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Abstract

Inhibitors of the PD-1:PD-L1 pathway, a central regulator of T cell exhaustion, have been recently 

shown to be effective for treatment of different cancers. However, clinical responses are mixed, 

highlighting the need to better understand the mechanisms of action of PD-1:PD-L1, the role of 

this pathway in immunity to different tumors, and the molecular and cellular effects of PD-1 

blockade. Here we review the molecular regulation of T cell exhaustion, placing recent findings 

on PD-1 blockade therapies in cancer in the context of the broader understanding of the roles of 

the PD-1:PD-L1 pathway in T cell exhaustion during chronic infection. We discuss the current 

understanding of the mechanisms involved in reversal T cell exhaustion, and outline critical areas 

of focus for future research, both basic and clinical.
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A revolution in cancer immunotherapy

Exhaustion was originally identified in CD8+ T cells during chronic lymphocytic 

choriomeningitis virus (LCMV) infection in mice [1, 2], and was subsequently shown to 

occur in other mouse models of infection, and in humans afflicted with HIV, HCV, and 

HBV and cancer [3–10]. A cardinal feature of T cell exhaustion is over-expression of 

multiple inhibitory receptors, including Programmed Death-1 (PD-1, CD279), cytotoxtic T 

lymphocyte antigen-4 (CTLA-4, CD152), Lag-3, Tim-3, CD244/2B4, CD160, TIGIT, and 

others [3]. The discovery that blockade of the PD-1 pathway could partially reverse 

exhaustion [11] and lead to reduced viral or tumor load [11–13] was a significant 

breakthrough. These data indicated that TEX were not terminally dysfunctional, but could be 

reinvigorated, with implications for the treatment of diseases including chronic infections 

and cancer.
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The past decade has witnessed a paradigm shift in cancer treatment, with the advent of 

approaches that target or manipulate the immune system, collectively termed 

immunotherapies [14–16]. Although cancer cells can be immunogenic, the immune system 

often fails to eliminate cancer cells, which are protected by mechanisms that have evolved to 

prevent recognition of self including central tolerance, ignorance or failure to become 

activated in the periphery, T cell extrinsic regulation (e.g. regulatory T cells, myeloid-

derived suppressor cells, suppressive cytokines such as IL-10, etc), and T cell intrinsic 

dysfunction upon inappropriate or excessive antigen stimulation (anergy and exhaustion) 

[15, 17–19]. Antibodies targeting inhibitory pathways including CTLA-4 and PD-1 are 

paving the way for a new generation of cancer treatment approaches. These “checkpoint 

blockade” strategies aim to relieve regulatory mechanisms that restrain tumor-infiltrating T 

cells (TILs) [14–16, 20]. The first of these antibodies to gain FDA approval, ipilimumab in 

2011 (anti-CTLA-4, Yervoy, Bristol-Myers Squibb), pembrolizumab in 2014 (anti-PD-1, 

Keytruda, Merck and Co.), and nivolumab in 2014 (anti-PD-1, Opdivo, Bristol-Myers 

Squibb), have demonstrated remarkable clinical success [16, 20–24]. However, we have 

likely only scratched the surface of the potential of immunotherapies for the treatment of 

cancer and other diseases.

Recent clinical trials have shown that blocking the PD-1:PD-L1 pathway enhances 

immunity in several cancer types including melanoma, non-small cell lung cancer (NSCLC), 

renal cell carcinoma (RCC), bladder cancer, and others, leading to objective responses in a 

number of patients [16, 21–23, 25–32]. However, the majority of patients do not experience 

complete responses upon anti-PD-1 treatment, and some do not respond at all, highlighting 

the need to better understand the mechanisms of action of PD-1:PD-L1, the role of this 

pathway in immunity to different tumors, and the molecular and cellular effects of PD-1 

blockade.

Here we review the molecular regulation of T cell exhaustion and the mechanisms involved 

in reversal of this type of T cell dysfunction, focusing on the PD-1:PD-L1 pathway as a 

central regulator of T cell exhaustion. We place recent findings on PD-1 blockade therapies 

in cancer and associated mechanisms in the context of the broader understanding of the roles 

of the PD-1:PD-L1 pathway in T cell exhaustion gained through studies in mouse models of 

chronic infection. Finally, we discuss gaps in knowledge and highlight critical areas of focus 

for future research, both basic and clinical.

Hallmarks of TEX cells

T cell exhaustion is a state of dysfunction that commonly occurs during chronic infections 

and cancer due to the persistence of antigen and inflammation [3]. Failure to eliminate 

antigen is associated with a progressive loss of T cell effector functions, altered metabolism, 

and a unique transcriptional program compared to functional effector (TEF) and memory T 

cells (TMEM) [3]. Exhaustion is also associated with co-expression of high levels of multiple 

inhibitory receptors including PD-1, Lag-3, Tim-3, CD160, TIGIT, and others [33–36]. The 

normal physiological function of PD-1 is thought to be in limiting immunopathology and 

promoting tolerance to self antigens (Box 1) [37]. Consequently, PD-1 is not a unique 

phenotypic marker to selectively define TEX cells, but can also be expressed by recently 
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activated TEF cells [11, 33, 34] and T cells rendered tolerant due to encountering 

autoantigen in the absence of high levels of costimulation and/or inflammation [18, 38–40]. 

Additionally, recent work showed that PD-1+ CD8+ T cells can be found in healthy adult 

humans, and these cells did not share the transcriptional program of exhaustion with 

PD-1high HIV-specific CD8+ T cells in patients afflicted with HIV or TEX cells in chronic 

LCMV in mice. Instead, these cells were capable of producing effector cytokines following 

restimulation with anti-CD3/CD28 [41], highlighting the complexity of interpreting PD-1 

expression in patients. Hence, use of multiple phenotypic and functional parameters in 

combination is currently required to identify TEX populations both in mouse models and in 

patients. Identifying unique phenotypic markers for TEX cells is an important goal since it 

would enable the clinical monitoring of responses while circumventing the need to know 

antigen specificity of these T cells.

