L1 can 

restrict T-cells functions located in peripheral tissues, PD-

L2 suppresses immune T-cell activation based on 

lymphoid organs. Once the PD-1: PDL-1 binding has 

occurred, PD-1 acquire the capability to form micro 

clusters with TCR (153). In the following step, tyrosine 

sequences are phosphorylated in the second cytoplasmic 

receptor of this receptor, which by recruiting SHP-2, can 

dephosphorylate CD28 and weaken the PI3K-Akt pathway 

(154). However, it has recently been reported that Src 

homology region 2 domain-containing phosphatase-2 

(SHP-2) is not critical for T cell exhaustion, suggesting that 

other mechanisms must be involved in the induction of 

exhaustion by PD-1 (155). Upon launching the signaling 

path way of PD-1, the production of the Basic Leucine 

Zipper ATF-Like Transcription Factor (BATF), INF-γ 

production, and consequently repress clonal proliferation 

and INF-γ expression in T cells (149). Moreover, PD-1 

seems to be able to limit immune responses by shortening 

the duration of APC-T cell interaction and increasing the 

threshold of TCR signals needed to activate T cell 

functions (156). Additionally, arresting lymphocyte at G0-

G1 phase by the inhibition of cyclin-dependent kinases 

(CDKs) can be one of the other impacts of PD-L1-engaged 

PD1 (157). 

Studies have shown that blocking this receptor 

increases the potential for T cell function in cytokine 

production, cytokine production capacity, and cytotoxic 

properties (158). Blocking PD-1 is also a new therapeutic 

target in treating various tumors, especially high-mutation 

tumor (159). However, the genetic deletion of PD-1 could 

lead to further accumulation of fully exhausting CD8+T 

cells, which indicates a new role for this receptor and 

suggest further studies on the role of PD-1 in immune 

exhaustion (155). 

 

LAG-3 

LAG-3-CD223 is a ligand to MHC class II, like CD4, 

belonging to non-ITIM receptors, which is normally 

expressed on activated T cells, B cells, and pDCs. It has 

been shown that this receptor can inhibit cell function and 

cell cycle growth through the KIEELE motif in the 

intracellular tail, which is required for exerting these 

effects (21). Moreover, LAG-3 is able to deter the calcium 

flow of TCR signaling as well as disrupt cell proliferation 

and cytokine production (160). Although, Recent 

preclinical studies have shown a role for LAG-3 in CD8+ 

T cell exhaustion and the expression of LAG-3 has been 

demonstrated in both tumor (161) and chronic infection 

(19), blocking it in LCMV infection has not shown a 

significant change in inhibiting T cell exhaustion. 

Although, the precise mechanisms by which LAG-3 

negatively modulates T cell functions have not been 
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discovered yet It seems the inhibition of LAG3 in 

combination with other inhibitory receptors could be 

effective on the occurrence and growth of the exhaustion 

(162). As in a study simultaneous blocking of PD-1 and 

LAG-3 has been associated with a synergistic effect in 

restoring T ex-cell function (19). In another experiment on 

HBV exhausted CD4+T cells was shown to express high 

levels of PD-1 and LAG-3 and the functions of CD4+T 

cells was partially restored after the use of antibody against 

PD-1 and LAG-3 (163). Moreover, exhausted T cells in 

lymphoma was illustrated to have high expression of PD-1 

and LAG-3 and expression of LAG-3 was found to be 

associated to poor prognosis in patients with lymphoma, 

more interestingly it was revealed that population of T cells 

with PD-1+LAG-3- markers were more activated 

comparing to the PD-1+LAG-3- cells, suggesting the vital 

role of LAG-3 in establishing exhaustion in cells (164). 

 

CTLA-4 

CTLA-4, a CD28 homolog with high affinity for B7-

1/2, as an Immunoglobulin superfamily member (IgSF), is 

highly expressed by exhausted T, Activated T cells, and T 

regs. The expression of this receptor can be seen following 

an infection like LCMV (though blocking this receptor, 

unlike tumor, does not have an effect on viral load control 

and reversing exhaustion of cells), HIV (high expression of 

CTLA-4 is observed in CD4+T cells unlike CD8+T cells), 

HCV and HBV (165). This inhibitory receptor which lacks 

ITIM, and is thought to exhibit its inhibitory functions 

through the Tyr-Xaa-Xaa-Met domain, can affect T cell 

proliferation and function via two models; 1. increase in the 

threshold of T cell activation or 2. Interfere with TCR 

intracellular signaling (166). While the CD28: B7-1/2 

interaction serves as a co-stimulatory signal for T cell 

proliferation and activation, the CTLA-4: B7-1/2 binding 

acts as a co-inhibitory signal thwart early T cell activation. 

