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Abstract

Recent advances in cancer immunotherapy — ranging from immune- checkpoint blockade therapy 

to adoptive cellular therapy and vaccines — have revolutionized cancer treatment paradigms, yet 

the variability in clinical responses to these agents has motivated intense interest in understanding 

how the T cell landscape evolves with respect to response to immune intervention. Over the past 

decade, the advent of multidimensional single-cell technologies has provided the unprecedented 

ability to dissect the constellation of cell states of lymphocytes within a tumour microenvironment. 

In particular, the rapidly expanding capacity to definitively link intratumoural phenotypes with 

the antigen specificity of T cells provided by T cell receptors (TCRs) has now made it possible 

to focus on investigating the properties of T cells with tumour-specific reactivity. Moreover, the 

assessment of TCR clonality has enabled a molecular approach to track the trajectories, clonal 

dynamics and phenotypic changes of antitumour T cells over the course of immunotherapeutic 

intervention. Here, we review the current knowledge on the cellular states and antigen specificities 

of antitumour T cells and examine how fine characterization of T cell dynamics in patients has 

provided meaningful insights into the mechanisms underlying effective cancer immunotherapy. 

We highlight those T cell subsets associated with productive T cell responses and discuss how 

diverse immunotherapies might leverage the pre-existing tumour-reactive T cell pool or instruct 

de novo generation of antitumour specificities. Future studies aimed at elucidating the factors 

associated with the elicitation of productive antitumour T cell immunity are anticipated to instruct 

the design of more efficacious treatment strategies.

Introduction

Immune cells are the cellular underpinnings of cancer immunotherapy1,2. For T cells, 

antitumour reactivity is defined by their unique T cell receptors (TCRs), capable of 

recognizing specific antigens presented in the context of human leukocyte antigen (HLA) 
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molecules3. Under physiological conditions, such as an encounter with a pathogen, antigen-

triggered T cell stimulation via TCRs leads to robust immune responses, culminating in 

the generation of effector lymphocytes, able to traffic across tissues and eradicate target 

antigens, and of memory cells, which can persist and provide long-term protection in the 

event of antigen rechallenge4.

In the native tumour setting, however, T cells typically fail to eradicate tumour cells despite 

their documented ability to infiltrate the tumour microenvironment (TME) and to recognize, 

to a variable extent, epitopes presented on cancer cells5. While lack of response could be 

ascribed, in part, to limited antigenicity on the tumour side6–8, studies in mouse models 

of chronic antigen stimulation9–11 and characterizations of tumour-infiltrating lymphocytes 

(TILs) in immunologically ‘hot’ human tumours12–14 have highlighted that antitumour T 

cells can progressively acquire a dysfunctional state during cancer progression, enabling 

tumour immune evasion15,16. Indeed, restoring the functionality of the tumour-specific T 

cell pool within the TME has broadly been the focus of modern era immunotherapies that 

have transformed the clinical care of patients with cancer over the past decade17. Still, only 

a minority of patients achieve long-term remission18–20, and a better understanding of the 

properties and dynamics of antitumour T cells will be key to improving our ability to deploy 

and manipulate T cell immunity against cancer.

Deconvolution of the antitumour T cell landscape has been remarkably challenging for 

several reasons: (1) T cells can acquire a broad spectrum of functional states14,21 and, 

hence, pinpointing the exact subsets responsible for effective antitumour responses has 

not been straight-forward; (2) TILs display an extremely diverse range of specificities22, 

and definitive identification of TCRs with confirmed tumour specificity at scale is 

currently technically demanding; and (3) T cell responses are dynamic across time and 

tissue compartments and, hence, correct inference of tumour-specific T cell trajectories 

necessitates meticulous and possibly longitudinal sample collections. Over the past decade, 

several critical technological advances have enabled the more comprehensive capture of 

the complex landscape of T cells in patients with cancer (Box 1). First, single-cell 

profiling technologies, such as transcriptome (single-cell RNA (scRNA)) sequencing and 

single-cell TCR sequencing (scTCR-seq), have provided the ability to unambiguously assign 

phenotypic characteristics to T cell clonotypes at the resolution of individual cells23,24. 

Second, given the countless possibilities generated by V(D)J recombination, TCRs can also 

be used as molecular barcodes to trace the dynamics of antigen-specific populations over 

time and across different compartments25,26. Finally, TCR reconstruction in reporter cell 

lines has given rise to the opportunity to interrogate the antigen specificity and biochemical 

properties of TCRs27,28. When used in combination, these capabilities provide the means 

to comprehensively investigate the properties of antitumour T cells within the native TME 

and upon immunotherapeutic intervention. Herein, we summarize our current understanding 

of the antitumour T cell repertoire within the human TME and how it is shaped by diverse 

immunotherapies through the lens of recent single-cell profiling studies.
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TILs in the cancer immune landscape

T cell states within the native tumour microenvironment

The extent of T cell infiltration within the tumour site has long been recognized as 

an important prognostic factor for patients with cancer, even before immune-checkpoint 

blockade (ICB) became an integral part of the therapeutic arsenal for cancer treatment29–31. 

Indeed, with respect to the rather simplistic dichotomy of immunologically ‘cold’ versus 

‘hot’ tumours, numerous studies have consistently demonstrated that the presence of T cells 

within tumours or at their margins (for example, quantitated by immunohistochemistry)32 or 

the detection of cytotoxic activity within the tumour (estimated from bulk gene expression 

profiling)33 are associated with improved clinical outcomes. More recently, single TIL 

characterization, at an ever-increasing level of granularity and across different cancer types, 

has provided evidence for how T cells within the TME can exist in a spectrum of different 

phenotypic cell states, each defined by diverse degrees of differentiation, cytotoxicity, and 

proliferative and stemness potential14,34,35. A broad array of TIL subsets has been described 

across studies; while many have been characterized in specific cancer types, disease stages 

(localized versus metastatic) or tissues (tumour versus lymph node versus peripheral blood), 

recurrent phenotypic and transcriptional patterns have been identified12,13,21,36–42, although 

often designated with different nomenclatures14. As described below, we synthesize the 

wealth of marker and phenotypic information afforded by these recent single-cell studies and 

propose a streamlined lexicon of T cell subsets (Fig. 1).

Across tumour tissue types, ‘hot’ TMEs can be predominantly infiltrated by antigen-

experienced CD4+ and CD8+ T cells, originating from naive precursors undergoing 

activation and differentiation upon encounter and recognition of their cognate antigens. 

Antigen-experienced cells captured within the TME can be broadly compartmentalized into 

memory T cells (TMem cells) and exhausted T cells (TEx cells)43. TMem cells comprise 

heterogeneous subpopulations of lymphocytes with a varying ability to persist and generate 

a progeny of effector cells44,45. TMem cells at different stages of differentiation — namely 

stem cell memory T cells (TSCM cells), central memory T cells (TCM cells) and effector 

memory T cells (TEM cells) — can also be found at high frequencies in blood, secondary 

lymphoid organs and peripheral organs46–48. TMem cells are all characterized by the 

expression, albeit at different levels, of T cell-specific transcription factor 1 (TCF1, encoded 

by the gene TCF7), homeostatic cytokine receptors (such as IL-7 receptor (IL-7R)) and 

homing receptors for secondary lymphoid organs (for example, L-selectin (also known 

as CD62L) and CC-chemokine receptor 7 (CCR7)). TMem cells are commonly generated 

during physiological immune responses, when the inciting pathogen is cleared or under 

control (as in certain chronic infections), which serves to establish a persisting pool of 

antigen-specific T cells ready to mount a secondary immune response in the case of antigen 

rechallenge49–51.

The second broad class of T cells in the TME are those characterized by the high expression 

of a group of proteins collectively associated with a state termed ‘exhaustion’16,52–54, 

namely programmed cell death protein 1 (PD1), cytotoxic T lymphocyte-associated antigen 

4 (CTLA4), lymphocyte activation gene 3 (LAG3), T cell immunoglobulin mucin receptor 
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3 (TIM3) and the CD39 antigen (which is encoded by ENTPD1). Expression of these 

markers typically characterizes cells at a late stage of differentiation with variable degrees 

of impairment of cytotoxic function consequent to chronic antigenic stimulation provided 

by persistent tumour antigens within the TME55. This is also accompanied by functional 

adaptation as an increased production of chemokines, such as CXC-chemokine ligand 13 

(CXCL13), is commonly observed among TEx cells56. Importantly, upregulation of similar 

markers is also observed early after T cell activation, indicating that the ‘exhausted’ T cell 

compartment can potentially encompass T cells in different phases of response to antigen 

stimulation55,57, corresponding to diverse functional roles. In contrast to TMem cells, TIL 

clones with an intratumoural TEx cell phenotype are rarely detected in circulation but instead 

are confined to the site where their cognate antigens are abundant as demonstrated by studies 

investigating the distribution of TIL clones in tumours and peripheral blood58,59.

Within the TME, chronic antigen stimulation leads to a gradual loss of effector 

functions through a complex epigenetic and transcriptional programme orchestrated by 

the transcription factor thymocyte selection-associated high mobility group box protein 

(TOX)60–62. Studies in mouse models of chronic stimulation (either virus or tumour driven) 

have elegantly shown that TOX expression results in the generation of both terminally 

exhausted T cells (TTE cells) and progenitor exhausted T cells (TPE cells)60–62. While TTE 

cells show production of effector molecules at the transcriptional level (PRF1 (encoding 

perforin 1) and the genes encoding granzymes), their terminal exhaustion severely hampers 

their cytotoxic potential, resulting in non-functional T cell responses that lack the ability 

to regenerate functional effectors and are prone to activation-induced cell death15. Even 

if terminally differentiated, TTE cells can still proliferate in an antigen-dependent fashion, 

thereby explaining their numerical predominance within the TME53, where they likely 

exhibit the first rapid (dys)functional control of proliferating tumour cells; the TTE cell 

compartment can also be replenished by TPE cells, which represents a reservoir of TEx cells 

still capable of self-renewal and differentiation due to preserved expression of TCF1 (refs. 

11,63). While TPE cells lack major cytotoxic properties, they contribute to the regeneration 

of a line of defence constituted by terminally differentiated effector T cells9,10. Of note, 

as addressed in mouse models and validated in humans, TILs with TPE cell properties are 

often found in lymph nodes and intratumoural tertiary lymphoid structures (TLS)9,64,65, 

suggesting that maintenance of TPE cells requires nurturing interactions with other immune 

cells available at those sites.