Box 1

Mechanisms of PD-1-mediated inhibition

PD-1 is an inhibitory receptor expressed on T cells, B cells, and some myeloid cells, 

though its functions are best characterized for T cells. PD-1 interacts with two ligands, 

PD-L1 and PD-L2 [37]. PD-L1 is more widely expressed by hematopoietic and non-

hematopoietic cells compared to PD-L2 [37]. However, both PD-L1 and PD-L2 interact 

with additional receptors: PD-L1 with CD80, delivering a bi-directional inhibitory signal 

[37], and PD-L2 with RGMb [127]. The physiological consequences of the diversity of 

these receptor:ligand combinations are not fully understood, but highlight the complexity 

of this pathway in vivo. The normal physiological function of the PD-1 pathway is 

thought to be in limiting immunopathology and maintaining tolerance to self-antigens. 

However, chronic infections and cancer exploit this pathway to evade host immunity, and 

PD-1 pathway inhibitors aim to reverse this immune suppression [3, 11–13, 20, 37, 76, 

96, 117–119].

PD-1 is expressed on T cells following T cell receptor (TCR) engagement. Following 

acutely resolved antigen encounter, PD-1 expression eventually declines, while during 

chronic antigen exposure, PD-1 expression is sustained. While our understanding of how 

PD-1 suppresses T cell functions in vivo is incomplete, five mechanisms have been 

proposed. PD-1 can: (A) antagonize TCR signaling by recruiting phosphatases [107–

110], (B) modulate the PI3K/AKT/mTOR pathway, implicating PD-1 in metabolism, 

nutrient sensing, survival, and cell growth [104, 111, 112], (C) modulate the Ras 

pathway, linking PD-1 to cell cycle [112], (D) induce expression of BATF, which can 

repress expression of effector genes [113], and (E) influence T cell motility [114–116] 

(Figure I). Some of these mechanisms have been described based on work using recently 

activated T cells (i.e. in vitro or in vivo generated TEF). Therefore, it remains unclear how 

these mechanisms will apply to chronically stimulated TEX that may have distinct 

expression of other inhibitory receptors and downstream signaling molecules. While 

information is beginning to emerge on how PD-1 regulates T cells in vivo, a consensus 

has not been reached, particularly on how PD-1 regulates T cell motility. Loss of PD-1 

induced migratory arrest by CD4+ T cells during delayed-type hypersensitivity responses 

in the skin [115], and during the breakdown of tolerance in the pancreatic lymph node 
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and islets during Type 1 Diabetes [114], consistent with a model where PD-1 limits the 

ability of T cells to fully engage with antigen presenting cells. However, during the first 

week of LCMV infection, blocking PD-1 reversed the migratory T cell arrest signal in 

the spleen causing more rapid detachment and migration away from antigen presenting 

cells, suggesting blocking PD-1 reverses exhaustion by relieving or partially interrupting 

persisting antigen signaling with some changes in motility also reported at day 14 post 

infection [116]. These studies highlight the complexity of PD-1 modulating T cell 

functions in vivo.

During the development of exhaustion, CD8+ T cells lose effector functions in a hierarchical 

manner: Production of IL-2, high proliferative capacity and ex-vivo cytolytic activity are 

lost first, followed by functional impairments in the production of TNFα, IFNγ, beta 

chemokines, and degranulation, and at the most terminal stages of exhaustion these cells can 

be physically deleted, presumably dying due to overstimulation (Figure 1) [3, 42]. However, 

TEX cells are not functionally inert. TEX cells contribute to the containment of chronic 

infections, since depleting CD8+ T cells including TEX during SIV infection results in rapid 

increases in viral titers and progression to AIDS [43, 44] suggesting an important role for 

the residual function of SIV-specific TEX in maintaining a host-pathogen equilibrium in the 

case of SIV. Additionally, the selective pressure TEX exert on persisting viruses can drive 

epitope escape where mutations in T cell epitopes prevent viral recognition by CD8+ and 

CD4+ T cells [45, 46]. TEX cells often retain the capacity to produce low levels of IFNγ 

and/or beta chemokines, express high levels of granzyme B, and one subset of TEX 

discussed further below retains some residual cytotoxicity [3, 33, 35]. High granzyme B 

expression is an interesting feature of TEX, considering the ex vivo killing capacity of these 

cells is impaired compared to TEF [3]. However, a role for this serine protease was recently 

identified in cleaving extracellular matrix components to promote homing, diapedesis, and 

migration through basement membranes [47], suggesting other potential uses of granzyme B 

by TEX. It will be important to further elucidate the roles of different effector molecules 

(including granzyme B) in TEX and determine how these effector pathways might play a role 

during chronic infection and cancer. Thus, while TEX exhibit impaired effector functions, 

some residual functionality persists, and this functionality may be important in a host/

pathogen or host/tumor stalemate.

TEX also have altered long-term survival characteristics compared to TMEM. A cardinal 

feature of functional CD8+ TMEM cells is IL-7- and IL-15-driven, antigen-independent 

proliferation that allows these cells to persist long after antigen has been eliminated [48]. In 

contrast, TEX cells cannot undergo antigen-independent proliferation, respond poorly to IL-7 

and IL-15, and require continual engagement with antigen to persist long term (Figure 1) 

[49–51]. For example, removing TEX from mice chronically infected with LCMV (clone 13) 

and adoptively transferring into antigen free mice results in failure of these cells to persist in 

an antigen-independent manner. In contrast, similar experiments with TMEM demonstrate 

efficient long-term persistence via self-renewal [49, 50]. In some settings small numbers of 

TEX may persist following experimental (transfer from mice infected with chronic LCMV 

into antigen free mice) or therapeutic (HIV patients following HAART) removal of antigen 

[49, 50, 52–54], though whether this persistence is due to survival of a small subset of TEX 
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or differentiation of some TEX into a more durable TMEM-like cell is unknown. Further 

understanding of the pathways and mechanisms controlling TEX persistence in different 

settings is needed, since these cells could provide a mechanism of durable immunity 

following therapies that reduce or eliminate chronic infections or cancer.

