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Abstract

The T cell infiltrates that are formed in human cancers are a modifier of natural disease 

progression and also determine the probability of clinical response to cancer immunotherapies. 

Recent technological advances that enable the single-cell analysis of phenotypic and 

transcriptional states have revealed a vast heterogeneity of intratumoral T cell states, both within 

and between patients, and the observation of this heterogeneity makes it critical to understand the 

relationship between individual T cell states and therapy response. This Review covers our current 

knowledge regarding the T cell states that are present in human tumors and the role that different T 

cell populations have been hypothesized to play within the tumor microenvironment, with a 

particular focus on CD8+ T cells. Three key models that are discussed herein are: 1). The 

dysfunction of T cells in human cancer is associated with a change in T cell functionality rather 

than inactivity; 2). Antigen recognition in the tumor microenvironment is an important driver of T 

cell dysfunctionality and the presence of dysfunctional T cells can hence be used as a proxy for the 

presence of a tumor-reactive T cell compartment; 3). A less dysfunctional population of tumor-

reactive T cells may be required to drive a durable response to T cell immune checkpoint 

blockade.

Introduction

It has long been known that the presence of T cells in cancer lesions is correlated with better 

patient prognosis in a number of human malignancies. As an example, it has been 

appreciated for over twenty years that the presence of brisk T cell infiltrates is associated 

with improved overall survival in human melanoma1. In subsequent work, the magnitude of 

intratumoral T cell infiltrates was shown to form an independent positive prognostic marker 

in colorectal cancer (CRC) and ovarian cancer2,3, and similar results have been obtained in 

several other malignancies4. However, correlation does obviously not imply causation, and 

the observed relationship between intratumoral T cell numbers and patient prognosis could 

for many years be ‘explained away’, for instance, by assuming that T cell entry into tumors 
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was influenced by the oncogenic pathways that were activated in an individual tumor, with 

more benign tumors by chance being more permissive to T cell accumulation.

The direct evidence that the T cell infiltrates in human cancer should be seen as a true 

modifier of cancer growth came from parallel efforts to enhance tumor-specific T cell 

reactivity, either by infusion of T cell products expanded ex vivo from tumor-infiltrating 

lymphocytes5, or by antibody-mediated blockade of T cell checkpoint molecules6–8. 

Therapies that block the T cell checkpoint molecules cytotoxic T lymphocyte-associated 

antigen 4 (CTLA4) and in particular programmed cell death protein 1 (PD1) have shown a 

significant rate of clinical responses, and sometimes durable complete responses, in a range 

of tumor types, with an understandable bias - only recognized in hindsight - towards tumors 

that are characterized by higher amounts of DNA damage9. Blockade of the CTLA4 

checkpoint is thought to predominantly induce a broadening of the tumor-specific T cell 

response, by abolishing the inhibitory effect of CTLA4 during T cell priming10–12. In 

contrast, blockade of the PD1–PD1 ligand 1 (PDL1) axis is thought to primarily boost pre-

existing tumor-specific T cell responses13. In spite of this presumed difference in mode of 

action, both therapies ultimately rely on the activity of a, pre-existing or newly induced, 

tumor-resident T cell pool to achieve tumor elimination. The recent identification of high 

diversity in the activation and dysfunctional states of the T cells that are present in human 

cancer lesions therefore raises a number of crucial issues: Which cell states are associated 

with an ongoing tumor-specific T cell response? How do the current immunotherapies 

impact these different T cell states? And finally, how does the presence of individual T cell 

states predict response to immune checkpoint blockade (ICB)?

T cell states in human cancer

Overview of the T cell states that have been identified in human tumors

The simplest distinction between T cells is that of the CD4+ and CD8+ T cell subsets. The 

evidence for a role of the CD8+ T cell subset in tumor control is compelling, as for instance 

reflected by a series of prognostic analyses (listed in 4 and 14), the association between pre-

treatment intratumoral CD8+ T cell numbers and response to PD1 blockade15, and the 

clinical activity of CD8+ T cell-enriched cell products in melanoma16. These observations 

explain the focus of most of the recent single-cell analyses, and also this Review, on the 

CD8+ T cell compartment. However, we feel that it is also important to briefly describe the 

cell states that are assumed by CD4+ T cells in the tumor microenvironment (TME), as 

CD4+ T cells have been shown to play a substantial role in tumor control in both preclinical 

models and in patient case studies (e.g. 17–19). Furthermore, prior data already revealed that 

distinct CD4+ T cell subsets are associated with either good or poor clinical prognosis4, 

suggesting that a more granular analysis of CD4+ T cell states is likely to yield further 

information on the role of different intratumoral CD4+ T cell pools. A brief overview of the 

CD4+ T cell states that have been identified in human tumors to date is provided in Box 1.

Circulating and lymph node-resident CD8+ T cells are classically subdivided according to 

their state of differentiation into naïve T cells, effector T cells, and subsets of memory T 

cells. The development of high dimensional profiling techniques such as cytometry by time 

of flight (CyTOF) and single-cell RNA sequencing (scRNA-seq) has enabled the field to go 
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substantially beyond this relatively coarse profiling of CD8+ T cells based on the expression 

of just a few protein markers, and has over the past years been used to profile T cell 

infiltrates in human tumors. In three independent melanoma cohorts, the major intratumoral 

T cell populations that were identified based on transcriptional profiling using different 

scRNA-seq platforms displayed strong resemblance across the studies. In one study, ‘naïve’ 

CD8+ T cells, marked by expression of CC-chemokine receptor 7 (CCR7), transcription 

factor 7 (TCF7), lymphoid enhancer-binding factor 1 (LEF1), and L-selectin (SELL), and 

‘cytotoxic’ cells, amongst others expressing perforin 1 (PRF1), granzyme A (GZMA), 
GZMB, and natural killer cell granule protein 7 (NKG7), were identified (Supplementary 

Table S1)20. Likewise, ‘naïve-like’ (marked by expression of amongst others CCR7, LEF1, 

interleukin 7 receptor (IL7R), and TCF7) and ‘cytotoxic effector’ (for instance characterized 

by CX3C chemokine receptor 1 (CX3CR1), PRF1, killer cell lectin-like receptor subfamily 

G member 1 (KLRG1), and fibroblast growth factor-binding protein 2 (FGFBP2)) cell states 

were defined in a second study21. In a third cohort, CD8+ T cell states with similar 

characteristics were observed, but were named differently, identifying a ‘memory’ state with 

expression of CCR7, IL7R, LEF1, and TCF7 (matching the naïve(-like) cells observed in the 

other two studies, and a ‘cytotoxic’ state defined by expression of Fcγ receptor IIIA 

(FCGR3A), KLRG1, PRF1, and GZMB 22. Combined protein and gene expression analyses 

may be required to clarify whether the first of these two populations is either composed of 

true naïve CD8+ T cells, memory CD8+ T cells, a stem cell-like subset of memory cells (as 

described by Gattinoni et al.23), or a mixture of these, as the transcriptional profiles of these 

subsets display many similarities. In the absence of data that conclusively settles this issue, 

we will here refer to this population as ‘naïve-like’. The presence of these naïve-like CD8+ T 

cells at tumor sites does represent somewhat of a conundrum: While cytotoxic effector cells 

are known for their capacity to home to peripheral tissues, naïve and (stem cell-like) 

memory T cells typically circulate through blood and lymphoid organs. One hypothesis may 

be that intratumoral naïve-like cells reside in the intratumoral lymph node-like aggregates 

that are referred to as tertiary lymphoid structures (TLS), but more work to substantiate this 

is clearly required.