Finally, a proportion of TEx cells shows transcriptional signatures of tissue-resident memory 

T (TRM) cells66–68. As TRM cell markers, such as αE integrin (also known as CD103 

(ref. 69) and encoded by ITGAE) and the transcription factor homologue of BLIMP1 in 

T cell (HOBIT; encoded by ZNF683)70,71, are usually co-expressed with PD1, CD39 and 

other exhaustion markers even in normal tissues68,72, we favour the designation of this 

subset as TRM-like TEx cells when found in the TME. While it is difficult to pinpoint if 

such cells represent TRM cells after chronic antigenic stimulation or a variation of TTE cell 

differentiation within the tumour, TTE and TRM cells clearly represent a continuum in the 

spectrum of TIL phenotypes as recently highlighted in a pan-cancer single-cell TIL study21.
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While these subsets have been described mostly for CD8+ TILs, the same categorization 

applies to antigen-experienced CD4+ cellular counterparts. As CD4+ T cells can undertake 

more differentiation programmes than CD8+ T cells, including follicular helper T (TFH) 

cell and regulatory T (Treg) cell fates73,74, this enhanced complexity is also reflected 

in the CD4+ T cell composition within the TME75–77. Indeed, TFH TILs, identified by 

co-expression of CXC-chemokine receptor 5 (CXCR5), TCF1 and PD1 (ref. 78), exhibit 

a transcriptional profile that closely resembles that of TPE cells9. In addition, the TME 

is populated by numerous CD4+ Treg cells expressing CD25 (also known as IL-2RA) 

and the transcription factor forkhead box protein P3 (FOXP3)13,36,79,80. The frequency of 

immunosuppressive CD4+ Treg cells is markedly increased at tumour sites compared with 

peripheral blood, as described in a recent pan-cancer study profiling the TME at single-cell 

resolution21, where immunosuppressive CD4+ Treg cells were detected with different states 

of activation. Notably, in non-small-cell lung cancer (NSCLC), the extent of activated Treg 

cells expressing the CD137 activation antigen inversely correlated with clinical outcomes 

and response to ICB36,79.

T cell clonality

While CD4+ and CD8+ T cells can be present within the TME with diverse phenotypes, 

their exact contribution to tumour-directed immunity ultimately depends on the primary 

signals they receive via TCR engagement81. TCRs confer T cells their antigen specificity. 

Due to the almost infinite combinatorial permutations provided by V(D)J recombination 

during thymic development82, TCR sequences also provide unique molecular barcodes that 

can enable the detection and tracking of T cell clonal dynamics over time or across distinct 

anatomic sites25. Given these informative characteristics, tools for the direct sequencing or 

inference of TCR structure from whole exomes or transcriptome data have been the subject 

of several experimental or computational efforts over the past decade (extensively reviewed 

in ref. 83).

Evidence of expansion of dominant clones within the TME has been conventionally used 

as indirect proof for local recognition of tumour antigens. When applied to cellular subsets 

of TILs, isolated based on discrete immunophenotypic markers, TCR sequencing of such 

bulk populations has offered the potential for a more detailed understanding of the extent 

to which particular T cell states are preferentially associated with clonal T cell expansion 

within the TME and the ability to infer T cell clonal dynamics and differentiation trees 

within the TME. For example, TCR sequencing of melanoma TILs sorted based on 

PD1 expression revealed the vast majority of expanded clonotypes to segregate within 

the exhausted compartment84,85. Notably, most TIL clones exhibited a non-overlapping 

distribution either in the PD1+ or PD1− compartment, thus indicating that individual T cell 

clones tended to preferentially acquire either an exhausted or a non-exhausted phenotype. 

Analysis of TIL clonality based on sorting for the TRM-like TEx cell markers (CD103 and 

CD39) has generated similar results69.

In recent years, the availability of single-cell transcriptome profiling, coupled with scTCR-

seq (in which paired TCR α-chain and β-chain information is detected), has provided 

unprecedented resolution for the characterization of clonotype dynamics within the TME. 
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We recently performed high-resolution profiling of melanoma TILs and found that the TEx 

cell compartment exhibited the least TCR diversity, consistent with high intratumoural 

clonal expansion58. TCR clones from TEx cells could also be traced in TPE and TTE 

cell clusters, suggesting that there is, at least in this tumour type, a continuum in the 

spectrum of differentiation across these cell states13,58. Notably, TEx cell oligoclonality was 

consistent among both CD8+ and CD4+ TIL compartments86, albeit the size of dominant 

clonotypes was more prominent in the former13,58. Clonally expanded TCRs could also be 

observed within the TMem cell compartment, yet they were distinct and non-overlapping 

with those from the TEx cell clusters, indicating that antigen specificity plays a crucial role 

in shaping T cell phenotypic properties58. Other investigators have similarly shown that TIL 

clonotypes preferentially segregate within so-called ‘primary clusters’ (mostly consisting 

of HOBIT+-expressing clusters, reminiscent of TRM cell profiles) across a spectrum of 

cell states in the TME of NSCLC, renal cell carcinoma (RCC), endometrial cancer and 

colorectal carcinoma (CRC)59. While single-cell profiling of diverse tumour types (that 

is, basal cell carcinoma, squamous cell carcinoma, RCC and NSCLC) has shown that 

individual cells from the same TCR clonotype family can reside in distinct transcriptional 

clusters41,42,79,87–89, most of these states could be traced back to either one of the two broad 

categories of TMem or TEx cells. Within this conceptual framework, the TCR repertoire 

of exhausted and non-exhausted TIL fractions overlapped only minimally, with clonally 

expanded CD8+ TILs preferentially displaying an exhausted expression profile. Of note, 

the same studies have also demonstrated that, within the TEx cell compartment, a range of 

transcriptionally exhausted phenotypes can be observed not only among the different TCR 

clonotypes but also among TILs with identical TCRs (thus belonging to the same clonotype 

family). As investigation of the transcriptional states of individual TCR clonotypes is still 

in its infancy, it is preliminary to speculate on the factors underlying such phenotypic 

heterogeneity. Indeed, several parameters can potentially affect the transcriptional profile of 

TIL clonotypes, including their localization in different tumour or non-tumour areas, their 

interactions with the surrounding cells, and the levels of cognate antigens to which they are 

exposed.

In addition to the measurement of T cell clonality in the TME, other studies have attempted 

to infer antitumour specificity based on the paired analysis of distinct anatomic sites, with 

the assumption that clones expanded in the tumour and/or draining lymph nodes, rather 

than in peripheral blood and/or normal tissues adjacent to the tumour, are more likely 

enriched in tumour specificities. Indeed, a study of the RCC TME reported that the TCR 

diversity was lower (that is, with more clonally expanded TILs) than in normal tissue89. 

Thus, consistent with the notion of cellular expansion driven by recognition of tumour 

antigens, oligoclonality was associated with the acquisition of an exhausted phenotype 

and progressively increased with more advanced disease stages. In the separate setting of 

native melanoma, we likewise showed that CD8+ TCR clonotypes expanded in TEx cell 

compartments within the TME were only rarely detected in peripheral blood and accounted, 

on average, for ~0.1% of the circulating T cell repertoire58. Of note, clonotypes identified 

in the intratumoural TMem cell compartment were easily detected in the periphery and 

represented up to 10–15% of circulating T cells58.
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Several studies in other diverse tumour settings have identified similar findings. One study 

includes data generated from a set of CRC tumours that were profiled at single-cell 

resolution42. Here, T cell clonotype analysis revealed that TEx cell clones expanded in 

the TME were barely detectable in peripheral blood, while TMem cell TCR clones were 

commonly shared among the TME, adjacent normal mucosa and systemic circulation. 

Preferential localization of Treg cell clones characterized by high expression of CTLA4 

within the TME was also identified. In another study, a similar pattern of T cell clonal 

distribution was observed in patients with hepatocellular carcinoma for which paired TCR 

profiling of blood, normal and tumour tissue was performed41. In a third study, in NSCLC, 

analysis of TCR clones within the CD39+ and CD39− intratumoural compartments revealed 

that only dominant intratumoural CD39− (and not CD39+) clones could be detected in 

peripheral blood, thus demonstrating the preferential localization within the tumour of TEx 

cell clones also when defined by CD39 expression90. Finally, in a pan-cancer analysis of 

TILs, integrated scRNA-seq and scTCR-seq analyses confirmed an increased expansion and 

proliferation of clonotypes from CD8+ TEx cell subtypes across tumours, which were more 

enriched within the TME than in blood or normal tissues21.

Overall, analyses of tissue distribution and expansion levels of T cell clones have pointed 

towards TEx TILs as the reservoir of T cells with antigen specificities directed against 

tumour antigens. This is not surprising, since chronic antigen stimulation can generate the 

observed progressive dysfunction, leading to the acquisition of a TEx cell phenotype and 

impairing the generation of a TMem cell pool able to recirculate throughout the body13,58.

Defining those TILs with tumour-specific reactivity

Localization of T cell clonotypes within the TME has been considered in the past as indirect 

evidence of antitumour specificity. However, several studies have now documented that 

a major portion of TILs lacks any antitumour specificity. In a large cohort of patients 

with lung cancer and CRC, Simoni et al.91 elegantly showed that CD8+ TILs with a 

non-exhausted phenotype recognized a wide range of viral epitopes, deriving from endemic 

viruses such as Epstein–Barr virus, human cytomegalovirus and influenza. Due to a lack 

of activation or exhaustion markers as well as an inability to recognize tumour antigens 

(Box 2), such TMem cells present in the TME were classified as ‘bystanders’. The fact that 

viral-specific lymphocytes display a preferential memory phenotype is not surprising, since 

memory cells are commonly generated following acute infections when the antigen load is 

cleared92. Nonetheless, this study clearly demonstrated that a substantial proportion of TILs 

lack direct antitumour function and that the sole presence within the TME of T cells does 

not automatically equate to their antitumour activity.