Development of exhaustion

One fundamental property of exhaustion is that TEX arise from T cells that initially acquired 

effector functions, but then became dysfunctional during chronic antigenic stimulation [33, 

55]. This feature distinguishes exhaustion from other types of T cell dysfunction such as 

anergy, a state of hyporesponsiveness where cells fail to acquire effector functions because 

of priming in the absence of adequate costimulation and/or inflammation [56]. Indeed, 

directly comparing the genome-wide transcriptional profiles of functional TEF and TMEM 

following acutely resolved LCMV Arm infection to developing TEX during chronic LCMV 

clone 13 infection demonstrated that it takes several weeks for the transcriptional program of 

TEX to diverge substantially from that of TEF or TMEM [57, 58]. Furthermore, T cells 

isolated during the first week of chronic LCMV infection have the potential to form 

functional memory if adoptively transferred to infection free mice [55]. However, by two to 

four weeks of chronic LCMV infection this memory development potential is lost [55]. 

Taken together, these observations indicate that T cell exhaustion is not irreversibly 

imprinted during priming, but rather develops progressively over time during chronic 

stimulation.

Heterogeneity within TEX populations

Recent studies have revealed heterogeneity within TEX populations, and have defined TEX 

subsets that differ in potential for reinvigoration by PD-1 pathway blockade [35, 59]. During 

chronic LCMV infection, two subsets of TEX can be identified based on expression of the T-

box transcription factors T-bet and Eomesodermin (Eomes), in conjunction with PD-1 

(Figure 2) [35]. While both TEX subsets exhibit impaired function as compared to TMEM, 

they retain different residual effector activity. T-betHi EomesLo PD-1int cells retain some 

potential for future division, produce moderate amounts of IFNγ and TNFα, and are 

preferentially found in the spleen and blood (Figure 2) [35]. In contrast, EomesHi T-betLo 

PD-1Hi cells have low potential for future division, produce lower amounts of effector 

cytokines, and express higher levels of other inhibitory receptors (e.g. Tim-3, Lag-3, 

CD160), but uniquely maintain cytolytic activity and preferentially accumulate in peripheral 

tissues [35]. Importantly, there is a lineage relationship between these subsets: T-betHi 

PD-1int cells serve as a progenitor population that gives rise to EomesHi PD-1Hi cells. This 

conversion is linked to cell division in the presence of antigen (Figure 2) [35]. This 

proliferative hierarchy fits with the observation that PD-1 pathway blockade appears to 

mainly target the T-betHi subset [59], since this population retains some ability to proliferate 

[35]. Similar subsets of TEX defined by reciprocal patterns of T-bet, Eomes and/or PD-1 

expression have also been found in human patients afflicted by HCV and HIV infection [35, 

60]. If similar TEX subsets exist during cancer there may be important implications for 

immunotherapy. For example, the T-betHi subset is more responsive to anti-PD-L1-mediated 

reinvigoration than the EomesHi subset [59], suggesting that developing strategies to 
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evaluate the presence of this subset or to selectively target these T-betHi TEX may be of 

considerable interest. Conversely, if combination and/or novel immunotherapies can be 

identified that can reinvigorate the EomesHi subset, such strategies may be able to engage an 

even larger population of tumor-reactive TEX by reinvigorating both subsets of TEX.

The roles of T-bet and Eomes in TEX contrast with the roles of these transcription factors in 

functional effector and memory T cell differentiation. In acute infection, T-bet and Eomes 

cooperate to promote differentiation of naïve T cells into TEF cells, while during the 

transition into TMEM, higher amounts of T-bet promote terminal differentiation and higher 

amounts of Eomes foster the development of TMEM by supporting the quiescent phenotype 

of these cells as well as their capability for self-renewal [61–66]. The sets of genes or 

“modules” that T-bet and Eomes associate with in TMEM cells versus TEX cells are largely 

distinct, especially for Eomes [57]. This observation is consistent with the notion that 

transcription factors can have context-specific functions [67, 68]. The precise molecular 

mechanisms controlling these differential associations remains unclear, though possibilities 

include: Concentration-dependent access to different genomic sites, subcellular localization, 

transcription co-factors, and/or epigenetic changes influencing binding patterns. 

Understanding how these transcriptional networks change during immunotherapy and 

whether the capacity for reinvigoration by PD-1 pathway blockade is linked to context-

specific functions of these or other transcription factors are important questions.

In chronic LCMV infection, exhaustion of CD4+ T cells shares many features with CD8+ T 

cell exhaustion, including over-expression of inhibitory receptors (e.g. PD-1, LAG-3) and 

impaired production of effector cytokines (e.g. IFNγ, TNFα) [58]. However, there are also 

some key differences between TEX of each lineage. For example, while there are features of 

a common transcriptional program of TEX shared between CD4+ and CD8+ T cells during 

chronic LCMV, there are also many differences between these two cell types [58]. One of 

the main places of divergence between the transcriptional program of CD4+ and CD8+ TEX 

is use of transcription factors: CD4+ TEX cells have altered expression patterns of GATA-3, 

Bcl-6, and Helios, which is not observed in CD8+ TEX cells. Furthermore, Eomes is a key 

transcription factor expressed by a prominent subset of CD8+ TEX cells, and although 

Eomes+ CD4 T cells may have relevance in some settings including tumors [69], only a 

small minority of CD4+ TEX cells expresses this transcription factor [58]). In addition to this 

altered transcription factor usage, CD4+ TEX cells appear skewed towards a follicular helper 

phenotype, a feature that may be related to changes in Bcl6 expression [58, 70]. 

Additionally, CD4+ TEX cells tend to show earlier manifestation of dysfunction than CD8+ 

TEX, as evidenced by loss of effector cytokine production such as IFNγ, TNFα and IL-2 at 

earlier times during infection than CD8+ T cells [58, 71–73]. While CD4+ T cells clearly 

play a critical role in the development of productive immune responses to chronic antigens 

[74], a more detailed understanding of the molecular mechanisms of CD4+ T cell exhaustion 

will likely be necessary to specifically target this subset for immunotherapy. Here we will 

focus on CD8+ T cells because exploiting the ability of these T cells to directly kill 

malignant cells is a major goal of immunotherapy in patients. Here after, unless otherwise 

noted, the term “TEX” will refer to the CD8+ subset. However, considering emerging data 

that CD8+ T cells can profoundly impact local and systemic immune responses 
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independently of simply killing target cells [75], it will be important to continually 

evaluate/re-evaluate the correlates of immune protection during immunotherapy.