CTLA-4 seems to compete with CD28, and by forming a 

network, can inhibit CD28: B7-1/2 binding. Besides that, 

CTLA-4 has a higher affinity for B7-1/2 (166), which 

strengthen the receptor- ligand engagement. The blockade 

of this receptor has been widely used in the treatment of 

tumors and, through the ADCC mechanism, which 

prepares the T regs for cell death by MQs (167). In an 

experiment on murine models of breast cancer using 

antibodies to block CTLA-4 resulted in an increase in the 

motility of tumor infiltrating lymphocytes (168). More 

recently in a study it has been cleared that unlike the use of 

PD-1 blocking antibodies which could result in restoring 

the functions of CD4 +T cells, using ipilimumab which 

blocks CTLA-4 could repress CD4+ effector T-cell 

responses (169). Taken together it seems so much is 

unknown about the role of this molecule in the cellular 

exhaustion. 

 

TIM-3 

TIM-3, a co-inhibitory receptor that is expressed on 

IFN-γ-producing T cells, NK cells(the higher expression of 

TIM-3 is associated with facing serious defects their killing 

function), FoxP3+T regs, and innate immune cells 

(macrophages and dendritic cells) where it has been shown 

to suppress their responses upon interaction with its ligand 

(170). Expression of this receptor, along with PD-1, has 

been observed in viral infections such as LCMV, HIV, 

HCV as well as tumors such as melanoma and non-

Hodgkin's lymphoma (171). However it is not yet clear 

under what circumstances Tim-3 exhibits inhibitory effects 

or shows co-stimulatory results, It seems that its inhibitory 

effects are dependent on the co-expression of other 

molecules like carcinoembryonic antigen adhesion 

molecule1 (CEACAM-1), meaning that under the 

condition of the presence of CEACAM-1 as a heterophilic 

ligand, TIM-3 can act as an inhibitory receptor (172). 

Moreover, Galectin-9, phosphatidyl serine (PtdSer) and 

high mobility group protein B1 (HMGB1), has also been 

introduced to be the ligands of TIM-3, each of which 

through different mechanisms could promote inhibitory 

functions for instance Galectin-9 has been shown to be 

capable of triggering cell death in Tc ells, or Tim-3-

HMGB1 engagement could be responsible for hampering 

transport of nucleic acid to endosomes and interfering in 

DCs signaling (173). 

 Regarding effects of blocking TIM-3, simultaneous 

blockade of TIM-3 and PD-1, compared with blockade of 

PD-1 alone, increased survival in patients with tumor. 

Additionally, simultaneously targeting CEACAM-1 and 

TIM-3 has shown to cause an increase the inhibitory effect 

on tumor growth (172). Moreover, in murine models of 

lung cancer, it was indicated that blocking PD-1 could 

result in an increase in the expression of TIM-3, suggesting 

that TIM-3 could act like marker for PD-1 antibody 

resistance, and perhaps blocking antibodies against 

multiple inhibitory molecules would be more effective as 

in hepatocellular carcinoma and gastric cancer blockade of 

PD-1 and TIM-3 could improve functions of existing T 

cells in the tumor (174). 

 

TIGIT 

TIGIT is one of the most recent immune checkpoints 

investigated as an immunotherapeutic target. It is 

expressed on activated and memory T cells, NK cells, and 

T regs (170). Binding to either of its two ligands on APCs, 

CD155 (PVR: poliovirus receptor) and CD112 (PVRL2, 
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nectin-2) expressed on turmeric cells, can induce inhibitory 

effects by two main ways:1. They are competing with 

CD266 (as CD266 has the ability to stimulate functions 

like INF-γ production) for binding to CD155 (175) 2. The 

ITIM sequence of this inhibitory receptor restricts 

responses in NK cells and further promotes IL-10 

production and decreases IL-12 production by DCs, 

thereby suppressing immune responses (176).  