Therefore, the characterization of ‘true’ antitumour TILs necessitates distinction from 

bystanders, namely the demonstration of T cell reactivity against tumour cells or tumour 

antigens in order to be classified as the former. Indeed, a major barrier to fully deconvoluting 

the tumour specificity of TILs is the requirement for definitive confirmation of the reactivity 

of the TCR of interest against autologous tumour cells. This can be achieved through 

in vitro challenge of the TCR-expressing cells against a source of such tumour cells — 

often not easily accomplished, since most tumour types propagate poorly in vitro93. As 
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a consequence, our knowledge of TIL antitumour reactivity comes predominantly from 

results generated in the melanoma setting, for which the establishment of patient-derived 

cell lines has been most feasible. Gros et al.84 and Pasetto et al.85 first demonstrated that 

CD8+ TILs expressing inhibitory receptors, such as PD1, LAG3 and TIM3 (that is, TEx 

cells), in melanoma showed the highest levels of activation (that is, surface upregulation of 

CD137), secretion of effector cytokines (such as interferon-γ (IFNγ)) and target lysis when 

purified and challenged ex vivo against autologous tumour cells. Such results were then 

confirmed and extended to head and neck squamous cell carcinoma (HNSCC) specimens, 

where antitumour reactivity segregated with TRM-like TEx cells69. Taken together, these 

studies pioneered the linking of discrete T cell phenotypes to antitumour recognition within 

the native TME, and showed that, despite an exhausted phenotype, such cells retained 

some level of functional competence which could be measured in vitro. Additional studies, 

while not directly assessing tumour reactivity, confirmed the exhausted phenotype of T cells 

specific for tumour antigens detected by peptide–major histocompatibility complex (MHC) 

multimer staining91,94 (Table 1). In contrast, the non-exhausted fraction of TILs across 

these studies displayed low or negligible reactivity towards autologous tumours69,84, thereby 

further underscoring how the TMem cell compartment likely does not represent a major 

reservoir of T cells with antitumour specificity.

The detection of such a substantial fraction of viral-specific bystander T cells in the TME 

raises the as-yet unresolved question of how and why they were recruited to the TME. 

We speculate that bystander recruitment might occur in an antigen-independent fashion, 

since: (1) cells with a TMem phenotype are able to recirculate among secondary lymphoid 

organs and peripheral tissues through the expression of distinct homing (CD62L and 

CCR7) and migratory receptors (intercellular adhesion molecule 1 (ICAM1) and vascular 

adhesion molecule 1 (VCAM1))95; (2) most tumours display both high vascularization and 

inflammation (albeit to different extents depending on tumour type), potentially leading 

to T cell attraction and colonization; and (3) viral-specific T cells are detected at high 

frequencies in the circulation58, which increases their probability of recirculation within 

the TME. Irrespective of the mechanisms leading to viral-specific T cell homing into the 

TME, we cannot exclude that, once there, they may potentially participate in antitumour 

activity following indirect and TCR-independent activation triggered by inflammatory cues 

as recently suggested96.

Probing the antitumour reactivity of TIL TCRs

scTCR-seq provides the unequivocal assignment of paired TCR α-chains and β-chains to 

each analysed T cell and, as such, this information has now prompted many investigators to 

clone and express TCRs identified in the TME into reporter cells and to then screen their 

reactivity in vitro against autologous tumours. This line of investigation was inaugurated 

by Scheper et al.97, in which they reconstructed clonally expanded intratumoural TCRs 

from patients with solid cancers (including melanoma, CRC and ovarian cancer). In this 

initial study, up to 15 TCRs per patient were investigated, and only a few of the expanded 

TCR clonotypes from CRC or ovarian cancer showed substantial tumour recognition in 

vitro but tumour-reactive TCRs were instead more frequent in melanoma, in line with its 

increased tumour mutational burden. Hence, TIL clonal expansion (that is, TIL quantity) 
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does not automatically equate to antitumour reactivity (that is, TIL quality), which varies 

highly depending on the tumour type. In our recent in-depth analysis of the CD8+ and 

CD4+ T cell landscape of the human melanoma TME, we complemented single-cell 

transcriptome analysis of TILs with the deconvolution of antigen specificity of hundreds 

of clonally expanded TCRs58. Through implementation of a miniaturized system to clone 

and transduce dominant TCRs into primary T cells from healthy donors and subsequently 

testing hundreds of TIL TCR-redirected T cells for their antigen-specific activation upon 

co-culture with patient-derived melanoma cell lines, we found that more than 80% of TCRs 

expressed in TEx cells exhibited strong autologous tumour recognition and had a preferential 

skewing towards TTE and TRM-like TEx cell clusters58. Of note, almost all tumour-specific 

clonotypes also had a detectable fraction in the TPE cell niche. Hence, in line with mouse 

models of tumour immunobiology10,63, we demonstrated that antitumour T cells within the 

TME are present in a continuum of differentiation from TPE, TTE and TRM-like expression 

states. In stark contrast, TMem TILs accounted for less than 2% of the tumour-specific 

compartment58.

Further studies have integrated scTCR-seq and transcriptomic profiling together with in vitro 

screening for TCR specificity against a limited panel of tumour antigens (Box 2) to evaluate 

the breadth of antitumour specificities within the TME. Lowery et al.98 demonstrated that, in 

metastatic breast cancer, melanoma and CRC, CD8+ and CD4+ TILs expressing TCRs with 

confirmed specificity for tumour private neoantigens mapped preferentially to dysfunctional 

and exhausted clones with both high or low levels of clonal expansion. Furthermore, 

the transcriptional profile of neoantigen-specific cells overlapped with that of TTE cells. 

Indeed, using a gene signature enriched in TEx cells, the authors were able to predict 

TCR clonotypes with putative tumour reactivity, which was experimentally confirmed in 

vitro against tumour antigens or autologous tumour cells in ~50% of cases. Two studies 

in NSCLC, before or after neoadjuvant anti-PD1 treatment, converged on similar findings. 

Caushi et al.88 showed that neoantigen-reactive CD8+ TCRs isolated from circulating T 

cells could be traced back to the TME, where they displayed an exhausted profile. Through 

the screening of ex vivo, expanded NSCLC TILs with autologous antigen-presenting cells 

(APCs) expressing tandem minigenes, Hanada et al.90 identified neoantigen-reactive T 

cells, sequenced their TCRs and confirmed their reactivity against mutated tumour proteins 

in vitro. Single-cell analysis of tumour samples showed that such specificities mapped 

exclusively to CD8+ and CD4+ exhausted cell clusters, identified by CD39 and CXCL13 

expression. Following a reverse strategy, through reconstruction and screening of dominant 

TCRs from CD39+ versus CD39− TILs, neoantigen-reactive TCRs were again only detected 

in the former compartment90. Similar studies investigating the transcriptional profile of 

neoantigen-reactive TILs in bile duct and pancreatic cancers documented the presence of 

rare but dominant CD8+ or CD4+ neoantigen-reactive T cell clones with a similar CXCL13+ 

TEx cell profile99. In human papillomavirus (HPV)-positive HNSCC, scRNA sequencing 

(scRNA-seq) of peptide–MHC multimer-sorted PD1+ TILs specific for oncoviral HPV 

proteins documented a differentiation state that could span from TPE cells to TTE cells100. In 

another cohort of patients with HNSCC, deconvolution of TCR specificity through the use 

of TScan technol- ogy (Table 1) revealed the presence of TILs specific for shared tumour-

associated antigens (TAAs) among exhausted cells with a TRM-like cell profile101. Most of 
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the aforementioned studies used viral antigens as negative controls to validate the specificity 

of screened TCRs: TILs expressing virus-specific TCRs were almost exclusively confined to 

the PD1− and CD39− compartments and expressed memory markers (TCF1, IL-7R, CD62L 

and CCR7), consistent with the transcriptional profile of TCM or TEM cells58,88,90,97. While 

bystander T cell clones could be detected as numerous and even expanded in some instances, 

this was not specific to the TME as the same clones could also be abundantly detected 

in normal tissues and/or peripheral blood. The intratumoural clonal expansion of TEx cells 

(sustained by recognition of tumour antigens) generally outcompetes one of the individual 

bystander T cells, which is likely sustained by perfusion of cells from blood, where such 

TMem cell clonotypes are highly expanded.

Overall, this series of in-depth studies have consistently demonstrated that tumour-specific 

T cells in solid tumours reside almost exclusively in the TEx cell compartment, sharing 

remarkably similar transcriptional and phenotypic properties across different tumour types. 

Additionally, since these studies evaluated tumour reactivity across different antigenic 

classes (that is, TAAs and neoantigens), it is possible to conclude that the specificity 

for tumour-expressed antigens, and not the antigen class per se, drives T cell exhaustion 

within the TME. The signatures of tumour-reactive TILs are now increasingly available for 

prediction of putative tumour-reactive TILs in tumour biopsies: the detection of surface 

expression of PD1 and CD39 among TILs can be integrated into clinical analyses to 

quantify T cells potentially specific for tumour antigens. In addition, the detection of gene 

signatures enriched in CXCL13 expression from the transcriptome of TILs has gained 

considerable interest as this gene encodes a chemokine that mediates recruitment of B 

cells to tumours and is essential for the formation of TLS, where functional TILs can 

be preserved102. Indeed, assessment of the levels of putative tumour-reactive CXCL13+ 

TEx TILs has been increasingly used as a predictive measure in many solid tumours with 

high tumour mutational burden as it has been associated with improved outcome after 

immunotherapy56,103–105.

Finally, a separate consideration should be made for CD4+ TILs. Relatively fewer studies 

have focused on helper T cells, but the wide-spread use of single-cell sequencing and 

reactivity screening of TILs has now provided evidence of their specificity for both private 

neo-antigens and TAAs among TILs106,107 (Box 2) and has linked them to an unexpected 

richness of T cell states, including cytotoxic TEx, TFH and Treg cells108–110. The detection of 

tumour-specific CD4+ TIL clones has raised the question of whether these cells can directly 

recognize tumour cells, which usually lack constitutive expression of HLA class II. In vitro 

measurement of TCR reactivity against autologous tumours has revealed distinct patterns 

of interaction between CD4+ TILs and cancer86. We showed that melanoma-specific CD4+ 

T cells (TFH and Treg cells) could be indirectly activated in the TME by APCs, taking up 

tumour antigens from apoptotic cancer cells and presenting them in the context of HLA class 

II86. Surprisingly, CD4+ TILs can also directly recognize melanoma cells: such tumour-

specific CD4+ lymphocytes mapped to PD1+ CXCL13+ TEx cell clusters in the TME and 

displayed cytotoxic properties (expressing IFNγ and granzyme A)110. This was apparent 

in the context of concurrent TME inflammation, leading to HLA class II upregulation in 

tumour cells. Alternatively, a fraction of cytotoxic CD4+ TEx TILs from melanoma could 

also engage peptide–HLA class I complexes on the surface of tumour cells in a CD4–CD8 
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co-receptor-independent fashion86. Finally, we reported the direct activation of CD4+ T 

cells in a subset of melanomas with aberrantly constitutive HLA class II expression86. We 

found that positivity for HLA class II expression in melanomas (10–30% of all cases)111 

is strongly associated with an extremely high tumour mutational burden (>1,000 missense 

exonic mutations per sample)86,112 and that the TME of HLA class II-positive melanomas is 

populated by large numbers of neoantigen-reactive CD4+ or CD8+ TEx TILs with cytotoxic 

capacity, as well as by numerous clonally expanded neoantigen-specific CD4+ Treg cells86. 