T cell exhaustion in cancer

Although T cell exhaustion was originally defined in chronic infection, a similar 

dysfunctional state has been observed in cancer [10, 19, 76–80]. In chronic viral infection, 

hallmarks of T cell exhaustion include: (1) Progressive loss of T cell functions after 

acquisition of an effector program, (2) elevated expression of multiple inhibitory receptors, 

(3) impaired effector cytokine production (e.g. IFNγ, TNFα, IL-2), (4) impaired ex vivo 

cytotoxicity compared to TEF cells, (5) poor responsiveness to IL-7 and IL-15 and 

requirement for continual antigen engagement for long term survival in the periphery, (6) 

altered metabolism, (7) distinct transcriptional program, and (8) altered use of key 

transcription factors compared to TMEM including T-bet and Eomes. There are clear 

examples of T cells in cancer sharing features with exhaustion in chronic infection [77–86]. 

For example, PD-1+ tumor infiltrating lymphocytes (TIL) have been observed in several 

human cancers, including melanoma, breast, prostate, ovarian, RCC, hepatocellular 

carcinoma, and NSCLC [82, 84, 86–89] and these cells often have reduced effector function 

distinguishing them from functional PD-1+ TEF. This dysfunction of TIL can often be linked 

to another key feature of TEX, co-expression of multiple inhibitory receptors. In human 

cancer, PD-1+ Tim-3+ and PD-1+ Lag-3+ tumor specific CD8+ T cells in melanoma and 

ovarian cancer showed more severe signs of dysfunction in terms of effector cytokine 

production than cells expressing only PD-1 or neither receptor [77, 86]. Many similar 

observations have been described for animal models of cancer [19]. Impaired effector 

cytokine production is often described for TEX in tumors including for melanoma, CLL, 

ovarian, and NSCLC [79, 80, 82, 86, 89]. Cytotoxic activity can also be impaired in cancer 

[85], though exactly how the hierarchy of dysfunction evolves for tumor-specific TEX is less 

clear than for chronic infections as comparisons temporally and across different tumor types 

are challenging. Lastly, transcriptional profiling comparing Melan-A/MART-1 tumor-

specific CD8+ T cells in metastases from melanoma patients to gp33 virus-specific TEX cells 

in chronic LCMV infection showed substantial overlap in the molecular program of these 

populations [78].

Importantly, like in chronic infection, “exhausted” TILs are likely not functionally inert. For 

example, in melanoma, tumors that contained T cells showed the highest levels of PD-L1 

and indoleamine-2,3-dioxygenase (IDO), both of which can be upregulated by IFN-γ [90]. 

Indeed, in a corresponding mouse model of melanoma this expression of PD-L1 and IDO 

within the tumor was due to CD8+ T cell production of IFNγ [90]. Hence, while the 

presence of immune regulatory molecules including PD-1 and PD-L1 may be a positive 

prognostic indicator for immunotherapy since these pathways reflect an ongoing immune 

response [28, 29, 91], the steady state function of TEX and TIL is typically not sufficient to 

control cancer [14, 17]. This failed immune control may reflect poor effector function, 

upregulation of immunoregulatory pathways or both.

While TEX from cancer and chronic infection can share many features including impaired 

cytokine production, impaired cytotoxicity, and elevated levels of multiple inhibitory 
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receptors, it remains unclear whether other hallmarks of exhaustion found in chronic 

infection apply to cancer. T cell dysfunction during cancer may be distinct from that 

observed during chronic infection for several reasons. In cancer, central and/or peripheral 

tolerance could shape T cell responses to favor mainly lower affinity clones. Moreover, 

priming to tumor antigen is more likely to occur in the absence of inflammation, but the 

presence of immunosuppressive mechanisms such as regulatory T cells [92]. Moreover, one 

of the defining features of exhaustion in chronic infections is that these T cells acquire 

effector functions, and then progressively lose those functions during persisting infection. 

These features may differ during cancer. First, naïve tumor-specific T cells may fail to 

become properly activated during priming and never differentiate into TEF cells because of 

low inflammatory and costimulatory priming environments during cancer. Second, in some 

transplantable tumor models, tumor progression is quite rapid, making it unclear if immune 

regulatory pathways are controlling exhaustion or simply T cell priming. Genetically 

engineered mouse models (GEMMs) may have some advantages for studying exhaustion, 

such as a slower course of progression. However, in many cases, tumors have a low 

mutational burden [92], exposing T cells to a more narrow breadth of tumor antigens than T 

cells in patients may encounter. There is also limited data on long-term maintenance or 

survival of TEX cells in cancer. A hallmark of exhaustion in chronic infection is poor 

responsiveness to IL-7 and IL-15, contributing to the inability of TEX to survive long-term 

in the absence of antigen. Melan-A/MART-1-specific CD8+ T cells in metastatic melanoma 

lesions isolated from patients expressed low levels of the IL-7 receptor (CD127) [82] similar 

to that observed in chronic infection [49, 50], suggesting that tumor-specific CD8+ T cells 

may have defects in homeostatic proliferation. However, whether TEX in cancer have the 

same degree of impairment in TMEM-like antigen-independent maintenance as observed for 

TEX in chronic infection remains unclear. If tumor-specific TEX fail to persist without 

antigen, successful immunotherapy resulting in tumor elimination might also result in loss of 

tumor-specific T cell populations. While an initial clinical success, if tumor relapses, such 

patients may not have a durable population of T cells present to eliminate re-emerging 

cancer. Thus, while there are many similarities between TEX that can be identified in cancer 

and chronic infection, additional work is needed to investigate how key hallmarks of 

exhaustion compare between these two disease settings.

Despite differences in the way immune responses develop to cancers and infections, studies 

with preclinical chronic infection models including LCMV have been useful guides to 

identify pathways and new immunoregulatory targets that have subsequently shown efficacy 

in cancer, including PD-1 monotherapy as well as co-blockade with Lag-3, Tim-3, and 

others [3, 11, 14, 16, 34, 93–96], (see additional discussion of this topic below). The LCMV 

clone 13 model has also been useful in identifying other potential immunotherapeutic targets 

and molecular pathways, including IL-10, IL-21, and Type I IFN [33, 35, 97–102]. 