In addition to the naïve-like and cytotoxic CD8+ T cell states, a third, substantially more 

heterogeneous, pool of T cells that displays features of ‘dysfunction’ or ‘exhaustion’ was 

observed in all three studies20–22. In line with original data in chronic viral infection models 

in mice, dysfunctionality of T cells in human tumors is characterized by the increased cell 

surface expression of inhibitory receptors such as PD1, lymphocyte activation gene 3 protein 

(LAG3), T cell immunoglobulin mucin receptor 3 (TIM3; encoded by HAVCR2), 2B4, 

CD200, and CTLA4, and a reduced capacity of the cells to carry out classical CD8+ T cell 

effector functions, including the capacity to produce cytokines such as tumor necrosis factor 

(TNF), interleukin 2 (IL-2), and interferon γ (IFNγ) under (semi-)physiological conditions 

(i.e. directly ex vivo or after stimulation with cognate antigen or low dose anti-CD3)24–27. 

Because of the transcriptional but also functional heterogeneity that is observed in this T cell 

pool (see below), it may be further divided into subgroups, and we will use the nomenclature 

pre-dysfunctional – early dysfunctional – late dysfunctional in the subsequent sections.

At present it has not been fully established whether the same or similar populations of 

dysfunctional CD8+ T cells are present in all human tumor types, but early data do point to 
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considerable similarities. Specifically, in non-small-cell lung cancer (NSCLC) and 

hepatocellular carcinoma (HCC), a dysfunctional CD8+ T cell population (named 

‘exhausted’) has been described that is characterized by high-level expression of inhibitory 

receptor genes such as PDCD1 (encoding PD1), LAG3, CTLA4, T cell immunoreceptor 

with Ig and ITIM domains (TIGIT), LAYN, and HAVCR228,29. Similarly, CD8+ T cells 

expressing amongst others PDCD1, LAG3, and HAVCR2 have been observed in basal cell 

carcinoma (BCC)30. Also in CRC, dysfunctional T cells that express a comparable set of 

signature genes (PDCD1, HAVCR2, LAYN) were identified, both in patients with 

microsatellite stable (MSS) and microsatellite instable (MSI) tumors31. In a breast cancer 

study investigating the immune infiltrates of patients with different breast cancer subtypes, 

only T cells with effector–memory or central–memory profiles, and no cells with a 

dysfunctional state, were distinguished32. Nevertheless, one of the two computationally 

defined components that explained most variation between the T cell states in this study was 

‘terminal differentiation’, and this component was defined by the expression of inhibitory 

and costimulatory genes, including CD2, tumor necrosis factor receptor superfamily member 

18 (TNFRSF18; encoding GITR), TNFRSF4 (encoding OX40), TNFRSF9 (encoding 

4-1BB), CTLA4, and TIGIT 32, which are often associated with dysfunction.

Two studies in patients with NSCLC and triple negative breast cancer (TNBC) have 

described the presence of tissue-resident memory CD8+ T (TRM) cells expressing integrin 

αE (ITGAE, encoding CD103)33. Interestingly, in the lung cancer cohort, a subset of ‘tumor 

TRM T cells’ was found to display increased expression of dysfunctional markers such as 

HAVCR2, PDCD1, CTLA4, and LAYN when compared to TRM cells from adjacent healthy 

tissue33. The TRM CD8+ T cells reported in the TNBC tumors were similarly characterized 

by markers that are largely consistent with a dysfunctional profile (expression of amongst 

others HAVCR2, LAG3, and PDCD1)34, implying that at least part of the TRM population in 

these tumors share characteristics with the dysfunctional cells reported in other studies. 

Taken together, whereas alignment of T cell states across studies poses a challenge, both 

because of variation in sequencing technology and analysis strategy, the majority of the 

investigated tumor types contain a CD8+ T cell population that displays characteristics of 

dysfunction at the transcriptional level.

While similar groups of dysfunctional and also naïve-like and cytotoxic CD8+ T cells appear 

present in a large fraction of different tumor types, the existence of CD8+ T cell types that 

seem specific for certain tumor types has also been proposed, including mucosal associated 

invariant T (MAIT) cells in NSCLC, HCC, and CRC, intraepithelial lymphocytes (IELs) in 

CRC, and γδ T cells in TNBC28,29,31,34. However, further studies that profile rare 

intratumoral cell types with considerable depth are required to understand whether these 

(invariant) T cell subsets are truly restricted to these tumor types. Another striking finding of 

the single-cell sequencing analyses carried out to date is that the relative abundance of naïve-

like, cytotoxic, and dysfunctional cells is highly variable between tumors with, for instance, 

dysfunctional T cell fractions ranging from 5% to 80% of the total T cell infiltrate in 

melanoma21,22. However, which (environmental) factors exactly drive this diversity requires 

further investigation. Below, we will discuss the recent advances in our understanding 

regarding the connection between the major CD8+ T cell states that have been observed in 

human cancers, and their presumed biological contribution to tumor control.
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T cell dysfunctionality is a gradual, not a binary, state

Similar to the naïve, memory, and effector T cell subsets, dysfunctional T cells have 

frequently been viewed as a defined, well demarcated, subset of T cells. However, at least in 

the context of cancer, it is doubtful whether a binary classification of cells as being 

dysfunctional or not (or exhausted or not) is justified. In both mice and humans a remarkable 

phenotypic diversity is observed within the intratumoral T cell pool that displays 

characteristics of dysfunction25,35–38, reflected both by varying combinations and levels of 

inhibitory and costimulatory receptors, such as TIM3, CTLA4, CD39, 4-1BB, and also 

variable surface levels of PD125,35,36,38. Furthermore, single-cell transcriptome analyses of 

CD8+ T cells in various human cancers have identified a pre-dysfunctional cell state, 

characterized by an expression of inhibitory receptors that is higher than that of naïve-like 

and cytotoxic populations but lower than that of the dysfunctional cells. In one of the 

aforementioned melanoma studies21, these pre-dysfunctional cells (referred to as 

‘transitional cells’) were defined by high expression of GZMK and intermediate expression 

of, amongst others, PDCD1 and LAG3. In the melanoma cohort of Sade-Feldman et al., a 

‘lymphocyte’ population that expresses TCF7 and IL7R as well as GZMK was identified22, 

potentially reflecting a state similar to the GZMK-expressing pre-dysfunctional population 

in Li et al.21. Similar populations, marked by GZMK and ZNF683 expression and showing 

low to intermediate expression levels of inhibitory receptors, have also been identified in 

NSCLC and HCC28,29. Moreover, GZMK-expressing subsets of effector–memory T cells 

(further defined by CD44 expression) and memory T cells (further defined by eomesodermin 

homolog (EOMES) and CXC-chemokine receptor 3 (CXCR3)) were described in CRC31 

and BCC30 respectively, possibly resembling the pre-dysfunctional states identified in 

melanoma, NSCLC, and HCC. In breast tumors, cells with a pre-dysfunctional state were 

not explicitly identified32,34. However, the presence of the terminal differentiation T cell 

component containing markers of dysfunction suggests that a range of dysfunctional states 

may also exist in breast cancer32. Collectively, these data support two conclusions; first, the 

presence of a gradient of cell states rather than discrete populations is consistent with an 

intratumoral differentiation process, resulting in cells that reside along a continuum of 

dysfunction (with T cell activation as one probable driver of this process, see below). In Box 

2, we briefly summarize current knowledge on the T cell-intrinsic factors that contribute to 

the different levels of dysfunctionality within the CD8+ T cell compartment. Second, this 

research field has somewhat of an issue with nomenclature, with respect to the fact that 

seemingly similar cell pools are named differently across studies. In Box 3 we further 

address the nomenclature challenges that have appeared with the increased use of high 

dimensional single-cell profiling techniques, and discuss the value of creating a consensus 

nomenclature in this field. In the absence of such a consensus, we have aimed to align the T 

cell pools distinguished in the recent studies in Table 1, using their (partial) overlap in 

signature genes (Figure 1).