These data provide compelling evidence that HLA class II- positive melanomas can engage 

and possibly orchestrate the activity of Treg cells to shape an immunosuppressive TME 

capable of escaping from cytotoxic antitumour responses86. As neoantigen-specific CD4+ 

T cells can be detected not only in melanoma but also in tumours with a moderate or 

elevated mutational burden (such as breast cancer and CRC98), it becomes intriguing to 

speculate whether such TILs could potentially be stimulated by tumour cells to elicit 

immune suppression. Furthermore, while tumour-specific Treg cell TCRs can be stimulated 

by cancer cells, it is currently unknown whether the tumour cells can induce CD4+ TILs 

with immunosuppressive functions or, more likely, engage pre-existing Treg cells through 

antigenic mimicry. Future studies will be needed to assess how tumour-specific Treg cells 

differentiate within or outside the TME.

Manipulating T cells with immunotherapies

Cancer immunotherapy aims to empower T cells against tumours, but each 

immunotherapeutic approach harnesses the distinct properties of antitumour T cells in a 

different fashion (Fig. 2). First, immunotherapies can either directly or indirectly impact 

the functionality of tumour-reactive T cells that pre-exist within the TME prior to 

treatment, fostering their reinvigoration and thereby serving to amplify antitumour responses 

within the TME or in extratumoural sites (lymph nodes, peripheral blood or normal 

tissues). Alternatively, immunotherapies may elicit novel T cell responses through de novo 

generation of novel T cell specificities not yet exhausted by the chronic exposure to tumour 

antigens within the TME. The release of tumour antigens (termed epitope spreading) from 

cancer cells killed by T cells elicited during immunotherapy may serve to further amplify 

the magnitude and breadth of both pre-existing and de novo T cell responses. Overall, the 

distinct immunotherapies are divergent from one another in relation to the number of antigen 

specificities they can target and their ability to rewire T cell phenotype and overcome 

exhaustion.

Immune-checkpoint blockade

ICB represents the most widely used immunotherapeutic approach for solid tumour 

malignancies, with an ever-growing number of monoclonal antibodies targeting distinct 

inhibitory receptors entering the clinical arena113. Antibodies targeting PD1, CTLA4 and 

LAG3 have already been approved by the FDA for the treatment of several different solid 

tumour types114,115. While ICB has undoubtedly been shown to induce objective responses 

even in the challenging setting of metastatic disease, only a minority of patients (estimated 

to be <30%) achieve sustained and/or complete clinical responses116–118. Therefore, it 

remains imperative to understand the immunological correlates of productive antitumour 

immune responses following ICB treatment. Tracking of T cell clones in tumour biopsies 
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and peripheral blood before and during ICB treatment has enabled a better understanding 

of the effects of ICB on T cell composition and function, especially in patients treated with 

anti-PD1 therapy (Fig. 3a).

Intuitively, ICB is thought to act primarily on the exhausted antitumour T cells within 

the TME through a process of reinvigoration of their functionality, which can be termed 

‘cytotoxic revival’. For this to be effective, tumour-specific T cells are required to: (1) be 

already present within the TME prior to ICB initiation and (2) retain, despite exhaustion, a 

residual cytotoxic functionality that could be unlocked and unleashed through the removal 

of inhibitory signals. Direct demonstration of TIL reinvigoration would entail the real-time 

measurement of cytotoxic molecule release within the tumour during treatment, which is 

infeasible in human samples, but several studies have reported an association between the 

extent of pre-treatment TME T cell infiltration (in turn linked to the tumour mutational 

burden) and clinical response29–31. Additionally, a high frequency of TRM-like TEx TILs 

has been observed in anti-PD1-responsive tumours (Fig. 3a), with one study in breast 

cancer demonstrating that in vitro exposure to ICB could restore the functionality of CD39+ 

TRM-like TEx TILs119.

Notably, three recent single-cell-based studies have provided strong support for such 

functional revival of TILs in the context of neoadjuvant anti-PD1 treatment (Fig. 3b). Of 

note, in this specific setting, ICB administration shortly (2–4 weeks) before surgery allows 

for the direct evaluation of T cell dynamics early after ICB treatment in an intact immune 

ecosystem (encompassing the native TME and draining lymph nodes). In a cohort of patients 

with breast cancer, Bassez et al.120. showed that response to neoadjuvant PD1 blockade was 

accompanied by intratumoural expansion of pre-existing PD1+ CXCL13+ exhausted (that 

is, consistent with bona fide tumour-specific) CD8+ clonotypes expressing high levels of 

the genes encoding cytotoxic effector molecules (PRF1 and GZMB). In HNSCC, Luoma 

et al.101. demonstrated that response to neoadjuvant PD1 was associated with expansion 

of exhausted TRM-like TILs with transcriptional evidence of cytotoxicity. Most clonotypes 

expanded after anti-PD1 therapy could be detected in pre-treatment biopsies, underscoring 

the requirement for clinical response of a pre-existing repertoire of antitumour T cells, 

which could then be reinvigorated through exposure to anti-PD1 treatment, and implicating 

the revival of cytotoxicity as a rapid mechanism of ICB response in tumours with a large 

number of TILs in baseline tumour biopsies. In another study of patients with HNSCC121, 

we have preliminarily documented that lack of response to neoadjuvant ICB was indicated 

by a paucity of expanded TEx cell clones in the native TME, with the few expanded 

TEx cell clones present lacking TRM cell features or cytotoxicity potential, and instead 

exhibiting extreme levels of exhaustion. This observation is in line with the hypothesis that 

ICB is unable to efficiently restore the functionality of TIL clones at a terminal stage of 

dysfunction122–124. Cytotoxic TRM-like TEx cell clones were contracted in biopsies collected 

after 5 weeks of treatment in patients experiencing profound pathological response (that 

is, achieving almost complete cancer eradication)121, supporting the notion that antigen 

availability determines the persistence of terminally differentiated T cells52,53,55.

In addition to its local activity, ICB, most extensively characterized following anti-PD1 

blockade, has also been found to act systemically through the mobilization and recruitment 
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of new TCR clonotypes to the tumour site from the periphery, in a phenomenon termed 

‘clonal replacement’ (Fig. 3b). In non-melanoma skin cancers, longitudinal tracking of 

TCR clones revealed that ~70% of clonally expanded post-ICB TILs were undetectable 

within the TME prior to adjuvant therapy87. Newly detected clones had a preferential 

TEx cell state (and hence, bona fide tumour-specific). While the influx of novel T cell 

clones was detected at ~9 weeks after immunotherapy, evidence of clonal replacement 

could be found as early as 4 weeks after ICB in the neoadjuvant setting (especially 

following combined treatment with anti-PD1 and anti-CTLA4 agents)101. Of note, the 

occurrence of clonal replacement per se has not been associated with response to ICB 

but rather the extent of expansion of emergent clones was consistently higher in patients 

responding to anti-PD1 therapy87. Since T cells with newly detected specificities could 

be recruited from extratumoural sites, additional studies have focused on investigating the 

systemic effects of ICB. Comparison of the TCR repertoire across tumour and blood has 

shown that emergent clono- types could be traced in circulation early after ICB treatment 

(~2 weeks), where they exhibited transcriptional features consistent with proliferation and 

activation101. Similarly, patients with melanoma responding to anti-PD1 or anti-CTLA4 

showed significantly more clonal expansion and T cell turnover following therapy compared 

with non-responders125–128. Productive antitumour responses were associated with early 

detection of circulating expanded clonotypes bearing signatures of activated cytotoxic T 

cells126. In patients with HNSCC and NSCLC treated with neoadjuvant anti-PD1 therapy, 

the clones that were peripherally expanded were found enriched within the post-treatment 

TME101,129. Therefore, activation and expansion outside of the TME of antitumour T 

cells, then recruited to the tumour site, seem to be a key mechanism of response to ICB. 

Consistent with this hypothesis, Wu et al.59 have shown that response to anti-programmed 

cell death protein 1 ligand 1 (anti-PDL1) therapy correlated with expansion of clonotypes 

within the peripheral blood as well as with increased T cell infiltration in both normal tissues 

and tumour. Interestingly, additional studies have reported that TCR clones newly detected 

after ICB treatment originated from draining lymph nodes130,131. It is tempting to speculate 

that such novel antitumour T cell clones were able to persist with a less differentiated state 

at extratumoural sites as the absence of tumour-induced chronic stimulation could have 

reasonably prevented the acquisition of a terminally exhausted phenotype. Subsequently, 

upon recruit- ment within the TME, these newly emerging clones could interact with cancer 

cells in the presence of ICB, allowing cytotoxic responses to be uncoupled locally from the 

acquisition of terminal exhaustion.

Finally, in some patients with NSCLC and melanoma, TIL clonal composition did not 

change dramatically upon ICB treatment but rather, in responding patients, pre-existing 

clones reverted to a TPE-like cell state, characterized by CXCL13 positivity and low 

expression of inhibitory receptors79. This mechanism, termed ‘clonal revival’, could be, 

in part, ascribed to local expansion and differentiation of pre-existing tumour-specific 

TPE TILs within the TME, and partly to the recruitment from extratumoural niches 

(especially lymph nodes) (Fig. 3b) of novel non-exhausted precursors that, in the presence 

of the ICB antibodies, could differentiate into functional effectors due to the disruption 

of inhibitory tumour signals. In both scenarios, reinvigoration of antitumour responses is 

fostered by increased numbers of TPE cell precursors able to regenerate functional cytotoxic 
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TILs. Evidence supporting this phenomenon includes the observation that an increased 

frequency of TPE-like TILs correlates with improved outcomes in melanoma and lung 

and ovarian cancers12,21,79,132. Interestingly, so far, TPE-like cell resurgence has not been 

detected early after therapy in the setting of neoadjuvant PD1 blockade101,121 but only 

in studies investigating the response to ICB at later time points (that is, 2–3 months 

post-treatment)12,21,79,132, thus suggesting that clonal revival might require more time to 

manifest.