Preclinical models such as LCMV will likely continue to yield additional new pathways that 

could represent future targets in cancer. The remainder of this review will focus on recent 

insights into anti-PD-1:PD-L1-mediated reinvigoration of TEX cells because of the 

emergence of the PD-1 pathway as a central regulator of TEX in chronic infections and 

cancer in preclinical models and patients, and the promising clinical responses observed 

targeting this pathway in diverse types of cancer. We will discuss recent advances from both 
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preclinical mouse models and clinical data, and will highlight critical gaps in knowledge 

posing potential barriers to the success of immunotherapy.

Reinvigoration of TEX cells following PD-1 pathway blockade: Insights from 

preclinical models

Studies in preclinical models have greatly contributed to our understanding of the PD-1 

pathway in the regulation of T cell immunity [3, 37, 96]. The normal physiological function 

of the PD-1 pathway is thought to be limiting immunopathology and autoimmunity (Box 1) 

[37]. PD-1 expression is induced on T cells following activation, and is regulated by the 

transcription factors NFAT, T-bet, Blimp-1, and FoxO1 (Box 2) [103–106]. Chronic antigen 

stimulation sustains PD-1 expression. Mechanistically, PD-1 ligation can antagonize T cell 

receptor signaling, promote cell cycle arrest, modulate the P13K/AKT/mTOR pathway, 

regulate expression of transcription factors including BATF, and influence motility (Box 1) 

[104, 107–116]. Importantly, PD-1 actively regulates virus-and tumor-specific TEX, since 

blocking this pathway using antibodies against either PD-1 or PD-L1 can restore effector 

functions to these T cells and lead to reduced viral load and tumor burden [11–13, 76, 117–

119]. In chronic LCMV infection, administering anti-PD-L1 or anti-PD-1 blocking 

antibodies following the development of exhaustion (3–4 weeks post-infection) leads to 

increased CD8+ T cell proliferation, cytokine production and cytolytic activity, and reduced 

viral load [11]. These studies were important because they first established the concept that 

TEX were not terminal but could be re-invigorated to achieve improved function and 

enhanced immunity.

Box 2

Regulation of PD-1 expression

Recent work has provided insight into the mechanisms controlling PD-1 expression, 

identifying roles for the transcription factors NFAT, FoxO1, Blimp-1, and T-bet [103–

106]. NFAT nuclear translocation following T cell receptor (TCR) signaling induces 

transcription of PD-1, linking antigen recognition to PD-1 expression [106]. Moreover, 

NFAT binding in the absence of AP-1 appears to promote expression of some features of 

an exhausted transcriptional program [128]. FoxO1 is also a positive regulator of PD-1 

by directly binding the PD-1 locus [104], providing a potential connection between PD-1 

and AKT/mTOR, implicating PD-1 regulation in nutrient and metabolic sensing, growth, 

cell cycle, and survival [129]. In TEX, Blimp-1 has been associated with higher PD-1 

expression [105], though how this transcriptional repressor promotes PD-1 is unclear, 

particularly since in acutely activated T cells Blimp-1 appears to repress PD-1 at least 

partially via epigenetic mechanisms [130]. T-bet also directly represses PD-1 expression 

via binding to the Pdcd1 enhancer region [103]. Interestingly, T-bet can repress levels of 

PD-1 in TEX from “high” to “intermediate,” but cannot completely shut down PD-1 

expression, indicating multiple layers of PD-1 transcriptional control [35, 103]. Finally, 

Eomes is associated with high expression of PD-1 in TEX [35], but whether Eomes 

directly controls PD-1 transcription remains to be determined.
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For T cells, TCR engagement by cognate antigen:MHC is important to drive and sustain 

PD-1 expression. However, in some settings, PD-1 expression may be independent of 

ongoing TCR stimulation. For example, TEX from chronic LCMV infection can maintain 

PD-1 expression following transfer to antigen-free mice [55], and can also sustain PD-1 

following rechallenge and expansion in this setting [54]. Mechanistically, this sustained 

expression may be due to epigenetic modifications in the PD-1 gene. During acute 

LCMV infection, the Pdcd1 promoter becomes demethylated during the effector phase, 

and then fully remethylated in TMEM [131]. In contrast, during chronic LCMV infection, 

the Pdcd1 promoter does not become remethylated, even when levels of persisting virus 

and PD-1 protein decreased [131]. This methylation pattern was also observed in HIV 

patients with well-controlled viral load [132]. Such an alteration in the epigenetic 

environment of the Pdcd1 gene may also explain the distinct effects of Blimp-1 on PD-1 

expression in TEX versus acutely activated TEF discussed above. Importantly, recent 

work showed that TEX in chronic LCMV displayed downregulated diacetylated histone 

H3, and found that treating with histone deacetylase inhibitors could improve effector 

functions and memory formation [133]. These data highlight the importance of epigenetic 

modifications in regulating the exhausted state, though more work is needed to 

understand the potential for manipulating epigenetic modifications for therapeutic benefit 

in patients.

In preclinical cancer models, treatment with PD-1:PD-L1 blocking antibodies can also boost 

T cell effector functions, leading to enhanced tumor control [12, 13, 37, 76, 96, 117–119]. 

Early studies used over-expression of PD-L1 on P815 mastocytoma tumor cells to show that 

PD-L1 could suppress CD8+ T cell cytolytic activity. Following transfer of PD-L1-

expressing P815 tumor cells into mice, treatment with anti-PD-1 or anti-PD-L1 blocking 

antibodies suppressed tumor growth implicating the PD-1 pathway in tumor immunity, a 

finding also confirmed in PD-1 KO mice [12, 13]. Furthermore, anti-PD-1 was able to 

prevent hematogenous spread of B16 melanoma tumor cells to the liver in B6 mice and 

CT26 colon cancer cells to the lung in BALB/c mice [117]. Several observations highlight 

the role for T cells in control of transplantable cancers following PD-1 pathway blockade. 