Dysfunctional T cells are functionally diverse

The transcriptional diversity that is observed within the dysfunctional T cell pool is 

accompanied by diversity in functional capacity. First, a combination of transcriptomic and 

proteomic approaches have shown that dysfunctional CD8+ T cells (including the 

comparable HAVCR2-expressing TRM cell population identified in NSCLC and TNBC) 

van der Leun et al. Page 5

Nat Rev Cancer. Author manuscript; available in PMC 2020 October 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



contain a highly proliferative subpopulation of cells21,22,25,33,34. In melanoma, this 

proliferative subpopulation of dysfunctional cells is characterized by lower expression of 

inhibitory receptors than their non-proliferative counterparts (although still higher than the 

intermediate expression seen on pre-dysfunctional cells; Figure 1)21. This is consistent with 

a model in which CD8+ T cells retain proliferative capacity during their transition from the 

pre-dysfunctional to an early dysfunctional state, but lose this capacity at the stage of more 

profound, ‘late’, dysfunction, either because of an intrinsic block or because their high 

inhibitory receptor expression suppresses T cell activation. During the progression towards 

late dysfunctionality, classical CD8+ T cell effector functions, such as the capacity to 

produce IL-2, TNF, and IFNγ, are also reduced, even though the expression of some of the 

genes encoding these secreted factors, and also other T cell effector function-associated 

genes such as PRF1 and GZMB, remains high25. This observation shows that transcriptional 

characteristics do not always directly translate into functional capacities, emphasizing that 

we should be careful in assigning functionality solely on the basis of transcriptomic 

analyses. In addition, this observation calls for a greater effort to understand translational 

control in T cells39,40.Interestingly, contrary to their reduced capacity to produce classical 

CD8+ T cell effector cytokines, CD8+ T cells acquire the capacity to express CXC-

chemokine ligand 13 (CXCL13) mRNA20,21 and secrete CXCL13 protein25 when 

progressing along the (pre-)dysfunctional axis. CXCL13 is a well-established B-cell 

attractant, and the surprising observation that late dysfunctional CD8+ T cells constitutively 

produce this molecule suggests that this cell population may be one of the drivers of the 

formation of the TLS that are observed in a substantial fraction of human cancers. While the 

exact function of TLS in the TME has not been fully established, TLS are associated with 

clinical benefit, and the presence of antigen presenting cells (APCs) in TLS suggests a 

potential role for these structures in T cell activation at the tumor site (discussed in 41 and 
42). Notably, the observed proliferative capacity of early dysfunctional CD8+ T cells, which 

in fact appears higher than that of any other CD8+ T cell subset present in the TME21, and 

also the acquisition of CXCL13 production capacity by late dysfunctional CD8+ T cells, 

provides clear evidence that dysfunctional CD8+ T cells in the human TME should not be 

considered inert, but rather as T cells that have assumed a novel function. In addition, the 

different functional characteristics of early and late dysfunctional cells strongly suggests that 

even within the dysfunctional compartment, CD8+ T cells play distinct roles in tumor-

immunity.

Relationship between the dysfunctional state and other intratumoral T cell states

To understand the developmental relationships between the intratumoral T cell states that are 

observed in tumor tissues, two types of data are currently used. First, an overlap in 

transcriptional profiles, and in particular the occurrence of cells with transcriptional states 

that lie in between those of different cell groups, can be used to infer developmental 

relatedness. To support such analyses, algorithms have been developed that model cell state 

differentiation trajectories based on transcriptional relatedness (as reviewed in 43), with the 

caveat that it has not been well validated whether these trajectory models generally provide a 

correct description of the true biological cell differentiation paths. Second, as a more direct 

test of cellular kinship, overlap of T cell receptor (TCR) repertoires between cell populations 

with different states, known as TCR sharing, can be used to infer differentiation pathways32; 
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yet this approach is only of use when analyzing clonally expanded T cell populations and 

cannot provide any information on the directionality of the differentiation pathways.

Trajectory analyses support the previously discussed observation that in a number of tumor 

types, the pre-dysfunctional and dysfunctional CD8+ T cell populations are transcriptionally 

related21,28,29,31. In addition, the overlap in TCR repertoire of these two cell states is higher 

than that observed between other T cell states21,28. Based on the increased expression of 

proteins associated with prolonged T cell activation in the dysfunctional T cell pool, these 

data are most consistent with a model in which pre-dysfunctional CD8+ T cells differentiate 

into early and late dysfunctional CD8+ T cells. Furthermore, direct evidence in favor of such 

a model comes from a mouse study that shows that CD8+ cells with a pre-dysfunctional 

profile, characterized by Lag3 and Tigit expression but low levels of Pdcd1 and Havcr2, 

could give rise to dysfunctional cells, but not vice versa44.

At present, less clarity exists with respect to the question of whether cytotoxic T cells form a 

developmentally distinct intratumoral CD8+ T cell population or whether they are connected 

to the cells that collectively form the (pre-)dysfunctional axis. In the Li et al. melanoma data 

set, intratumoral cytotoxic cells displayed only a minimal transcriptional overlap with either 

the pre-dysfunctional or the dysfunctional CD8+ T cell pool. Furthermore, the overlap 

between the TCR repertoire of the cytotoxic T cell pool and T cells along the 

(pre-)dysfunctional axis was limited21. While the number of TCRs assessed in that study 

was small, minimal clonotype sharing was also observed between the cytotoxic and 

dysfunctional populations in a larger dataset in BCC30. In contrast, cytotoxic cells did share 

TCRs with the GZMK-expressing memory CD8+ T cell population in this study30. This 

would be in line with a bifurcation model, as was proposed based on NSCLC single-cell 

sequencing data, in which both the cytotoxic and the dysfunctional T cell populations are 

connected to the pre-dysfunctional state29. A similar model has been suggested in CRC, in 

which cytotoxic (named recently activated effector memory or effector T cells (TEMRA) in 

the study) and dysfunctional T cells were transcriptionally linked to the pre-dysfunctional 

state31. However, it is important to note that both of these bifurcation models were built 

using the transcriptional overlap between T cells that were either located inside the tumor, or 

in adjacent normal tissue or blood. As the cytotoxic T cell pool in these data sets is primarily 

composed of cells obtained from normal tissue and blood, whereas the dysfunctional T cell 

pool is largely composed of cells obtained from tumor tissue, it is difficult to know whether 

these models specifically capture intratumoral differentiation dynamics29,31. In addition, the 

TCR clonotypes that were shared between intratumoral pre-dysfunctional and intratumoral 

dysfunctional T cells in CRC were mutually exclusive with the clonotypes shared between 

intratumoral pre-dysfunctional cells and cytotoxic cells derived from blood31. These models 

therefore likely reflect, at least in part, the imprint of the environmental context on T cell 

differentiation programs, rather than a branched differentiation process that occurs inside the 

tumor.