It should be emphasized that the aforementioned mechanisms of response to ICB are not 

mutually exclusive but could represent complementary, or even synergistic, events occurring 

at different temporal phases following treatment (Fig. 3b). For all mechanisms, their efficacy 

likely depends on the quality of the native T cell compartment, either within or outside 

the TME. Within this framework, response to ICB could be conceptualized as a multistep 

process, in which cytotoxic revival reawakens an initial immediate wave of antitumour T 

cells, with this phenomenon more prominent in tumours with high tumour mutational burden 

and brisk infiltration of TRM-like TILs. A second wave of antitumour immunity might 

then be elicited through the recruitment of novel T cell specificities from extratumoural 

sites. Clonal replacement is expected to contribute to ICB response, particularly in tumours 

with low-to-moderate T cell infiltration, and could be further boosted by epitope spreading. 

Finally, clonal revival would be the slowest to become evident as it would require the 

progressive accumulation and differentiation of TPE cells. This is theorized to be crucial for 

the restoration of functional antitumour immunity in those tumours populated by severely 

exhausted TTE TILs. Likewise, lack of response to ICB could be conceptualized as the 

failure to enact one or more of the aforementioned mechanisms of action due to quantitative 

and/or qualitative defects in the native antitumour immunity (Fig. 3a). Further studies in 

different cancer types and therapeutic settings will likely elucidate the exact requirements, 

timeline and contribution of these mechanisms of response to ICB.

Cancer vaccines

Cancer vaccines are designed to promote both the reinvigoration and elicitation of 

antitumour responses by selectively enriching for T cell reactivities towards predefined 

sets of tumour antigens. Indeed, through the increase of APC-mediated presentation of 

cancer antigens, vaccination can both boost pre-existing tumour responses or prime the de 

novo differentiation of T cell precursors, ‘steering’ the specificity of antitumour immune 

responses towards particular immunogenic antigens.

Several vaccine approaches have been developed through the modulation of its active 

components, including the type of targeted tumour antigens, formulation, immune adjuvant 

and delivery vehicles, as recently reviewed133,134. Several of these different vaccine formats 

have been tested in clinical trials (exhaustively reviewed in ref. 135) alone or in combination 

with conventional chemotherapy or ICB. Even though clinical testing has proved that 

vaccination against cancer is safe and feasible, complete responses are rare, and a significant 

benefit of vaccination in larger patient cohorts remains to be demonstrated. A major caveat 

to achieving clinical responses after vaccination is whether targeting immunogenic tumour 

antigens can elicit effective and persisting cytotoxic T cells. Novel vaccine approaches are 
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currently under development to incorporate tumour antigens predicted as immunogenic and 

to better stimulate antigen-specific T cells using specific formulations, immune adjuvants 

and delivery vehicles, alone or in combination with other immunotherapies133,134.

Several studies have investigated how cancer vaccines impact the T cell repertoire by 

tracking the reactivity of circulating T cells towards the targeted antigens. Seminal studies 

on patients with melanoma, bladder cancer and NSCLC treated with either neoantigen-based 

or TAA-based vaccines have documented robust induction of both CD4+ and CD8+ T cell 

responses directed against the epitopes included in the vaccine formulation, which were 

not detected or present at low levels prior to therapy, thus formally demonstrating that 

cancer vaccines both elicit de novo responses and amplify pre-existing ones136–140. From 

these trials, up to 60–70% of predicted neoantigens were able to induce reactive T cells. 

Of interest, while vaccination protocols were aimed at eliciting CD8+ T cells, responses 

mainly comprised polyclonal CD4+ T cells, which were possibly favoured by the processing 

and presentation of long immunizing antigens on HLA class II molecules of APCs136–138. 

Through single-cell sequencing and multiparametric flow cytometric analysis, we recently 

completed a detailed characterization of neoantigen-specific CD4+ T cells induced by a 

cancer vaccine in eight patients with melanoma141. Vaccine-reactive T cells expanded during 

the first months after vaccination and persisted for up to 4 years in treated patients. In the 

early phase after vaccination, CD4+ T cells specific for neoantigens exhibited a cytotoxic 

profile with signatures of activation and exhaustion; such cells were able to traffic to 

within the TME, as evidenced by the detection of their TCRs in tumour lesions collected 

after treatment141. At later time points (up to 5 years post-vaccination), T cells harbouring 

the same clonotypes displayed a memory phenotype, at least in circulation141. A similar 

expansion of cytotoxic neoantigen-specific CD4+ T cells was observed in 38 patients with 

NSCLC treated with a neoantigen peptide vaccination in combination with chemotherapy 

and PD1 blockade139. Neoantigen vaccines have been able to induce neoantigen-specific 

CD4+ T cells possessing the ability to infiltrate immunologically cold tumours such as 

glioblastoma142,143.

While T cell clonotypes specific for tumour antigens can be induced by vaccination, 

their direct antitumour capacity has been demonstrated only for a limited number of 

patients136,137. In this setting, the evaluation of T cell reactivity against tumour antigens that 

are not included within the vaccination platform offers the unique opportunity to indirectly 

measure the antitumour efficacy of the approach; indeed, non-vaccine-specific T cells can 

be expanded only following epitope spreading, when the tumour antigens become more 

available as a result of lysis of tumour cells. In melanoma, NSCLC and bladder cancer, 

neoantigen-based vaccination trials have documented epitope spreading following treatment, 

with emergence of specificities targeting a wide variety of neoantigens or TAAs not present 

in the vaccine formulation nor detectable prior to vaccination138,139,141. This phenomenon 

has been associated with improved progression-free survival, thus demonstrating that an 

increase in breadth of the tumour-specific T cell repertoire can contribute to disease 

control138. It is worth noting that the exact size and timing of epitope spreading and its 

derived immune responses within the TME remain unknown as most of the current studies 

have focused mainly on the analysis of antigen-specific cells residing in peripheral blood.
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Adoptive T cell therapy

Adoptive T cell therapy (ACT) aims to quantitatively and qualitatively enhance antitumour 

immunity. This can be achieved in two ways: (1) by expanding ex vivo the pre-existing T 

cells possessing antitumour specificity provided by their endogenous TCR repertoire (TIL 

therapy) or (2) by redirecting the specificity of T cells ex vivo through gene manipulation 

with antitumour TCRs or chimeric antigen receptors (CARs), which can stimulate de novo 

antitumour responses (Fig. 2).

Trailblazing studies by the Rosenberg group first demonstrated how TILs isolated from 

surgically resected tumour fragments could be expanded in vitro, screened for recognition 

of autologous tumour cells and then reinfused into patients144–147, and investigations of this 

adoptive TIL therapy approach initially achieved up to ~20% complete clinical responses148. 

A major advantage of TIL therapy is its polyclonality: analysis of infused TIL batches 

has consistently shown that TIL products contain a broad spectrum of T cell specificities, 

including TAAs, neoantigens and oncoviral proteins149–151. Rosenberg et al.148 and Dudley 

et al.152,153 subsequently fine-tuned the approach by adding a lymphodepleting preparative 

regimen (a concept since successfully adopted by CAR T cell studies) and post-infusion 

administration of IL-2, in an attempt to improve the in vivo persistence, and thus efficacy, 

of the transferred T cells. Indeed, numerous efforts since then have been dedicated to 

understanding the cellular and molecular basis of response to ACT, all converging on the 

persistence of transferred T cells as a main determinant154,155. Persistence of T cells has 

been, in turn, typically associated with a less differentiated phenotype as the acquisition of 

full effector functions in vivo, paradoxically, has been found to impair T cell fitness upon 

in vivo infusion156–161. More recently, by analysing TIL products at single-cell resolution 

using cytometry by time of flight (Box 1), Krishna et al.162 documented that patients who 

responded to ACT had received larger numbers of TILs with stem cell-like properties as 

identified by high TCF1 expression and negativity for CD39 and CD69. Combined scRNA-

seq and scTCR-seq analyses of TIL products from representative patients confirmed these 

findings: in the non-responder patient analysed, neoantigen-specific TCR clonotypes were 

less expanded and exhibited an exclusively TTE cell profile. Consistently, such clonotypes 

showed poor persistence in peripheral blood upon infusion. In contrast, neoantigen-specific 

T cells from the infusion product of the responder patient expanded more and encompassed 

multiple T cell states, including not only TEx cells but also stem cell-like TCF1+ T cells. 

This translated into improved T cell fitness in vivo as documented by clonotype detection 

in peripheral blood up to 75 months after infusion162. Overall, this analysis showed that 

ex vivo, expanded T cell products enriched in antitumour T cells with TMem features 

(for example, with regenerative potential) are associated with improved immunotherapy 

outcomes (Fig. 4). It is tempting to speculate that clinical response to TIL therapy might 

depend on the presence within the native TME of antitumour T cells with a TPE cell 

phenotype with stem cell properties able to clonally expand ex vivo and provide tumour 

control upon re-infusion163.

While TIL therapy represents a milestone in the development of ACT, it is limited by the 

requirement of pre-existing antitumour T cells within the tumour, whose numbers might not 

be sufficient for all patients, especially in the setting of tumour types with a lower tumour 
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mutational burden than, for example, melanoma. To overcome this limitation, many groups 

have focused on genetic manipulation to redirect T cell specificity against tumour antigens 

in the form of engineered TCRs or CARs, as extensively reviewed in refs. 2,164–166. The 

use of T cells that have been genetically engineered to express tumour-specific TCRs, first 

of all, requires the isolation, sequencing and validation of TCRs that are able to recognize 

tumour antigens when presented within the context of the HLAs of a given patient. As 

a consequence, this approach has been limited, in part, by the difficulty in finding high-

affinity TCRs specific for public TAAs presented by HLA restrictions of high frequency 

(such as HLA-A*0201). Initial attempts using T cells transduced with two different TCRs 

recognizing the mela- noma differentiation antigen melanoma antigen recognized by T 

cells 1 (MART1) have documented limited efficacy against metastatic melano- mas, with 

responses that seemed to be dependent on the affinity of the isolated TCRs167,168 and that 

were also able to recognize healthy tissues, thereby causing on-target off-tumour toxicity. 

Conversely, the use of T cells transduced with NY-ESO-1-specific TCRs has been shown to 

generate stable or complete responses in melanoma and myeloma, which were associated 

with elevated expression of this TAA and with expansion of TCR-modified T cells169–172. 