When human squamous cell carcinoma of head and neck (SCCHN) cancers were transfected 

with PD-L1 and transplanted into mice, all of the mice succumbed even when T cells were 

added. Anti-PD-L1 treatment in this setting could elicit tumor control, but only in the 

presence of T cells [118]. Similarly, in a xenograft model with human ovarian cancer cells 

transplanted into mice, T cells activated by tumor antigen-pulsed dendritic cells provided 

minimal tumor control compared to the effects of combining T cells with anti-PD-L1 [76]. 

Additionally, depletion of CD8+ T cells can abolish the protective effects of immunotherapy 

both during CTLA-4 or PD-1 pathway blockade as well as co-blockades with other 

immunoregulatory pathways [36, 120, 121]. One critical question regarding PD-1:PD-L1 

blockade in mouse tumor models has been whether targeting this pathway is truly reversing 

exhaustion, or if manipulating the PD-1 pathway is impacting priming and/or preventing the 

development of exhaustion. In many mouse tumor systems, PD-1 pathway blockade is often 

administered early at time points when full exhaustion may not yet have developed [12, 13, 

36, 117, 120]. In contrast to most animal models, PD-1 pathway blockade is typically 

employed clinically at late stages of disease when prolonged T cell stimulation is likely to 
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have occurred. Additional studies dissecting the roles of the PD-1:PD-L1 pathway at 

different temporal stages of tumor progression in animal models may help guide 

expectations and define biomarkers for clinical use of PD-1 pathway inhibitors in humans.

Interestingly, in some models where complete responses are observed, mice can be protected 

from rechallenge with the homologous tumor. Examples of such responses include 

protection from rechallenge with MCA-induced sarcoma cell lines F244 and d42m1-T3 

following PD-1 blockade, colon carcinoma (CT26) after PD-L1 and TIGIT co-blockade, and 

a B16-F10 derived cell line called Res 499 for PD-L1 and CTLA-4 co-blockade in 

combination with radiation therapy [36, 120, 121]. These data suggest that immunotherapy 

can elicit a durable adaptive anti-tumor response, a scenario that has also been observed in 

human cancer following treatment with anti-PD-1 [26, 30]. In both preclinical models and 

cancer patients, the mechanisms involved in complete remission of cancers after 

immunotherapy is currently unclear, but defining these mechanisms is an important future 

goal. If TEX cells in cancer share the same dependence on antigen for long term survival as 

TEX cells in chronic infection [49, 50], changes in tumor burden and availability of tumor 

antigens following immunotherapy could impact the long-term survival of these 

reinvigorated T cells. However, how the antigen-independent persistence of TEX is impacted 

by re-invigoration by PD-1 pathway blockade remains poorly understood. Defining how 

checkpoint blockade impacts the durability and memory properties of CD8+ T cells in 

cancer will be critical for understanding the potential for these cells to provide a durable 

mechanism of immunity in settings of cancer relapse.

Lastly, it will be critical to better define the cellular and molecular changes occurring 

following PD-1 pathway blockade. A recent study performed transcriptional profiling on 

TILs in mouse MCA-induced sarcoma cell tumors that were either specific for a major 

immunodominant neoantigen (mLama4) or bulk TIL, and compared TIL profiles after anti-

CTLA-4, anti-PD-1, or co-blockade of both pathways [120]. Here, anti-PD-1 alone impacted 

mostly pathways associated with metabolism, anti-CTLA-4 alone affected pathways 

associated with cell cycle and effector memory, and the combination altered T cell effector 

pathways [120]. Because PD-1 pathway inhibitors are currently a cornerstone of 

combination therapies for cancer, understanding the cellular and molecular synergy between 

PD-1 and other pathways (e.g. other inhibitory receptors, cell-extrinsic immune regulatory 

pathways, chemotherapy/radiation, vaccination, etc.) will be essential to determine which 

combinations should be used for different patients.

Anatomical location of anti-PD-1:PD-L1-mediated reinvigoration

Although it is well established that PD-1 pathway blockade can partially reverse exhaustion 

and improve immunity in chronic infections and cancer, several questions remain regarding 

the precise cell populations and anatomical locations in which these inhibitors are acting to 

reinvigorate T cells. PD-1 and its ligand PD-L1 can be expressed by cells in lymphoid and 

non-lymphoid tissues, positioning this pathway as a critical regulator of immune responses 

both during priming and during the execution of effector functions in peripheral tissues, a 

highly sought after feature for boosting immune responses therapeutically. However, it 

remains unclear whether anti-PD-1:PD-L1 is directly impacting T cells within the non-
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lymphoid tissue or tumor, or if blockade of this pathway also reinvigorates T cells in the 

secondary lymphoid organs. At least two factors could limit the ability of PD-1 inhibitors to 

reinvigorate T cell functions in diverse anatomical locations. First, differential 

bioavailability of the inhibitor in different tissues could be a confounding variable limiting 

drug activity. This issue may be particularly problematic for delivering PD-1 pathway 

inhibitors into dense solid tumors. Second, differential susceptibility of different subsets of 

cells could substantially influence the efficacy of PD-1 inhibitors. For example, in chronic 

infection, the pool of TEX in the spleen and peripheral blood contains a higher proportion of 

“progenitor-like” T-betHi cells that are less terminally differentiated and can be 

reinvigorated after PD-1 pathway blockade. In contrast, the EomesHi terminally-

differentiated subset can be found preferentially in peripheral tissues and is not reinvigorated 

by PD-1 pathway blockade (Figure 2) [35, 59]. A model by which PD-1 pathway blockade 

enhances responses in secondary lymphoid organs and promotes subsequent trafficking to 

non-lymphoid tissue or tumor does not rule out a direct effect of PD-1 blockade on 

reinvigorating T cells within the tumor microenvironment, but rather provides a 

complementary mechanism of how checkpoint blockade impacts the anti-tumor response. 

While inhibitors of the PD-1:PD-L1 pathway may improve immunity by acting in both 

lymphoid and non-lymphoid tissues, the relative contribution of local and distal 

reinvigoration may vary for different tumors. Understanding the relative contributions of 

reinvigoration from different anatomical locations and/or different TEX subsets could have 

important implications for predicting and monitoring patient responses in cancer.