Other trajectory analyses in melanoma, breast cancer, and HCC have proposed a continuous 

trajectory between all intratumoral cell states22,28,32,34. Although rare, shared TCRs were 

observed between dysfunctional and cytotoxic T cells in HCC28. In contrast, the TCR 

repertoires of transcriptionally connected dysfunctional and non-dysfunctional populations 
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in TNBC were not overlapping, incidentally suggesting that transcriptional overlap does not 

necessarily imply a connection by descent34. Taken together, these studies provide solid 

support for a model in which pre-dysfunctional and dysfunctional T cells are 

developmentally related, with evidence for progression of T cells from a pre-dysfunctional 

state to an early and then late dysfunctional state. Regarding the presence or absence of a 

developmental connection between the cytotoxic pool and the (pre-)dysfunctional axis, the 

available evidence is more ambiguous. While our interpretation of the current data is that, at 

least in melanoma, cytotoxic T cells do not originate from the same T cell pool as the cells 

that make up the dysfunctional population, additional data are required to conclusively settle 

this point (Figure 1).

Dysfunction as indicator of tumor-reactivity

Both during their initial activation in secondary lymphoid organs and whilst present at the 

site of infection or tumor growth, T cells receive numerous signals that have been shown to 

influence cell state and function45. Therefore, the observed heterogeneity in CD8+ T cell 

states in human tumors is highly suggestive of substantial variation in the signals that have 

been received by individual T cells, either in the recent past or their more distant 

(developmental) history, and below we aim to describe a potential mechanistic basis for 

formation of some of the T cell states that have been observed.

Recent studies have provided strong evidence that only a proportion of the T cells that reside 

within the TME are able to recognize antigens on surrounding tumor cells46,47. The 

‘bystander’ T cell pool that has been identified in these studies has been shown to include T 

cells reactive against antigens derived from viruses such as Epstein Barr virus (EBV) and 

influenza and that were presumably attracted by chemokines such as CXCL9 and CXCL10, 

irrespective of the relevant antigen being present at such tumor sites47–50. In addition, it may 

be speculated that the bystander T cell pool could contain T cells reactive against tumor 

antigen–human leukocyte antigen (HLA) combinations that were lost over time; although 

direct experimental evidence for such ‘memories of the past’ is currently lacking.

To help to distinguish presumed bystander cells from tumor-specific T cells, a number of 

properties that have previously been associated with (tumor) antigen recognition may be 

utilized. Representing a proxy for antigen-driven T cell expansion, T cell clonality has long 

been used as a marker of tumor-reactivity, and increased levels of clonality in tumor tissue 

are associated with response to anti-PD1 therapy15. In line with these data, the most highly 

expanded clones in melanomas have been shown to be frequently tumor-reactive46,51. 

Analysis of TCR repertoires in single-cell sequencing data sets has revealed that recurrent 

TCRs are most abundant in the cytotoxic and dysfunctional T cell populations21,29–31,34, 

providing an argument to further study tumor-reactivity in these populations. However, 

expanded T cell clones that do not recognize tumor tissue are also present in the TME and, 

vice versa, small T cell clones can exhibit tumor-reactivity46. Thus, clonality is an imperfect 

measure for tumor recognition, emphasizing the need for alternative markers to define 

tumor-reactivity of intratumoral T cells.
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As first established in mouse models of chronic infection, continuous antigen encounter is 

considered to be one of the major drivers of T cell dysfunction (Figure 2A)27. Furthermore, 

the effect of recognition of tumor antigens on intratumoral CD8+ T cell states has also been 

addressed by adoptive transfer experiments in mice. Specifically, transfer of tumor-specific 

CD8+ T cells into tumor-bearing mice was shown to drive the development of a 

dysfunctional phenotype that was characterized by increased expression of PD1, LAG3, 

2B4, and TIM3, while intratumoral T cells that carried an irrelevant TCR did not display 

these hallmarks of dysfunction52. Likewise, in human melanoma, CD8+ T cells specific for 

the MART-1 tumor antigen have been shown to display a dysfunctional profile, with 

profound expression of PDCD1, LAG3, and CTLA4, and cell surface expression of 

PD124,53. Furthermore, the strength of the dysfunctional signature in a cohort of melanoma 

tumors (defined by the expression of a set of dysfunction-associated genes across the tumor-

resident CD8+ T cell pool) was associated with the presence of a tumor-reactive T cell 

population, while the strength of a cytotoxic signature was negatively correlated21. As 

further evidence that tumor-reactivity is associated with expression of markers of 

dysfunction in human cancers, tumor-reactivity has been shown to be enriched in T cell 

populations that were expanded in vitro from CD8+ T cells with high levels of PD1, TIM3 or 

LAG325,54,55. Other cell surface markers that have recently been associated with tumor-

reactivity are CD39 and CD103, with expression of these markers being detected on tumor 

antigen-specific, but not virus-specific T cells47,56. The identification of CD39 and CD103 

as markers for tumor-reactivity in human tumors is consistent with data obtained in a mouse 

sarcoma model, in which tumor-specific T cells defined by major histocompatibility 

complex (MHC) tetramer staining displayed increased levels of PD1 and CD39 when 

compared with bystander T cells35,57. By the same token, CD39-positive CD8+ T cells from 

mouse melanoma tumors were more potent in eliminating tumors than their CD39-negative 

counterparts44. In contrast to these in vivo mouse studies, a fourth study showed that in 

mouse colon carcinomas, most of the in vitro tumor killing capacity in the presence of anti-

PD1 was contained within the CD39-negative rather than the CD39-positive CD8+ T cell 

pool22. However, whether the absence of tumor killing by the CD39-positive T cell 

population was in this case due to a lack of tumor-reactive TCRs or a reflection of a 

functional limitation of these cells still needs to be addressed.

TCR triggering can, besides upregulation of the expression of inhibitory receptors, result in 

T cell proliferation and in increased expression of markers of T cell activation such as 

4-1BB. Thus, the increased proliferative gene expression signature in the (early) 

dysfunctional population relative to the cytotoxic cell pool provides evidence for antigen 

encounter by dysfunctional T cells at the tumor site21. Equally, dysfunctional T cells as well 

as tumor TRM cells displaying characteristics of dysfunction show high expression of 

TNFRSF9 (encoding 4-1BB)20,21,29 and TNFRSF18 (encoding GITR)33, consistent with 

ongoing antigen stimulation. Of note, to distinguish T cell activation from T cell 

dysfunction, approaches are being developed to computationally uncouple the dysfunctional 

and activation gene modules20,58, an effort that is complicated by the fact that T cell 

activation is a driver of dysfunction.