Of note, such effects were observed in the absence of severe toxicities. In contrast, the use 

of TCRs specific for melanoma-associated antigen (MAGE) was accompanied with severe 

on-target off-tumour recognition but also with lethal cross-recognition of cardiac proteins 

when affinity-enhanced TCRs were utilized173,174, thus demonstrating the need for extensive 

preclinical testing when ACT approaches use TCRs specific for TAAs due to their possible 

low expression on healthy tissue. The identification of tumour-specific mutations through 

sequencing and the isolation of neoantigen-specific TCRs has provided a potential solution 

to overcoming this hurdle as such TCRs retain high specificity and avidity for the mutated 

peptides. Due to the patient-specific nature of tumour mutations, the implementation of 

neoantigen-specific TCR-based therapy requires personalized ACT approaches and should 

only be extended to multiple patients when neoantigens are generated by recurrent mutations 

that are presented on HLA alleles with high population frequency175–177.

The advent of CARs has revolutionized the field of ACT as such constructs enable the 

targeting of surface tumour proteins in an HLA- independent fashion. CARs typically 

require thousands of target surface molecules to mediate an effective response: as a 

consequence, such an ACT approach is generally feasible only when surface proteins 

with high, broad and conserved expression on tumour cells are identified. Thus far, this 

has been challenging for solid tumours, owing also to their high intratumoural clonal 

heterogeneity and immunosuppressive potential; however, encouraging results have been 

obtained using a CAR specific for the disialoganglioside GD2 in neuroblastoma178 and 

human epidermal growth factor receptor 2 (HER2) in sarcomas179. Conversely, CAR T cells 

have demonstrated remarkable success in treating haematological cancers, although mainly 

acute and chronic CD19+ B cell leukaemias180. As CAR T cells have rapidly become an 

integral part of the therapeutic arsenal for relapsed and/or refractory CD19+ haematological 

malignancies, most studies dissecting the molecular and cellular underpinnings of successful 

immune-gene therapy have been in this specific setting181,182. However, it is necessary to 

highlight a few differences in the immunobiology of CAR-redirected T cells compared to 

other adoptively transferred T cells: (1) CARs are synthetic molecules providing antigen 
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recognition at the same time as a non-physiological in cis costimulation via one or more 

costimulatory endodomains (which might vary depending on the specific CAR construct 

designs); and (2) for CD19 CARs, there is the possibility of constitutive tonic CAR 

signalling through recognition of CD19 on normal B cells even after clearance of tumour 

cells, clinically evident as prolonged B cell aplasia. Even with these caveats in mind, 

sustained clinical responses in this setting also depend on the level of persistence of gene-

modified T cells183. In a study on 41 patients with chronic lymphocytic leukaemia and 

treated with CD19 CAR T cells, Fraietta et al.181 showed that, in the peripheral blood of 

responder patients, there was a dramatic in vivo expansion of CAR T cells that coincided 

with B cell aplasia in the first 2 weeks after infusion, which was then followed by a decline; 

in contrast, non-responders displayed low or undetectable levels of circulating CAR T cells. 

By transcriptionally profiling CAR T cells, the investigators found that infused batches from 

patients achieving complete response were enriched in TMem cell-related genes, whereas 

T cells from non-responders upregulated programmes involved in effector differentiation, 

exhaustion and apoptosis, among others. Similarly, Deng et al.182 profiled, through scRNA-

seq, CD19 CAR T cell infusion products from 24 patients with aggressive B cell lympho- 

mas. In line with the previous study, patients with complete responses received infusion 

products with threefold higher frequencies of CD8+ T cells expressing memory signatures 

than those patients with partial responses or progressive disease.

Subsequent studies have started to shed light on the clonal dynamics of CAR T cells upon 

in vivo infusion by incorporating longitudinal sequencing of the endogenous TCR. Sheih 

et al.184 described distinct patterns of clonal behaviour contributing to the circulating CAR 

T cell pool in the first 30 days after infusion in a cohort of 10 patients with CD19+ 

B cell malignancies. CAR T cells undergoing expansion early after infusion showed a 

transcriptional profile of cytotoxic and proliferative T cells, while at later time points (that 

is, after clearance of the target antigen), CAR T cells reverted to a more quiescent cell 

state without acquiring exhaustion features. CAR T cells with non-expanding clonotypes 

were instead characterized by rapid acquisition of TEx cell phenotypes and soon became 

undetectable. However, it should be noted that the CAR T cell manufacturing protocol 

for this study introduced a bias, preventing generalization of the findings as it entailed 

the selection of CD4+ T cells and TCM CD8+ T cells, which were then infused at a 1:1 

ratio. Wilson et al.185 performed a similar analysis on a cohort of patients with paediatric 

acute lymphoid leukaemia and, likewise, identified divergent differentiation trajectories of 

CAR T cells upon infusion, with a unique three-gene signature of CAR T cell effector 

precursors (TIGIT+, CD62Llo, CD27−) that, when present in pre-infusion cell products, was 

consistently correlated with clinical response. Finally, Haradhvala et al.186 recently reported 

longitudinal scRNA-seq and scTCR-seq analyses of aggressive B cell lymphomas from 32 

patients treated with 2 different commercial CAR T cell products (axi-cel and tisa-cel). 

Substantial differences in the cellular dynamics of response were observed between the two 

products: responses to tisa-cel were associated with a striking expansion of rare CD8+ TCM- 

like cell populations from the infusion product, while treatment with axi-cel revealed that 

T cell lineages did not change as much between the infusion product and post-treatment 

and that, in responders, T cells often originated from more-differentiated populations. While 

all these studies focused on in vivo CAR T cell dynamics up to ~6 months post-infusion, 
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a landmark work by Melenhorst et al.187 has provided the first evidence of long-term 

persistence of CAR T cells, up to 10 years post-infusion. Notably, the pool of long-lived 

CAR T cells was composed mainly of oligoclonal CD4+ T cells, which still showed 

transcriptional signatures of active proliferation but not of exhaustion.

Altogether, these studies provide evidence that the ex vivo manufacturing protocols that 

enrich for antitumour T cells with TMem cell features are associated with T cell persistence 

and disease control in vivo163, while those enriched for antitumour TEx cells have poor T 

cell fitness once infused in patients (Fig. 4).

Conclusions and future perspectives

TIL characterization has unequivocally proved that tumour-reactive T cells are present 

within the TME, yet exhaustion remains the major factor limiting their antitumour potential. 

However, not all TEx cells are the same, and the presence of pre-existing TRM-like TEx 

cells and TPE cells correlates with improved clinical outcomes upon immuno-therapeutic 

intervention12,21,69, paving the way for their quantification as a predictive biomarker of 

response. Despite these findings, it remains unclear which events in the natural history 

of cancer, even before clinical diagnosis occurs, determine the presence or absence of an 

immunotherapy-actionable TRM-like TEx or TPE cell pool.

For instance, what role is played by the antigen specificities that are recognized? With 

present tools, we are unable to yet quantify the real size of the antitumour T cell repertoire 

nor the full spectrum of tumour antigens per cancer type. Intuitively, we can imagine 

that a broader set of tumour antigens, able to elicit a wider tumour-specific T cell 

repertoire, could generate a more varied, and hence more potent, anticancer response. In 

addition, antigen quality is also expected to play a central role: since chronic antigenic 

stimulation drives T cell exhaustion16,17,52,55, it is reasonable to infer that the strength of 

the primary signal provided by the TCR (for example, TCR avidity) could directly affect 

the fate of antitumour T cells. Definitive answers to these questions have been elusive 

thus far as they would require simultaneous measurement of TCR antitumour reactivity 

and deconvolution of the target antigen. Several promising innovative technologies have 

the potential to close this knowledge gap, including the possibility to screen the reactivity 

and biochemical attributes of TCRs at scale against an increasing number of putative 

targets188 (Table 1) and thus more definitively link the qualitative and quantitative attributes 

of antigen reactivity to the acquisition of defined dysfunctional T cell states. Large-scale 

TCR specificity analysis has already provided some remarkable insights: in melanoma, 

neoantigen-specific TCRs display higher avidities than TAA-specific TCRs, indicating that, 

in the case of neoantigens, epitope recognition is maximized by enhanced TCR avidity, 

which enables stronger and prolonged peptide–HLA–TCR interactions58. Conversely, for 

TAA-specific TCRs, the inferior avidity is counterbalanced by antigen abundance as TAAs 

are usually overexpressed in tumour cells. Furthermore, in NSCLC, neoantigen-specific 

TCRs have been shown to display higher avidities in responders to ICB than in non-

responders88. A second major open question is in regard to the cellular interactions of 

antitumour T cells within the TME as ancillary signals (in addition to those emanating 

from the TCRs, such as costimulation or co-inhibition, or from the cytokine milieu) could 
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further shape T cell (dys)function15,52,55,189. This additional layer of complexity cannot 

be fully captured without technologies that are able to preserve the spatial architecture 

of the TME. This is particularly relevant in light of the increasing recognition of the 

importance of specific cellular niches within the TME. For instance, in many tumours, the 

presence of organ- ized aggregates of immune cells as TLS correlates with improved clinical 

outcomes30,64,190,191, yet the exact contribution of these structures to intratumoural immune 

responses remains incompletely understood. The advent of spatially resolved profiling is 

now reshaping our ability to interrogate cellular interactions and architectural relationships 

between antitumour T cells and the other cell types present within the TME23,35,192–195. 

Multiple technologies have been developed to capture the full or partial transcriptome 

of cells within a tissue, for example, by incorporating protocols for the sequencing of 

barcodes associated with the spatial localization of cells or by imaging tissue specimens 

after specific in situ amplification of cell transcripts (reviewed in ref. 193). Furthermore, 

spatial proteomics allows for the characterization of expression of T cell-related proteins at 

a cellular and subcellular level196. When used in conjunction with scRNA-seq, the identified 

subtypes of TILs can be potentially localized within the different areas of the TME (centre 

of tumour areas, tumour margins, stromal areas and immune structures). Technological 

improvements enabling multidimensional spatial detection of TCRs and transcriptomes 

promise to decipher the full interactome of T cells with validated tumour reactivity194. 