PD-L1 expression on different cell types has important implications for immunotherapy; 

however, our understanding of PD-1-mediated regulation when a T cell encounters PD-L1 

on an antigen presenting cell compared to a non-hematopoietic cell (such as a tumor cell) is 

currently limited. In chronic LCMV infection, PD-L1 on hematopoietic cells regulates virus-

specific CD8+ T cell numbers and function, while PD-L1 on non-hematopoietic cells limits 

viral load and immunopathology [122]. Clinically, several reports have investigated how 

PD-1 and PD-L1 levels correlate with cancer prognosis [24], and, more recently, have begun 

examining whether PD-L1 expression levels pre-treatment predict responsiveness to PD-1 

pathway inhibitors [28, 29, 91]. While PD-L1 expression in the tumor has been associated 

with poor prognosis in several settings [24], recent clinical data showed that PD-L1 

expression on immune infiltrates in the tumor positively correlated with responsiveness to 

anti-PD-L1 immunotherapy [28, 29]. In addition to PD-L1, PD-1 expression in the tumor 

may also be an important predictor of immune involvement since PD-1+ cells in the tumor 

indicate immune (likely lymphoid) infiltration while PD-L1 expression often reflects IFNγ 

production and potential tumor recognition by immune cells [16, 81]. Therefore, it is critical 

to continue broadening our understanding of the PD-1 pathway in both lymphoid and non-

lymphoid tissues to better inform the interpretation and predictive capacity of measuring 

PD-1 and PD-L1 expression in patients.

Determining the efficacy of PD-1 inhibitors in cancer

PD-1 pathway inhibitors have shown impressive results in cancer patients, particularly in 

advanced melanoma, NSCLC, RCC, and, recently, metastatic bladder cancer. However, 

despite promising patient outcomes with PD-1 pathway inhibitors for different cancer types, 
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the majority of patients still fail to achieve robust objective clinical responses [21-23, 

25-32]. Additionally, some tumor types have been almost completely refractory to these 

inhibitors. Thus, identifying biomarkers as determinants of responsiveness to PD-1 pathway 

blockade antibodies so as to direct better informed therapeutic decisions and more effective 

treatments remains a major goal in both basic and clinical research. Recent clinical data with 

anti-PD-L1 antibody (MPDL3280A) described immunological events associated with tumor 

regression versus progression in multiple tumor types [28]. Patients with objective responses 

tended to have increased PD-L1 expression on immune cells in the tumor pre-therapy, a 

dense immune infiltrate, increases in IFNγ production, and extensive tumor cell necrosis 

[28]. Another clinical trial also showed PD-L1 expression on immune cells infiltrating the 

tumor correlated with responsiveness to anti-PD-L1 (MPDL3280A) [29], and, further, 

higher levels of CD8+, PD-1+, and PD-L1+ cells at the invasive margin of the tumor before 

treatment correlated with positive response rates to anti-PD-1 (pembrolizumab) [91]. 

Importantly, patients with progressive disease in one trial displayed one of three immune 

infiltrate patterns in the tumor bed: (1) little or no infiltrating immune cells, (2) immune 

cells present but little PD-L1 expression, or (3) presence of an immune infiltrate that was 

largely excluded from the tumor [28]. Continuing to identify barriers to successful 

immunotherapy with PD-1 pathway inhibitors is essential since this knowledge will likely 

inform treatment options. For example, for tumors with little or no infiltrating immune cells, 

perhaps vaccination will induce activation of the anti-tumor adaptive immune response and 

trafficking to the tumor [120, 123]. However, once this adaptive immune response has been 

initiated, the addition of PD-1 blockade may aid in overcoming exhaustion induced in the 

tumor microenvironment. Indeed, recent evidence suggests that checkpoint blockade 

synergizes with radiation by acting through distinct mechanisms: Radiation, acting as a type 

of vaccination (e.g. so called RadVax) releases tumor antigens causing diversification of T 

cells participating in the response, anti-CTLA-4 acts on extrinsic regulation by increasing 

the CD8+ T cell to regulatory T cell ratio, and anti-PD-L1 dramatically amplifies responses 

by overcoming CD8+ T cell exhaustion in the tumor [121]. Additional studies showing 

synergy between PD-1 pathway blockade and adoptive T cell therapies support the use of 

checkpoint blockade to prevent exhaustion in the tumor microenvironment [124, 125]. With 

the list of immunotherapy targets growing rapidly, additional work is needed to clarify 

which factors will correlate with tumor regression versus disease progression to determine 

how to better predict patient responses to diverse immunotherapies.

Concluding Remarks

FDA approval of pembrolizumab and nivolumab in 2014 marked a significant advance for 

using checkpoint inhibitors in cancer patients. Though both show substantial clinical benefit, 

significant challenges for successful immunotherapy in cancer patients remain. For example, 

while some patients have shown durable responses following immunotherapy [26, 30], 

others have failed to respond or have subsequently relapsed [21–25, 27]. It is currently 

unknown if continual treatment or subsequent rounds of discontinuous treatment with 

immunotherapeutic agents will enhance the anti-tumor response, or if these approaches 

might lead to the development of resistance similar to what has been observed for targeted 

small molecule therapies (e.g. tyrosine kinase inhibitors targeted at BCR-ABL) [126]. 
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Indeed, recent work has demonstrated that up-regulation of PD-L1 represents a major 

mechanism of tumor resistance to anti-CTLA-4 (ipilimumab) treatment in melanoma [121]. 

Other immune and non-immune tumor escape mechanisms are likely to exist for immune 

monotherapy in cancer. Therefore, the next generation of cancer immunotherapy will likely 

rely on combining therapies to improve patient outcomes (Box 3). PD-1 pathway blockade 

is now at the center of many of these combinatorial immunotherapy approaches, including: 

Blockade of other inhibitory receptors (e.g. CTLA-4, Lag-3, Tim-3, etc), inhibition of 

soluble factors such as immunoregulatory (IL-10, TGF-β, IL-35) or inflammatory cytokines 

(Type I IFN), vaccination (either endogenous through radiation or exogenous by delivery 

tumor antigens, DNA vaccines, or dendritic cell-based vaccines), or adoptive immune cell 

therapy (e.g. chimeric antigen receptor (CAR) T cells, adoptive cancer-specific T cell 

therapy) [14, 15]. Since chemotherapy remains the foundation of cancer therapy, it will also 

be essential to understand how chemotherapy regimens (contemporaneous or temporally 

separated) influence checkpoint blockade and vice versa. The abundance of 

immunotherapeutic options for cancer highlights the need to develop better biomarkers to 

determine who will benefit from which therapies (Box 3). Addressing these issues will be 

critical for continuing to improve the success of these immunotherapies.