In summary, the above studies provide substantial evidence that tumor-reactivity is enriched 

within the dysfunctional CD8+ T cell compartment, while the intratumoral cytotoxic 
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population is likely to contain a higher fraction of bystander cells; the main characteristics of 

T cells that carry a tumor-specific TCR are depicted in Figure 3. Yet, it is important to 

recognize that these characteristics cannot be used to define tumor-reactive and bystander T 

cells with 100% precision. Indeed, tumor-specific T cells in mouse models, including T cells 

that recognize the same tumor antigen, can differ substantially in phenotype, for instance 

showing variable expression levels of CD39, PD1, CTLA4, and LAG322,35,59 and, as 

mentioned above, CD39-negative CD8+ T cells have been found to be tumor-reactive22. This 

phenotypic diversity amongst tumor-specific T cells may in part be due to differences in 

antigen affinity60, but the observation of substantial cell state diversity within T cell clones 

suggests that additional factors also contribute21,29,32,35,59. Such factors could include both 

soluble and cell surface ligands that are unevenly distributed throughout the tumor (Figure 

2A). In addition, intratumoral T cell states may be influenced by cues that T cells have 

already received prior to tumor entry. One such molecularly well-defined example is the 

absence of CD4+ T cell help during CD8+ T cell activation as a driver of T cell dysfunction 

that influences the state that CD8+ T cells adopt later in their lifespan (reviewed in 61).

In future work, an improvement in our capacity to identify tumor-reactive T cells at the 

tumor site should come from the combined use of multiple parameters, such as inhibitory 

receptor expression and proliferative signature, thereby providing a likelihood score of 

tumor-reactivity for individual cells. In addition, the integration of information on the cell 

states of sister cells that express the same TCR should further add to our capacity to identify 

tumor-reactive T cells solely on the basis of phenotypic and transcriptional data.

Dysfunctional T cell states in ICB

The evidence for an enrichment of tumor-reactivity within CD8+ T cells along the 

(pre-)dysfunctional axis raises two key issues. First, owing to their expression of PD1 and 

CTLA4, these cells form potential direct targets for anti-PD1 and anti-CTLA4 therapies, and 

it is therefore important to understand the capacity of cells along the (pre-)dysfunctional axis 

to be reactivated by these therapies. Second, regardless of their reactivation potential, tumor 

infiltration by dysfunctional cells may be reflective of a tumor-reactive T cell response, and 

it is therefore of interest to understand whether the presence of dysfunctional T cells can be 

used as a potential biomarker in ICB.

The effect of ICB on distinct CD8+ T cell states

In view of the diversity in cell states even within the CD8+ T cell population that expresses 

immune checkpoint molecules such as PD1 and CTLA4, an understanding of the effect of 

immune checkpoint therapies on T cells with different levels of dysfunctionality is of 

importance. In Figure 2B, we have outlined the proposed effects of anti-PD1 therapy on the 

CD8+ T cell compartment, as further discussed below.

In a mouse model of HCC, tumor antigen-specific T cells were shown to display a 

dysfunctional profile (as reflected by high PD1 and LAG3 expression) only days after tumor 

induction and this dysfunctionality further increased during tumor progression, as reflected 

by the acquisition of 2B4 and TIM3 expression52. Whereas cytokine production and 

cytotoxicity could be restored by anti-PD1 or anti-PDL1 therapy in dysfunctional T cells at 
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early time points after tumor establishment, the same effector functions failed to be restored 

in dysfunctional T cells targeted at later time points during tumor progression. With the 

caveat that human tumor development can take years, and cell states from mice early after 

tumor induction may therefore not be fully reflective of the T cell states that are identified in 

human cancer, these data suggest that pre-dysfunctional or early dysfunctional cells in 

human cancers may be most amenable to re-invigoration by ICB. Additional mouse studies 

likewise provide support for a model in which a subpopulation of less dysfunctional cells in 

tumors may be critical for a durable response to ICB44,62,63. Despite the use of diverse 

markers to characterize this subpopulation, these cells share the expression of TCF7, 

encoding the TCF1 transcription factor in mice (also named TCF7 in human), and are 

characterized by undetectable63 or low level expression44,62 of inhibitory receptors such as 

PD1 and TIM3, when compared with their TCF1-negative dysfunctional counterparts. 

Furthermore, this intratumoral CD8+ T cell pool in mice shares similarities with the 

previously defined CXCR5 and TCF1-expressing T cell population displaying low levels of 

dysfunction that appears important in sustaining the T cell response during chronic viral 

infection and for response to anti-PD1 therapy64–66.The observation that the TCF1-positive 

population in viral infection models and tumor models is capable of self-renewal but also 

yields the TCF1-negative population that displays higher levels of PD1, TIM3, and CTLA4 

is consistent with a progenitor or stem cell-like function44,62–66. Notably, while TCF1-

positive cells were critical for tumor control upon single agent anti-PD1 therapy or anti-PD1 

and anti-CTLA4 combination therapy, ICB also reduced tumor growth in mice in which 

TCF1-expressing T cells were depleted, suggesting that the late dysfunctional compartment 

may also be a direct target of ICB62. Of note, it remains to be established whether ICB 

primarily reinvigorates a tumor-resident T cell population or also acts through mobilization 

of T cells from outside the tumor, as conflicting observations regarding the relevance of the 

systemic immune cell compartment for response to therapy have been made in different 

mouse studies62,67.

TCF1-expressing PD1-positive CD8+ T cells have been observed in human NSCLC, 

colorectal, and melanoma tumors and were increased in tumors that were treated with 

ICB44,62,68. In line with the TCF1-positive cells observed in mouse tumors, this human 

CD8+ T cell pool shows similarities to the CXCR5 and TCF1-positive cells found in mouse 

models of chronic viral infection68. However, to what extent these cells are tumor-reactive 

has not been established. Interestingly, an association between the presence of TCF1-

positive CD8+ T cells and response to anti-PD1 therapy and/or antiCTLA4 therapy has been 

reported in patients with melanoma22. Yet, in another melanoma cohort, the numbers of 

TCF1-expressing PD1-positive CD8+ T cells did not correlate with response to anti-PD1 and 

anti-CTLA4 combination therapy44. Nonetheless, in this study, the abundance of the TCF1- 

and PD1-doublepositive CD8+ T cell population was positively associated with progression 

free and overall survival within the patient group responding to ICB44.

Besides identifying the T cells that can respond to ICB, it will be important to address the 

(transcriptional) profiles of the cells that eventually account for tumor elimination upon ICB. 

Specifically, do the TCF1-positive pre-dysfunctional cells acquire cytotoxic capacity or is 

their conversion into a (late) dysfunctional cell state or a novel cell state required for anti-

tumor activity? Support for a role of the late dysfunctional CD8+ T cell pool in anti-tumor 
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immunity upon therapy comes from the observation that late dysfunctional T cells in human 

tumors display a more pronounced cytotoxic transcriptional profile than pre-dysfunctional 

and early dysfunctional cells21,25. Furthermore, a recent study in mice indicates that the 

conversion from a TCF1-positive pre- or early dysfunctional state to a late dysfunctional 

state enhances the level of tumor control69. Moreover, in human NSCLC, TRM cell clones 

with a dysfunctional profile (expressing HAVCR2 and other inhibitory receptors) that were 

present pre- and post-therapy displayed increased expression of cytotoxic genes after anti-

PD1 treatment33. While transcriptional data do not allow one to draw definitive conclusions 

regarding functional alterations and thus should be interpreted with care, this observation 

would be consistent with a model in which the post-therapy dysfunctional population has an 

increased capacity for tumor control. Notably, in line with observations in mice59,70, these 

data support a model in which the effect of ICB is primarily based on inducing changes in 

cell states that already existed pre-therapy, rather than inducing entirely novel cell states. 