By coupling in vitro validation of TCR specificities, single-cell profiling, and detection of 

TCR clonotypes and transcriptomes of TILs within the spatial architecture of the TME, 

future studies could potentially discern which interactions are assigned to ‘true’ antitumour 

T cells, how the levels of the cognate antigens presented by interacting cells affect their 

functionality, what the level of phenotypic heterogeneity between T cells is within different 

tumour areas, and how the differentiation fate of T cells is influenced by the surrounding 

cells. Furthermore, spatial localization of TIL clonotypes could shed light on the role of 

bystander T cells in indirectly sustaining productive antitumour immunity. Finally, how 

could all these discoveries translate into an advancement in cancer treatment? Undoubtedly, 

disentangling tumour reactivity from exhaustion will be key to successful immunotherapy, 

whichever type. A comprehensive mapping of the antitumour specificities and corresponding 

T cellular states within the TME and across the different tumour histologies will help 

to define the best target antigens for cancer vaccination and/or ACT. In this respect, 

different studies have already laid the foundations for this by defining signatures to isolate 

antitumour T cells58,88,90,98, characterizing and either expanding or cloning their TCRs 

into non-exhausted T cells163. With such information, it is now feasible to predict, screen 

and identify putative tumour-reactive TCRs using clonality and transcriptional profiling 

of TILs. Indeed, the administration of antitumour TCR-transduced T cells produced from 

non-exhausted lymphocytes has already shown promising results176,197. Similar approaches 

could, in theory, be used to isolate potentially tumour-reactive T cells from the peripheral 

blood, enabling investigation of the transcriptional properties of the reservoir of antitumour 

T cells outside the TME and factors associated with their persistence. An in-depth 

characterization of antitumour TCR specificities will be instrumental, since it would likely 

provide information on the TCR attributes (type and number of targeted tumour antigens 

and avidity) that ensure the best performance of antitumour T cells. Ultimately, a more 

in-depth knowledge of the mechanisms of action of the different immunotherapy modalities 
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will surely inspire rational combinatorial approaches. Indeed, ACT with gene-modified T 

cells and cancer vaccines represent promising approaches to foster de novo T cell responses 

when the pre-existing ones are rare or severely exhausted, and combination with ICB could 

spare novel antitumour responses from TME-induced dysfunction. Conversely, the detection 

of pre-existing antitumour T cells with remnant cytotoxicity (TRM -like TEx cells) and 

regenerative potential (TPE cells) may point to a preference for the selection of ICB and/or 

TIL therapy. Altogether, analysis of the native TME can be expected to enable the tailoring 

of immune therapies with respect to the quantity and quality of the native antitumour T 

cell compartment. Overall, recent growth in the development of high-dimensional profiling 

techniques and their application to the characterization of the properties of the T cell 

repertoire directly from cancer biospecimens has allowed the dissection of cellular states of 

antitumour T cells in patients and preclinical models. By longitudinally tracking such T cell 

specificities in patients, we can gain a better understanding of the dynamics associated with 

the generation of productive antitumour responses. We now know that, in immunologically 

hot tumours, cancer outgrowth is accompanied by the induction of exhausted T cells with 

diverse antitumour potential and successful tumour control requires the reinvigoration and/or 

rewiring of such functionalities. With the continued advances in T cell profiling techniques 

and their application to human samples, we can better understand the biological events 

underlying successful immunotherapies and translate such findings into novel therapeutic 

options to foster antitumour T cell immunity in all patients with cancer.
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Glossary

Antigenic mimicry:
Similarity between different antigens that results in their immune recognition by the same T 

cells

Central tolerance:
The clonal deletion of autoreactiveT cells in the thymus during ontogenesis to create a state 

in which immune cells are unresponsive to autoantigens

Cytometry by time of flight:
Technique that measures the abundance of metal isotope labels on antibodies and other tags 

(such as peptide–major histocompatibility complex (MHC) tetramers) on single cells using 

mass spectroscopy

Epitope spreading:
Also known as antigen spread. The broadening of the immune response from the initially 

targeted epitope to other epitopes on the same antigen or different antigens

HLA restrictions:
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Requirement that T cells recognize antigens only when presented by germline-encoded HLA 

molecules that are polymorphic and specific for each subject

Major histocompatibility complex (MHC) multimer:
Oligomers of MHC molecules that are loaded with antigenic peptides, tagged with probes 

and assembled together so that they can provide a measurable signal on T cells once the 

complex binds to the antigen-specific T cell receptors (TCRs)

Secondary lymphoid organs:
Specialized tissues, such as the spleen and lymph nodes, where antigen-presenting cells 

instruct the activation of mature lymphocytes

Tandem minigenes:
Artificial gene constructs composed of consecutive gene fragments of T cell targets, which 

can be transfected into antigen-presenting cells to achieve the presentation of encoded 

epitopes

Tertiary lymphoid structures (TLS):
Organized aggregates of immune cells that form postnatally in non-lymphoid tissues

Tumour-associated neoantigens (TAAs):
Antigens encoded by unmutated genes in both normal and cancer cells but that exhibit a 

preferentially high expression in tumour cells

Tumour private neoantigens:
Antigens arising from mutation of the patient-specific tumour genome that causes tumour 

cells to express specific proteins that are not expressed on normal cells

V(D)J recombination:
Somatic rearrangement of pre-existing variable, diversity and joining gene segments of the 

TCR α-chain or β-chain genes, which results in the generation and expression of diverse 

TCRs in T cells
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Box 1

Human immunology toolkit for T cells

Several tools currently allow for a refined characterization of the intratumoural 

T cell compartment. First, enumeration of CD8+ and CD4+ T cells through 

immunohistochemistry can easily provide an accurate quantification of the intratumoural 

T cell compartment, and thereby classify tumours as immunologically ‘hot’ or ‘cold’ 

in diverse clinical settings29–31. By detecting the expression of a limited panel of 

surface markers, multiplexed immunohistochemistry and immunofluorescence can offer 

the possibility of capturing the states of selected immune populations while preserving 

quantitative and topographical information.

The possibility of dissociating tumour tissue into single-cell suspensions has enabled 

the collection of data from large fractions of cells, and this has been instrumental 

in the identification of rare subpopulations. Indeed, multiparametric flow cytometry 

using fluorochrome-conjugated antibodies has enabled the simultaneous examination of 

multiple parameters and classification of T cells based on the expression of a relatively 

small number of markers (<30). This capability can be utilized for the in vitro isolation 

of T cell subsets to measure their functional capabilities (such as proliferation and 

production of cytokines in response to stimulation). The use of purified metal isotopes 

as labels for >40 specific antibodies to stain individual cells and to detect labelled 

and ionized cells by the mass spectrometry-based tool cytometry by time of flight has 

further increased our ability to characterize the surface proteome of T cells216. The recent 

coupling of cell-isolating microfluidics with genome-wide deep sequencing has provided 

the ability to undertake unbiased investigations of thousands of T cells at single-cell 

resolution217. Single-cell RNA sequencing (scRNA-seq) has enabled the profiling of 

numerous analytes in single T cells, revealing a previously underestimated heterogeneity 

of transcriptional states35. The use of oligonucleotide barcoded antibodies in conjunction 

with protocols of scRNA-seq has allowed the comparison of signals derived from T cell 

transcriptomes and proteomes through cellular indexing of transcriptomes and epitopes 

by sequencing218.

The interpretation of single-cell transcriptomes using computational pipelines has 

commonly relied on inference of the phenotypic relationships between T cell subsets, 

and to investigate preferential differentiation trajectories35,219. While such tools have 

been instrumental to the characterization of cell states of tumour-infiltrating lymphocytes 

(TILs), these are not fully sufficient to determine the specific killing capabilities of T 

cells, which are dependent on the sequence of their T cell receptor (TCR). Therefore, a 

more detailed description of the functional properties of TILs requires tools for the direct 

detection of TCR sequences and specificities. First, several protocols of TCR sequencing 

have been developed to amplify and detect the rearrangements of TCR α-chain and 

β-chain genes in T cells, both at the resolution of bulk populations or of single cells23,24. 

Given the high diversity of their sequences, TCRs have been used as clonal markers, 

thus providing the possibility for investigating the expansion, diversity and dynamics of 

antigen-specific T cell clones within the tumour microenvironment. Second, tools for 

antigen- specificity screening have now emerged that provide information regarding the 
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epitopes that can bind TCRs, thus stimulating the cytotoxic activity of T cells. Soluble 

recombinant peptide–major histocompatibility complex (MHC) multimeric complexes 

can faithfully reproduce TCR ligands and have been conjugated with different probes 

(fluorochromes, isotypes or DNA oligonucleotides)220 and allow for the detection of 

antigen-specific T cells when coupled with other technologies (flow cytometry, cytometry 

by time of flight or scRNA-seq). The availability of computational pipelines for antigen 

immunogenicity prediction starting from tumour sequencing data and the ability to 

synthesize arrays of peptides now make the identification of candidate tumour antigens 

via screening assays feasible221. The reactivity of T cells in response to cognate antigens 

can be further assessed in vitro by measuring their level of activation (detection of 

CD137 by flow cytometry), degranulation (detection of CD107a (also known as LAMP1) 

and CD107b by flow cytometry) and cytokine release (detection of interferon-γ (IFNγ), 

tumour necrosis factor (TNF) or IL-2 by intracellular flow cytometry or enzymatic 

immune assays) upon stimulation with antigen-presenting cells pulsed with tumour 

antigens. Finally, knowledge of the TCR α-chain and β-chain pairs harboured by TILs 

has allowed the design of systems to clone and express candidate TCRs in T cell lines: 

in these controlled systems, the activity of the TCRs can be measured in response to a 

wide variety of stimulants, including tumour cells or antigen-presenting cells pulsed with 

peptides or modified through transduction or transfection to express candidate antigens.

All these tools can now be combined to simultaneously define the phenotype, specificity 

and spatial distribution of individual T cells within the tumour microenvironment.
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Box 2

Classes of tumour antigens 

Several classes of tumour antigens have been identified and described. The first class 

comprises those antigens encoded by unmutated genes that are shared between the 

genomes of cancer and normal cells. They are classified as tumour-associated antigens 

(TAAs), since their pattern of expression is aberrant in tumour cells. TAAs include the 

following:

• Cancer germ line antigens,which are expressed during fetal development and 

silenced in most adult normal tissues. They can be re-expressed in a variety 

of tumours due to dysregulated DNA methylation (for example, melanoma-

associated antigen (MAGE) and NY-ESO-1)222.

– Tissue differentiation antigens, which are highly expressed in 

tumour cells but also in their normal tissue of origin (for example, 

melanoma antigen recognized by T cells 1 (MART1) and tyrosinase 

in melanoma)223.

– Overexpressed tumour antigens, which are expressed at low– 

intermediate levels in healthy tissue but are highly translated in 

certain cancer types (for example, human epidermal growth factor 

receptor 2 (HER2) in breast cancer and carcinoembryonic antigen 

(CEA) in epithelial cancer)224,225.

– Human endogenous retroviruses, which are proteins translated from 

remnants of ancient retroviral sequences located throughout the 

human genome226. As a result of DNA demethylation, they can 

be highly expressed in certain tumour types (such as renal cell 

carcinoma), resulting in the production of potentially immunogenic 

epitopes33,227.