Box 3

Outstanding Questions

• What factors correlate with potential for responsiveness to PD-1 inhibitors in 

human cancer? What is the optimal anatomical location for sampling for 

biomarker assessment? Are there factors in the peripheral blood that will 

correlate with success of immunotherapy, or will assessment of tumor tissue be 

optimal?

• How durable is enhanced immunity following treatment with PD-1 pathway 

inhibitors?

• What are the mechanisms by which PD-1 modulates T cell functions in vivo? 

Do these mechanisms change for different types of T cells such as exhausted 

versus effector T cells?

• Does the PD-1 signal delivered from PD-L1 on a professional antigen 

presenting cell differ from PD-L1 on a non-hematopoietic cell (e.g. tumor cell)?

• What are the cellular and molecular mechanisms underlying synergy observed 

between PD-1 pathway inhibitors and other forms of immunotherapy? What 

combinations of therapies will be effective for different cancer settings?

The collaboration of basic science and clinical medicine will be essential moving forward as 

more patients receive these inhibitors. The field will need to further define the mechanisms 

contributing to immune dysfunction in cancer, the events associated with improvement of 

immune responses following immunotherapy, and what combination therapies will be most 

effective (Box 3). Further, patients that have initially responded well to checkpoint blockade 

will provide a critical opportunity to determine the durability of immunity (Box 3). Cancer 
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immunotherapy is ushering in new ways to approach treatment of many diseases by 

exploiting the power of selectively targeting the immune system, rather than using 

chemotherapeutic agents, to destroy diseased cells.
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Highlights

• T cell exhaustion is present in both chronic infections and cancer.

• PD-1 regulates T cell exhaustion and PD-1 blockade enhances tumor and viral 

immunity

• Molecular pathways of exhaustion may reveal biomarkers and immunotherapy 

targets
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Figure 1. Development and functions of CD8+ T cells responding during acute versus chronic 
antigen encounter
(A) Dynamics of CD8+ T cell expansion, contraction, and memory formation following 

acutely resolved antigen stimulation. Following activation, naïve T cells convert into an 

effector population consisting of KLRG1hi CD127lo short-lived effector cells and KLRG1lo 

CD127hi memory precursor cells. Following antigen clearance, memory T cell populations 

form predominantly from KLRG1lo CD127hi precursor cells. Memory CD8+ T cells retain 

the ability to re-expand upon secondary antigen encounter, resulting in an anamnestic 

response that controls antigen more rapidly than during the primary response [61]. (B) 

Dynamics of CD8+ T cell populations during chronic antigen encounter. Following 

activation, naïve T cells differentiate into an effector T cell population similarly to that 

observed following acutely resolved antigen encounter (A). However, the failure to 
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eliminate antigen leads to the progressive development of exhaustion. TEX arise from the 

KLRG1lo CD127hi subset, a shared feature with memory T cells (A) [55]. These TEX exert 

pressure on the pathogen or tumor, resulting in a host-pathogen or host-tumor stalemate. 

Following intervention with immunotherapy including PD-1 pathway blockade, TEX can be 

reinvigorated, restoring effector functions and increasing cell numbers, resulting in 

decreased antigen load. However, the durability of this enhancement in the CD8+ T cell 

response is currently unknown. In (A) and (B), red lines indicate antigen-specific CD8+ T 

cell magnitude, grey lines indicate antigen level. (C) Comparison of key properties of 

memory, exhausted, and anti-PD-1:PD-L1-treated “reinvigorated” CD8+ T cells populations 

[3].
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Figure 2. Heterogeneity in the TEX population
During chronic infection, two subsets of CD8+ T cells have been identified based on 

expression of PD-1 and the T-box transcription factors T-bet and Eomes [35]. Cells that 

express high levels of T-bet, lower levels of Eomes, and intermediate levels of PD-1 retain 

greater proliferative potential, the ability to produce slightly greater amounts of IFNγ and 

TNFα, are preferentially found in the spleen and blood [35], and are more responsive to 

reinvigoration following PD-1 pathway blockade [59]. Cells that express higher Eomes, 

lower T-bet, and high PD-1 show elevated expression of other inhibitory receptors (IRs) 

(e.g. Tim-3, CD160, and Lag-3), reduced proliferative potential and reduced co-production 

of IFNγ and TNFα, but retain a greater capacity for killing and preferentially localize to 

non-lymphoid tissues [35]. These cells also display reduced potential for reinvigoration by 

PD-1 pathway blockade [59]. Importantly, there is a lineage relationship between these two 

subsets. The T-betHi PD-1int subset serves as a progenitor population for both maintaining 

itself and the EomesHi PD-1Hi terminal-progeny subset [35]. The conversion from T-betHi 

PD-1int to EomesHi PD-1Hi cells is linked to extensive antigen-driven proliferation. High 

levels of antigen and/or lack of CD4+ T cell help favor the conversion from T-betHi to 

EomesHi cells [35].
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Figure I. Mechanisms of PD-1-mediated inhibition in T cells
Five main mechanisms have been proposed for how PD-1 modulates T cell functions. PD-1 

can: (A) directly antagonize T cell receptor (TCR) signaling by recruiting phosphatases to 

tyrosine-containing motifs in the PD-1 tail [108], which can prevent LCK-mediated 

phosphorylation of ZAP70 [110], (B) inhibit CD28-induced activation of PI3K, leading to 

reduced AKT and mTOR activation [111], (C) inhibit the Ras pathway [112], (D) induce 

increased expression of transcription factors including BATF, which can directly suppress 

transcription of various effector genes [113], and (E) impact T cell motility and the stability/

duration of T cell/APC interactions [114–116].
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