While the above data focus on the importance of a pre-existing intratumoral T cell 

population to achieve tumor control, recent work has shown that the TCR repertoire present 

in the dysfunctional T cell pool in BCC is altered upon anti-PD1 therapy, a phenomenon that 

has been named ‘clonal replacement’30. It remains to be addressed whether the newly 

observed TCR clonotypes originated from a small population of TCF1-positive cells already 

present in the tumor, or from a pool of cells outside the TME.

Taken together, the general hypothesis that arises from these data is that a durable response 

to anti-PD-1 therapy requires the presence of tumor-specific T cells with low levels of 

dysfunction. However, which states are adopted by the cells that subsequently have the 

capacity to achieve tumor elimination remains to be answered.

Dysfunctional T cells as a predictive marker for response to ICB

Tumor recognition by CD8+ T cells is essential for T cell-mediated tumor control and 

identification of the cell states that indicate the presence of a tumor-specific T cell repertoire 

is thus of interest. As T cell dysfunction in human tumors appears at least in part driven by 

tumor-reactivity, characteristics of this cell population deserve consideration as potential 

predictive biomarkers. In recent work, the presence of CD8+ T cells that express high levels 

of PD1 or PD1 and CTLA4 were reported to be predictive for response to anti-PD1 therapy 

in NSCLC and melanoma, respectively25,71. In an independent melanoma cohort, the pre-

treatment presence of CD69 and EOMES-positive CD8+ (as well as CD4+) T cells that co-

expressed T-BET, PD1 and TIGIT was associated with response to both anti-PD1 or anti-

PD1 in combination with anti-CTLA472. Moreover, on-treatment biopsies of NSCLC tumors 

that responded to anti-PD1 treatment were shown to contain higher levels of TIM3-positive 

TRM cells (co-expressing CD103 and PD1) than non-responding or pre-treatment lesions33. 

Although it is not quite clear to what extent the reported T cell subsets overlap, collectively 

these studies indicate that the presence of (TRM) T cells with markers of dysfunction can be 

correlated with response to ICB. Of note, these data are at odds with a study that showed 

that the ratio of TCF1-positive, non-dysfunctional, CD8+ T cells over dysfunctional CD8+ T 

cells was predictive of response to PD1 and/or CTLA4 blockade in human melanoma22. A 

simple explanation for the discrepancy between the former studies and the latter study may 

be differences in the use of the cell state definitions, or the strategy to quantify the different 
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cell fractions. When considering more conceptual explanations, in settings in which the 

presence or absence of tumor-reactivity is the most important variable between patients, the 

positive predictive value of dysfunctional T cells might potentially be most crucial. In 

contrast, in settings in which the presence of tumor-reactivity is a given, the frequency of 

TCF1-positive T cells may be of greater importance, as the differentiation state of the tumor 

reactive T cell pool at that point becomes a prime determinant of the capacity to achieve 

tumor control. Strategies that are capable of identifying tumor-reactive T cell clones with 

high confidence, and at the same time can assess the presence of a subpopulation within 

such clones that mirror the mouse TCF1-positive population required for self-renewal, 

would be the most optimal.

Concluding remarks

Recent studies using high-dimensional profiling techniques have led to an appreciation of 

the variety of states that are taken on by T cells in human tumors. While the nomenclature 

used to define these cells has varied, three major cell states – naïve-like, cytotoxic, and 

dysfunctional - have consistently been described in multiple tumor types. Notably, 

dysfunctional T cells do not form a homogeneous population, but rather a continuum of cell 

states that display increasing characteristics of dysfunction. In addition, T cells with variable 

levels of dysfunction differ in functional capacity, as demonstrated by the high proliferation 

rate of pre-dysfunctional and in particular early dysfunctional cells, and the production of 

CXCL13 by cells that have progressed further along the (pre-)dysfunctional axis. Antigen-

recognition is a – if not the - major driver of cell state diversification amongst tumor-

infiltrating CD8+ T cells, and tumor-reactive T cells appear more prone to differentiate 

towards a dysfunctional state than bystander cells within the same lesions. Nevertheless, T 

cells with the same tumor antigen-specificity can display different degrees of 

dysfunctionality, and the presence of tumor-reactive T cells with a low level of dysfunction 

may be critical for the generation of a durable anti-tumor response upon ICB. These data are 

compatible with a model in which T cell dysfunctionality serves as a sensitive indicator for 

the presence of a tumor-reactive T cell pool, with the less dysfunctional cells within this 

pool being required for its renewal (Figure 2). Some of the major questions that remain to be 

addressed are 1). Which T cell states in human cancers resemble the TCF1-positive T cell 

population that is required to maintain response to ICB in mice? 2). What is the identity of 

the effector population that is ultimately responsible for tumor killing upon ICB? And 3). 

How can we accurately identify and quantify those T cells in human cancer lesions that can 

both recognize surrounding tumor cells and have the capacity for long-term reinvigoration 

by ICB? Finally, the factors that drive CD8+ T cell differentiation in human tumors are 

presently incompletely understood, and insights into this are likely to offer new possibilities 

for patient stratification and therapeutic intervention.
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Box 1

CD4+ T cell states in human cancer

While CD8+ T cells are considered major drivers of anti-tumor immunity, CD4+ T cells 

also play a prominent role in tumor control, either promoting or inhibiting anti-tumor 

responses74. For instance, conventional CD4+ T cells (Tconv cells) can promote tumor 

control through stimulation of, amongst others, CD8+ T cells, natural killer (NK) cells, 

and a broad range of other innate immune cell types (reviewed in 75). In addition to this 

function of facilitating anti-tumor immune responses, Tconv cells can exert cytotoxic 

functions that result in killing of human leukocyte antigen (HLA) class II-expressing 

tumor cells, or inhibit tumor growth through secretion of interferon γ (IFNγ) and tumor 

necrosis factor (TNF)76. In addition to the Tconv cell pool, a T follicular helper cell 

(TFH)-like population of CD4+ T cells that is characterized by expression of B cell 

lymphoma 6 (BCL6) and the capacity to produce high levels of CXC-chemokine ligand 

13 (CXCL13) has been identified in multiple human tumor types77. Although the exact 

role of TFH cells in tumor immunity is unclear, these cells may contribute to the 

generation of tertiary lymphoid structures (TLS) at the tumor site and thereby shape 

intratumoral CD8+ T cell and B cell responses77,78. In contrast, tumor-resident regulatory 

T (Treg) cells have been shown to counteract tumor-specific immune responses by 

suppressing the infiltration and anti-tumor activity of, amongst others, CD8+ T cells and 

macrophages75. Single cell RNA-sequencing (scRNA-seq) studies have described a 

variety of CD4+ T cell states, including dysfunctional CD4+ T cells, naïve-like or 

memory CD4+ T cells, cytotoxic effector CD4+ T cells, Treg cells and TFH 

cells20,21,28–31,34. Notably, unlike the major CD8+ T cell states, these CD4+ T cell states 

do not appear to be ubiquitously present in all tumor types. Another interesting 

observation of single-cell sequencing as well as cytometry by time of flight (CyTOF) 

studies has been that Treg cells in the tumor express higher levels of tumor necrosis factor 

receptor superfamily member 9 (TNFRSF9; encoding 4-1BB), inducible T-cell 

costimulator (ICOS), and cytotoxic T lymphocyte antigen 4 (CTLA4) than Treg cells in 

blood or adjacent normal tissue, possibly reflective of an activated state29,79. In addition, 

the intratumoral Treg cell pool displays substantial diversity, for example as shown by 

their variable expression levels of TNFRSF9 21,29,31. Furthermore, in melanoma, both 