Inhibition of this inhibitory receptor in combination 

with inhibition of PD-1 controlled tumor and viral 

infections, which makes TIGIT a potential target for cancer 

treatment (177). In NK cells, it was found out TIGIT 

expression, and no other inhibitory molecules was directly 

associated with the exhaustion of these cells, and the 

blockade of TIGIT could result in the prevention of NK 

cells exhaustion and improvement of NK cells-based 

immunotherapy (178). Yang et al., in a recent experiment 

showed that TIGIT had a high expression in T cells in 

follicular lymphoma which was correlated exhaustion 

phenotype in these cells, moreover poor prognosis and 

survival of patients were linked to the enhanced population 

of TIGIT+T cells and inhibition of TIGIT signaling could 

be an appropriate way for prevention of exhaustion of T 

cells (179). In liver cancer it was illustrated TIGIT could 

be hallmark of T cell exhaustion in this type of cancer as it 

was identified on exhausted T cells of different stages and 

combined inhibition of PD-1 and TIGIT could lead to 

better results in suppressing tumor growth (180). In the 

mice model of multiple myeloma (MM) with a relapse also 

increased expression of PD-1, TIGIT, and IL-10 in CD8+T 

cells was observed, and target the expression of PD-1 or 

TIGIT combined with autologous stem cell transplantation 

had better outcomes (181). Therefore, according to the 

mentioned studies it seems TIGIT might be a promising 

target in the limiting cellular exhaustion. 

 

Metabolic changes during exhaustion 

One of the most important changes of exhausted T cells 

is the shift in the metabolic cycle of these cells. Cell 

metabolism flexibility is vital for T cells because it allows 

them to acquire the characteristics needed to respond 

maximally to infection, such as establishing the necessary 

signals, clonal proliferation, cytokine production, and 

cytotoxicity (182). Achieving the mentioned functions 

requires alternation in the process of gaining energy. The 

reached signals account for these changes. In the naive 

state, where the cell is waiting for the antigen to be 

delivered, the cell needs for low levels of energy, are 

mainly acquired by receiving ATP and using glucose in the 

mitochondrial oxidative phosphorylation (OXPHOS) 

pathway (183). Receiving signals from TCR and secondary 

signals from APC cells, which is followed with activation 

of T cells, is associated with increased expression of 

mTOR and Myc, metabolic change to glycolysis (Warburg 

effect), increased expression of GLUT1, lactate 

production, and glutaminase (184). Though it is thought to 

be an inappropriate way of using glycose, this metabolic 

change is required to respond to the growth of cellular 

effector activity. It should be mentioned that the 

Glyceraldehyde 3-phosphate dehydrogenase (GADPH) 

glycolysis enzyme limits the translation of interferon-

gamma mRNA (184). Also, in the aerobic glycolysis 

pathway, the cells can produce the intermediate 

metabolites required for the pentose phosphate pathway, 

which induces the synthesis of nucleotides and amino acids 

(185). After clearance of the infection and deletion of 90% 

of the effector cells, memory cells that have a native-like 

phenotype with increased mitochondrial biomass and spare 

respiratory capacity (SRC), in which a balance between 

three pathways in cells including aerobic glycolysis, 

OXPHOS, and fatty acid oxidation (FAO)is stuck (186). 

Moreover, through the effect of IL15 on cells and the 

positive regulation of the enzyme carnitine palmitoyl 

transferase (CPT1a), their aerobic capacity increases (187). 

Changes in the expression of genes involved in the 

metabolism of T cells and inhibition of the two main 

processes: Glycolysis and OXPHOS, providing the needed 

energy of cells, following the expression of PD-1 and 

CTLA-4, is a proof that exhaustion is capable of changing 

this part of cells (Figure 2) (20). With the onset of 

exhaustion, glucose transport, especially transport by the 

glutaminase type 1, is limited. Although the appearance of 

swollen mitochondria and an increase in mitochondrial 

biomass, which is expected to come with increased 

function, has been associated with depolarization, 

decreased function, decreased oxygen consumption rates, 

and SRCs, and increased ROS production (20). in mouse 

tumor models reduced oxygen consumption, 

mitochondrial dysfunction, and glucose deficiency were 

observed in exhausted T cells. Furthermore, environmental 

conditions and the availability of required materials can 

determine the severity of exhaustion. For example, the 

presence and availability of amino acids such as L-

arginine, which mediate metabolic changes and shift to 

oxidative phosphorylation, is associated with increased 

survival and cytotoxicity of T cells at the tumor site (188). 