Treg cells and TFH cells displayed levels of proliferation that were comparable with those 

observed in dysfunctional CD8+ T cells21. By analogy with the dysfunctional CD8+ T 

cell pool, it may be hypothesized that this proliferative signature reflects a response of 

these cell pools to a local (antigen) signal and suggests that both Treg cells and TFH may 

play pivotal roles in the intratumoral CD4+ T cell response.
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Box 2

Cell intrinsic factors involved in the development of the dysfunctional CD8+ 

T cell state

CD8+ T cell dysfunctionality appears to be tightly regulated by a variety of transcription 

factors (TFs), including eomesodermin homolog (EOMES), T-box expressed in T cells 

(T-BET; encoded by TBX21), B lymphocyte-induced maturation protein 1 (BLIMP1, 

encoded by PR domain zinc finger protein 1 (PRDM1)), MAF, TOX, and TCF1 (encoded 

by TCF7)44,62,63,80–83. Interestingly, the expression levels of many of these TFs are 

interdependent in mouse studies, with, for example, deletion of Eomes leading to 

upregulation of TCF1 and downregulation of TOX levels81. Similarly, Tox expression 

positively correlates with Prdm1 expression83, while Maf is negatively correlated with 

Prdm1 82, suggesting that dysfunctionality is controlled by a complex regulatory 

network. Interestingly, Tox deletion leads to changes in the chromatin accessibility of 

genes including Pdcd1, Entpd1 (less accessible), Tcf7 and Il7r (more accessible), 

suggesting that transcriptional regulation of dysfunctionality by TOX might (in part) be 

due to epigenetic imprinting83. In early studies of CD8+ T cell dysfunctionality in mouse 

models of chronic viral infection, T-BET and EOMES were identified as major regulators 

and have been used to distinguish CD8+ T cells that exist at different stages along the 

dysfunctional gradient84. More recent data from mouse studies of viral infection and 

cancer suggest that the pre-dysfunctional cells that are required for persistence of both 

the pre-dysfunctional and (late) dysfunctional pools are more strictly defined by the 

expression of TCF144,62,65. This raises the question of whether T-BET and EOMES 

expression might distinguish between early and late dysfunctional cells. TCF1 appears to 

be an important regulator of anti-tumor immunity, as deletion of Tcf7 abolishes tumor 

control both in the untreated setting and upon immune checkpoint blockade (ICB)63. 

Besides the anti-tumor role of the TCF1-positive self-renewing population, a recent paper 

has shown that the conversion of a TCF1-positive pre- or early dysfunctional state to a 

more dysfunctional state also contributes to the response to ICB, as tumor growth was 

substantially reduced upon anti-programmed cell death protein 1 (PD1) therapy when the 

phosphatase protein tyrosine phosphatase non-receptor type 2 (Ptpn2) was deleted, 

thereby converting CD8+ T cells towards (late) dysfunctionality69.

In addition to their role in regulating dysfunctionality, many of the above-mentioned TFs 

are involved in effector and memory T cell formation; however, whilst TOX is critical for 

the development of a dysfunctional phenotype, it appears dispensable for effector and 

memory development in CD8+ T cells83,85,86. Interestingly, whereas TOX deficiency 

resulted in reduced expression of inhibitory receptors in CD8+ T cells, the capacity to 

produce cytokines was not rescued in TOX-deficient T cells in mouse liver tumors83, 

suggesting that a larger set of TFs may in concert regulate the distinct aspects of 

dysfunction.

The schematic shows a model for the roles of cell intrinsic factors in the development of 

CD8+ T cell dysfunction. The proposed associations between the expression of the TF 

genes Tcf7, Tox, Prdm1, Maf, Eomes, and Tbx21 and the phosphatase gene Ptpn2, and 
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the development of CD8+ T cell dysfunction is depicted, based on their overexpression 

and/or deletion in mouse tumor models44,62,63,69,80–83.
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Box 3

Challenges in cell state definitions and nomenclature

With the increasing use of in-depth profiling technologies such as cytometry by time of 

flight (CyTOF) and single cell RNA-sequencing (scRNA-seq), cell states are now 

analyzed with a level of detail that goes far beyond cell type identification based on 

classical T cell differentiation markers. However, these emerging methods bring with 

them a number of challenges, both in the way that cell states are defined and named: 1). 

Choices made in analysis methodology can influence the detection of specific cell 

populations in such studies. As an example, two scRNA-seq studies in melanoma and 

non-small-cell lung cancer (NSCLC) have reported the existence of a T cell population 

marked by the expression of multiple heat shock proteins (HSPs)22,33. Since stress 

signatures can be induced by sample processing, stress genes (including HSPs) were 

filtered out during data analysis in a third study, in which - understandably - no HSP-

dominated population was found21. At present, it is unclear whether this population is 

biologically meaningful and under which conditions inclusion or exclusion of stress 

genes is preferable. Similarly, additional cell type-independent gene modules - such as a 

proliferation signature - can influence clustering when included or excluded. 2). As some 

of the intratumoral T cell states appear to be closely connected to neighbouring cell 

populations, with for instance pre-dysfunctional cells and dysfunctional cells appearing 

to form a continuum rather than separate cell states, the definitions of cell states can vary 

by the model that is used for clustering. 3). Limited numbers of marker proteins and/or 

genes are often used to define cell states, raising the question of whether these sets of 

markers accurately define the (functional) differences between intratumoral CD8+ T cell 

subsets within and between studies. 4). The marker genes that are used to define cell 

states vary between studies, complicating direct comparisons of cell states (such as 

between tissue-resident memory T (TRM) T cells positive for HAVCR2 (encoding 

TIM3)33,34 and dysfunctional T cells) within these studies. 5). T cell populations that 

display strong resemblance to each other have been designated different names in 

separate reports, as exemplified by the memory and naïve(-like) populations (both 

characterized by the expression of interleukin 7 receptor (IL7R), CC-chemokine receptor 

7 (CCR7), and TCF7) identified in different studies of melanoma20–22. Aligning the cell 

states identified by scRNA-seq of human tumors with those defined in mouse tumours 

using various protein and gene markers poses an additional challenge, especially because 

full consensus on the exact function and appropriate naming of these populations in mice 

is still somewhat lacking87.

In Table 1, we have aimed to align the T cell states in human tumors that have been 

identified across single-cell sequencing studies using the associated marker genes. Note 

that sequencing platforms differ in sensitivity and that various data analysis strategies 

were used in these studies. Comprehensive efforts to enable the comparison of datasets 

from different sequencing platforms are now ongoing and will help settle this issue88,89. 

Along similar lines, comparative studies are required to elucidate whether the TCF7-

positive subset of CD8+ T cells that is responsive to immune checkpoint blockade (ICB) 

in mice mainly consists of pre-dysfunctional and early dysfunctional T cells, or possibly 
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also comprises naïve-like cells. In future efforts, complementation of transcriptional data 

with data on protein expression90, functional properties, tumor-reactivity of the 

associated T cell receptor (TCR)46, transcriptional regulators, and epigenetic regulatory 

mechanisms (reviewed in 91 and 92) will help to establish a more robust nomenclature to 

describe intratumoral T cell states.
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Glossary

Clonotype

The unique T cell receptor (TCR) sequence formed by both the TCR alpha and beta 

chains.

Single-cell RNA sequencing (scRNA-seq)

Gene expression profiling method that allows for unbiased transcriptome analysis of 

individual cells.

Tumor-specific T cell reactivity

The capacity of a T cell to recognize tumor cells, regardless of its ability to perform 

effector function.

Predictive biomarker

A certain measurement (e.g. T cell count or expression level of a marker gene) to make a 

risk estimate for the response of a patient to therapy.
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Figure 1. Model of intratumoral CD8+ T cell states
This schematic depicts a model describing the characteristics of, and possible connections 

between, the major CD8+ T cell states in human tumors, as based on data 

from20–22,28–31,33,34. Observations from the different studies that support this model are 

listed in Supplementary Table S1. In brief, the naïve-like cells described in non-small-cell 

lung cancer (NSCLC)29, hepatocellular carcinoma (HCC)28, colorectal cancer (CRC)31, 

basal cell cancer (BCC)30, and melanoma21 show a strong resemblance to the 

(central-)memory populations described by Sade-Feldman et al. and Clarke et al.22,33. Based 

on the expression of granzyme K (GZMK), intermediate expression of inhibitory molecules, 

and relatively low clonality, the T lymphocyte population described in Sade-Feldman et al.22 

and the effector–memory population described in Zhang et al.31 were considered similar to 

the pre-dysfunctional cell states observed in melanoma21, HCC28, and NSCLC29. While 

additional research is required to determine their extent of overlap, the tissue resident 

memory T (TRM) population described in triple-negative breast cancer (TNBC)34 and the 

HAVCR2+ TRM cells in NSCLC33 are here aligned with the dysfunctional state described in 

all other studies. The cell state definitions from Azizi et al.32 could not be integrated into the 

model presented here and the effector–memory subset reported by Savas et al. may be 

composed of a mixture of pre-dysfunctional and cytotoxic cells, based on the combined 

expression of GZMK and killer cell lectin-like receptor subfamily G member 1 (KLRG1)34. 

In this model, we propose that the development of (pre-)dysfunctional cell states is 

predominantly driven by tumor-specific cues such as tumor antigen recognition and/or 

tumor-specific environmental factors (here referred to as tumor microenvironment (TME)-

induced differentiation). Cytotoxic cell states are also encountered in healthy tissues28,29,31, 

indicating that the underlying differentiation process is not strictly tumor-specific (here 

referred to as TME-independent differentiation). Cytotoxic effector T cells are depicted as a 

population that is most likely developmentally distinct from the cells along the 
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(pre-)dysfunctional axis, but additional research is required to clarify whether cytotoxic 

effector cells indeed originate from a distinct pool of cells, or whether they are connected to 

the (pre-)dysfunctional axis in some situations (as depicted by the dashed two-way arrow). 

Note that both trajectory and T cell receptor (TCR) sharing analyses indicate that the pre-

dysfunctional and dysfunctional cells form a continuum of cell states, rather than well-

demarcated populations. The line graph shows approximate levels of proliferation, CXC-

chemokine ligand 13 (CXCL13) expression, and the expression of inhibitory receptors by 

pre-dysfunctional, early dysfunctional, and late dysfunctional CD8+ T cells. CCR7, CC-

chemokine receptor 7; CX3CR1, CX3C chemokine receptor 1; CTLA4, cytotoxic 

lymphocyte-associated antigen 4; FCGR3A, Fcγ receptor IIIA; IL7R, interleukin 7 receptor; 

LAG3, lymphocyte activation gene 3; PDCD1, programmed cell death 1; PRF1, perforin 1; 

TCF7, transcription factor 7.
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Figure 2. Model for the development of CD8+ T cell dysfunction and the effect of PD1 blockade
a) Potential drivers of dysfunction are the suboptimal priming of CD8+ T cells (I)61 and 

continuous T cell receptor (TCR) triggering (II)27 in combination with environmental 

factors, which may be cytokines such as tumor growth factor β (TGFβ)73 and interleukin 10 

(IL-10)25, but also metabolic conditions such as hypoxia (III) at the tumor site. T cell 

priming is here depicted to occur in the lymph node, but could potentially also occur (in 

tertiary lymphoid structures (TLS)) at the tumor site. b) Proposed effects of anti-

programmed cell death protein 1 (PD1) therapy on the CD8+ T cell states in and outside of 
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the tumor microenvironment (TME). Mouse model studies have shown that anti-PD1 

induces proliferation (denoted by the circular arrow) and conversion of pre- (and/or early) 

dysfunctional CD8+ T cells towards a more late dysfunctional phenotype (1) and that 

durable tumor control may require the proliferative capacity of a pre-dysfunctional or early 

dysfunctional cell population that, contrary to the late dysfunctional population, expresses 

transcription factor 7 (TCF7), which encodes TCF144,62. Note that it is unclear whether this 

TCF1-positive population contains naïve-like T cells as well. PD1 blockade may also 

directly increase the effector function of pre- or early dysfunctional cells (2), as well as the 

effector function of (late) dysfunctional cells (3). It remains to be established whether tumor 

regression upon PD1 blockade primarily occurs through the activity of a reactivated pre-

dysfunctional or early dysfunctional cell pool, or through the activity of late dysfunctional 

cells that may be formed as their progeny69. A recent report in human basal cell carcinoma 

(BCC) has provided evidence for the possible replacement of the TCR repertoire of the 

dysfunctional T cell pool upon anti-PD1 treatment (4)30. This could be due to an influx of 

new cells (although the relevance of the systemic T cell compartment to the anti-tumor 

effects of anti-PD1 has been debated62,67), or expansion of lowly abundant pre-existing 

intratumoral clones. Finally, it remains a possibility that new T cell states (either of cells that 

newly infiltrated the tumor, or of pre-existing intratumoral cells) might develop upon anti-

PD1 treatment; although no strong evidence in favor of such a model has thus far been 

obtained in mouse models or human samples (5). In this model, programmed cell death 

protein 1 (PD1) and PD1 ligand 1 (PDL1) are only depicted on cells in cases where the 

interaction is blocked by anti-PD1 therapy and are left out on other cells for clarity. Note 

that the model depicted here is based on the assumption that tumor-reactivity is enriched in 

the CD8+ T cells that reside along the (pre-)dysfunctional axis, while the cytotoxic effector 

T cell pool (shown in Figure 1) is enriched for bystander CD8+ T cells.
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Figure 3. Hallmarks of intratumoral tumor-reactive CD8+ T cells
This schematic depicts protein markers and functional properties that are enriched in tumor-

reactive CD8+ T cells (i.e. T cells that express a tumor-reactive T cell receptor (TCR), 

irrespective of their functional capacity) relative to bystander CD8+ T cells at the tumor site. 

Note that none of these characteristics by themselves identify tumor-reactive CD8+ T cells 

with absolute precision and that for some of these markers (4-1BB, GITR, and CXC-

chemokine ligand 13 (CXCL13)), the evidence is less well established. LAG3, lymphocyte 

activation gene 3 protein; PD1, programmed cell death protein 1; TIM3, T-cell 

immunoglobulin mucin receptor 3.
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