Moreover, glutamine and leucine, which play a role in 

TCR signaling, may be involved in causing or preventing 

this phenomenon (189). One of the other defining factors 

in exhaustion is hypoxia in the tumor environment, which 

can induce angiogenesis, invasion and the growth of tumor 

cells. During the onset of hypoxia, Von Hippel-Lindau 
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Tumor Suppressor (Vhl), as one of the tumor suppressors 

does not interfere with the subunits of hypoxia inducible 

factor (Hif) transcription factor and causes the expression 

of Hif. By depleting the Vhl gene, the pressure on the Hif 

is removed, which can lead to continuous T cell responses 

and an increase in their survival without undergoing 

exhaustion (190). In tumors and chronic infections, when 

lack of glucose occurs, a decrease in the expression of 

GLUT-1, along with changes in the levels of 

phosphoenolpyruvate (PEP),which is involved in 

preserving Nuclear factor of activated T-cells (NFAT)-

Ca2+ and effector functions by impending sarco/ER 

Ca(2+)-ATPase (SERCA) activity, happen (191). PD-1 is 

one of the other debated sections, which is highly 

expressed following continuous stimulation of TCR causes 

negative feedback on TCR and desensitization. Since the 

stimulation of TCR is associated with two incidences: 

activation of PI3k-Akt-mTOR pathway and deactivation of 

FOXO1, necessary in the survival of T cells, so PD-1 

signaling is then thought to be associated with long-term, 

limited responses and adequate bioenergetics balance for 

cells (20). Studies on mTOR Factor, which is recruited 

following the stimulation of TCR and its blocking, is 

accompanied by the recovery of mitochondria in exhausted 

T cells, proves the important role of this factor in metabolic 

changes during exhaustion. Furthermore, the use of 

Rapamycin as an inhibitor of mTOR is associated with 

metabolic shifting to FAO and stimulation of memory 

differentiation (192). Taken together, according to the 

mentioned results, it seems that metabolic changes can play 

a potential role in being targeted in the treatment. 

 

 
Figure 2. The metabolic status of different cell states. Naive T cells, when they have not received antigen presented by APC, use OXPHOS to acquire 

energy. Once T cells have been activated, metabolic pathways are shifted to Glycolysis to which is set to answer properly to the growth changes happening 

in effector cells. After removing infectious agents, memory cells with a balanced metabolism between three main pathways guard the body. However, with 

the establishment of exhaustion, this equilibrium is disrupted, and inflated and dysfunctional mitochondria, increased ROS production, and reduced 

oxygen uptake can be expected 

 

 

Changes in profiles of transcription on exhaustion 

Numerous studies have shown that as cells undergo 

exhaustion, the transcriptional profile of them get 

influenced by changes that are distinct from the effector 

and memory states (24). Although specific transcription 

factors have not been introduced for exhaustion, 

Transcription factors such as EOMES, T-bet, BATF, 

BLIMP1, NFAT, FOXO1, VHL, and FOXP1 are 

considered to play a role in T cell exhaustion (193). The 

mentioned transcription factors are also expressed in other 

T cell populations, but the pathway in which these factors 

are influenced, the expression and target genes in the 

exhausted cells are different (Figure 3). For example, T-bet 

in acute infection in CD8+ T cells is responsible for 

controlling the differentiation and growth of T cell subsets 

(194). While in the exhausted cell population, it holds the 

population of non-terminal progenitor cells in chronic 

infection (195). Another factor EOMES in acute infection, 

which is involved in the growth of central T cells and 

homeostasis, takes part in the formation of terminally 

differentiated exhausted T cells (196). NFAT also, along 

with the activation of T cells and releasing calcium into the 

cell, starts to form heterodimers with AP-1, which 

ultimately induces transcriptional activation of genes 
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involved in effector cell function (197). During chronic 

infection such as LCMV, the formation of this heterodimer 

is disrupted, and this balance shifts to unpaired NFAT, 

which binds only to the PD-1 promoter and results in the 

expression of Pdcd1 and other inhibitory receptor genes 

(198). Other transcription factors specifically involved in 

the transcription fork, such as FOXO-1, IRF-4, and 

BLIMP-1, can act as positive exhaustion regulators and 

increase in exhausted cells (193). In addition, the three 

transcription factors IRF-4, NFATc1, and BATF play a key 

role in the establishment of this phenomenon in T cells and 

the expression of inhibitory factors. For example, IRF-4 

plays a role in impairing cytokine production and 

suppressing anabolic metabolism (199). Therefore, 

according to the studies done so far, the control of 

transcription factors during exhaustion can be more 

complicated than memory, and effector phases since they 

can be used in different differential processes, and future 

studies can map the function and regulation of these 

transcription factors. 

 

 
Figure 3. The transcriptional differences between the different modes in the CD8+T cell. In the effector mode, a group of transcription factors is used, 

while in the memory mode, other points on the genome are targeted. But in the exhaustion, the expression of genes undergoes major changes, so that the 

expression of some genes is done in the absence of a set of transcription factors 

 

 

The other side of the coin 

In recent years, a new approach has been developed to 

the phenomenon of exhaustion in a group of diseases, 

which means that although the presence of these cells 

during chronic infection and tumor microenvironment is 

associated with poor prognosis of the disease, during 

autoimmune diseases, when eruptions of immune 

responses and tissue damage are observed, the presence of 

these cells seems to be beneficial through choosing the 

appropriate method (Figure 4). The presence of exhaustion 

in CD8+  T cells in systemic lupus erythematous, 

hemorrhagic fever, type 1 diabetes, idiopathic pulmonary 

fibrosis, and anti-antibody-associated vasculitis were 

found to be associated with a reduced risk of recurrence 

and better prognosis (200). Also, after using a monoclonal 

antibody (Teplizumab) in the treatment of type 1 diabetes, 

the presence and the proliferation of exhausted CD8+  T 

cells have been associated with the better disease control 

(201). The use of these cells is not limited to autoimmunity, 

and the presence of these cells seems to be considered in 

organ transplantation. In patients with myeloid leukemia, it 

was reported that the continued presence of the exhausted 

recipient CD8+  T cells were associated with better 

therapeutic effects and better expansion of haplo-NK cells 

(202). In the cardiac allograft vasculopathy mouse model, 

better survival was observed in mice with exhausted CD4+ 

T cells. These cells were associated with features such as 

overexpression of inhibitory receptors, defects in cytokine 

production, and decreased proliferation (203). In a trial 

clinical trial performed as withdrawal immunosuppression 

in HCV-infected liver receptors, this procedure was 

successful in half of the patients with an increase in the 

number of exhausted T cells (204). Another study that 

investigated the role of exhausted T cells in the efficacy 

and induction of treatment on the renal recipients showed 

a significant increase in these cells in recipients that were 

treated with anti-thymocyte globulin. Also, an expected 

increase in these cells was observed following treatment 

(lymphocyte depletion) that was associated with better 

connective tissue function, suggesting the use of these cells 

in graft follow-up (205). 
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Figure 4. The use of exhausted cells in clinical opportunities. In autoimmune diseases and organ transplantation, the presence of these cells can lead 

to improvement (in organ transplantation via increasing tissue survival and in autoimmunity via reducing the likelihood of disease recurrence), which 

makes them a possible treatment option, although possible side effects should be considered 

 

 

Immune exhaustion, a new phase occurring in a range 

of immune cells, is one of the most important known 

cellular events in numerous pathological events. Although 

improvements over the past decade have shed considerable 

light on the mechanisms of exhaustion and have introduced 

novel therapeutic opportunities, there are also still many 

unanswered questions that require studying different 

aspects of this phenomena in various immune cells and the 

network developing following this event between cells 

leading to the severity or suppressing cause not only can a 

better understanding of this network lead to choosing 

proper targets for immunotherapy in cancer and improve 

the efficiency of existing methods but also they can be used 

in autoimmune diseases where the uncontrolled responses 

cause pathological damage. The identification of various 

and vigorous negative regulatory pathways that have the 

capacity to be targeted experimentally and clinically could 

be considered a major step forward since it can guide to 

revolutionize immunotherapy of chronic infections and 

cancer. Future mechanistic and clinical studies are required 

to foster cutting-edge immune-based interventions for 

chronic infections and cancer. 
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