T cells specific for TAAs have been detected in several cancer types and have been shown 

to be enriched in melanoma tumours, where tissue differentiation antigens in particular 

are highly expressed228. Owing to expression of TAAs in normal cells and within 

the thymus, TAA-specific T cells are subjected to central tolerance, which negatively 

selects most of the high- avidity TAA-specific T cell receptors (TCRs), thus limiting 

their potential autoreactivity. As a consequence, TAA-specific T cells display moderate 

or low TCR avidities58. However, rare TAA- specific T cells with high avidity can 

escape thymic tolerance229. As a result of their non-specific tumour expression, TAAs 

can be shared among different cancer types, making them appealing targets for ‘off-the-

shelf’ immunotherapeutic approaches. However, this comes with important limitations: 

elicitation of high-affinity TAA-specific T cells can induce the destructionof normal 

cells expressing even minuscule levels of the TAA, resulting in ‘on-target’ toxicity; in 

addition, responses against cross-reactive antigens can be observed, leading to ‘off-target’ 

toxicities.
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A second class of tumour epitopes arises from those antigens genetically encoded only 

in tumour cells. Their expression is exclusive to tumour cells, and hence they qualify as 

tumour-specific antigens (TSAs). As a result, TSAs exhibit novel amino acid sequences 

that are not subjected to central tolerance (due to their lack of expression within the 

thymus) and that are rarely shared among different patients with cancer. TSAs comprise:

• Neoantigens, arising from tumour somatic mutations in protein- coding 

genomic portions230,231. These can derive from missense single nucleotide 

variants or from small DNA insertions and deletions in protein-coding 

genes. Alternatively, neoantigens can originate from large-scale genomic 

rearrangements (for example, chromosomal translocations, insertions and 

deletions) that generate the fusion of coding genes. Most of these mutations 

have no functional implications in cancer biology and are considered 

‘passengers’, whilst a small amount of ‘drivers’ and often recurring mutations 

play a role in tumour evolution (for example, TP53, NRAS or KRAS 
mutations). Neoantigens may become immunogenic when the mutant amino 

acids confer to such epitopes an increased ability to bind to human leukocyte 

antigen (HLA) molecules.

• Viral oncoproteins, resulting from integration of viral genes into cancer cells. 

Indeed, in both solid and haematological cancers, cell transformation can be 

driven by infections with viruses (for example, human papillomavirus, Merkel 

cell polyomavirus and Epstein–Barr virus), which can result in the production 

of viral proteins by cancer cells232,233.

Since TSAs are not subjected to thymic tolerance, they can be seen as ‘foreign’ antigens 

by the immune system, thus potentially stimulating high-affinity T cell responses. Indeed, 

T cells specific for TSAs have been detected across many tumour types. For these 

reasons, TSAs represent the ideal target antigens for immunotherapy, since they can 

stimulate potent antitumour responses in the absence of toxicity. The development of 

novel sequencing-based approaches has greatly facilitated the detection of neoantigens 

and the systematic evaluation of their immunogenicity; based on such efforts, many 

computational algorithms for the prediction of antigenic immunogenicity have been 

developed (reviewed in ref. 221). Still, neoantigens that are able to elicit antitumour T 

cell responses are very rare (~0.5–2% of predicted immunogenic neoantigens)234. Thus, 

gaining a better understating of the rules underlying their immunogenicity is expected 

to be instrumental to the generation of TSA-specific responses with immunotherapeutic 

approaches.

Finally, additional tumour antigens can arise from either protein-coding or non-coding 

regions undergoing aberrant transcription and splicing, aberrant translation, or post- 

translational modifications. Such tumour antigens, which are termed ‘unconventional’ 

(reviewed in ref. 235), possess a diverse range of tumour-specific expression. Due to the 

lack of tools for their systematic detection and prediction, this class of antigens remain 

largely unexplored in the analysis of antitumour T cell responses, and therefore novel 

technologies will be required to investigate their role in eliciting antitumour responses.
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Fig. 1 |. Phenotypes of CD8+ T cells within the native tumour microenvironment.
Upon activation and recognition of cognate antigens (denoted by the arrow at the top), naive 

T cells differentiate into antigen-experienced T cells that can be captured by single-cell 

RNA sequencing (scRNA-seq) as a spectrum of cellular states. As a synthesis of the current 

literature, we propose a streamlined division of the tumour-infiltrating lymphocyte (TIL) 

phenotypes into two major compartments: memory T cells (TMem cells; left, blue) and 

exhausted T cells (TEx cells; right, red, orange and yellow). Of note, such representation 

does not stringently reflect differentiation pathways and T cell hierarchies, which cannot 

be fully addressed in human tumour studies due to the lack of longitudinal tracing of T 

cell clones. TMem cells encompass subsets traditionally subdivided in peripheral blood as 
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stem cell memory T (TSCM), central memory T (TCM) or effector memory T (TEM) cells 

that maintain signatures of lowly differentiated cells and retain the ability to regenerate a 

vast progeny of effector cells. In the native tumour microenvironment (TME), TMem cells 

do not exhibit tumour-specific localization, and this compartment has reduced overall clonal 

expansion within the TME. Screening of the T cell receptor (TCR) specificity of TMem 

cells has revealed them to be the preferential reservoir of T cells with antiviral reactivity 

and, therefore, consistent with bystander TILs, persisting in conditions where the cognate 

antigen levels are low and controlled. In contrast, TEx cells are highly enriched within the 

TME, where they demonstrate broad expression of signatures of activation and exhaustion. 

Their high expression of immune-checkpoint molecules renders them highly sensitive to 

cancer-induced inhibition. They have been found to consistently express common markers 

(for example, programmed cell death protein 1 (PD1) and CXC-chemokine ligand 13 

(CXCL13)) across studies but display a phenotypic diversity, which translates into a range 

of capacities for cytotoxicity and extent of dysfunction. Progenitor exhausted T cells (TPE 

cells) are early dysfunctional T cells that retain the capacity to regenerate a proportion of 

the TEx cell compartment but lack effector functions. In contrast, terminally exhausted T 

cells (TTE cells), represent the last stage of differentiation: their cytotoxic capabilities are 

restrained by inhibitory signals from within the TME due to their high level of expression 

of immune-checkpoint molecules. Finally, a proportion of TEx cells exhibits expression 

of signatures related to the acquisition of a tissue-resident memory programme (TRM 

cells), which confers concomitant expression of inhibitory molecules and high cytotoxic 

potential. We define this compartment as TRM-like TEx cells because of their phenotypic 

connections with the TEx cell compartment, but we acknowledge that TRM cells with a 

similar profile can differentiate in normal tissues upon acute infections to provide a first 

line of defence against pathogen recurrence. Tumour-specific TRM-like TEx cells have 

been detected within the TME, thus demonstrating that such a phenotype can also be 

elicited upon chronic stimulation provided by tumour antigens. Across tumours, the TEx cell 

compartment is highly clonotypically expanded, consistent with likely recognition of tumour 

cells. Phenotypic analyses of TCR clonotype families have confirmed the clonal relatedness 

of diverse TEx cell subsets, possibly constituting different stages of differentiation driven 

by the recognition of tumour antigens. TEx and TMem TCR clonotypes have been found 

to only marginally overlap, indicating a distinct division of the specificities of the two 

compartments. Indeed, several studies of TIL specificity across different tumour types have 

now unambiguously demonstrated that the TEx cell compartment is almost exclusively 

enriched in antitumour TCRs. CCR7, CC-chemokine receptor 7; HOBIT, homologue of 

BLIMP1 in T cell; IL-7R, IL-7 receptor; TCF1, T cell-specific transcription factor 1; 

TIM3, T cell immunoglobulin mucin receptor 3; TOX, thymocyte selection-associated high 

mobility group box protein.
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Fig. 2 |. Effect of immunotherapies on the T cell repertoire of patients.
Immunotherapies can rely on antitumour T cells already present within the native tumour 

microenvironment (TME) or in extratumoural sites (lymph nodes, peripheral blood and 

normal tissues). Such pre-existing T cell responses (red T cells) can be amplified (indicated 

by a circular arrow) in extratumoural sites or reinvigorated within the TME (as denoted by 

the release of cytokines and chemokines) in vivo, through the administration of cancer 

vaccines or immune-checkpoint blockade (ICB) therapies. Amplification of responses 

and release of cytokines within the tumour can favour the recruitment of T cells from 
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extratumoural sites. Pre-existing responses can be expanded ex vivo for the generation of 

T cell products for adoptive tumour-infiltrating lymphocyte (TIL) therapy. By targeting 

pre-existing responses, which are usually sustained by exhausted T cells specific for a wide 

array of tumour antigens, such immunotherapies are expected to stimulate polyclonal but 

dysfunctional T cells. Conversely, the elicitation of non-exhausted antitumour responses 

requires the de novo generation of antitumour T cells (green T cells). Immunotherapies can 

elicit de novo T cell responses directly in vivo, through the administration of cancer vaccines 

that can induce antigen-presenting cell-mediated priming of antigen-unexperienced T cells; 

alternatively, the specificity of functional T cells may be rewired in vitro by inserting natural 

T cell receptors (TCRs) or chimeric antigen receptors (CARs) using gene-manipulation 

technologies. Immunotherapies that induce de novo responses allow the steering of T 

cell responses towards the recognition of the targeted tumour antigens, optimally under 

conditions that minimize the induction of exhaustion. Finally, effective antitumour T cells 

induced by immunotherapies can lyse tumour cells, thus fostering the release of additional 

tumour antigens, which can be presented by antigen-presenting cells. This phenomenon, 

known as epitope spreading, can further contribute to the amplification and reinvigoration of 

pre-existing responses as well as to the induction of new T cell specificities. MHC, major 

histocompatibility complex.

Oliveira and Wu Page 41

Nat Rev Cancer. Author manuscript; available in PMC 2024 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3 |. Mechanisms of response to ICB and the T cell subsets involved.
a, Schema of the characteristics of the native T cell compartment associated with subsequent 

response (right) or non-response (left) to treatment with immune-checkpoint blockade 

(ICB). Complete or partial responses to ICB have been associated with a diverse T cell 

composition within the native tumour microenvironment (TME) as well as with a broader T 

cell repertoire in extratumoural sites (peripheral blood, normal tissues and draining lymph 

nodes). Depending on the tumour type, time of analysis and clinical setting, responders 

can be characterized by high frequencies of intratumoural tissue-resident memory T (TRM) 

cell-like exhausted T cells with high cytotoxic capacity38,69,121,215, increased fractions of 

progenitor exhausted T (TPE) cells, which possess high regenerative capacity9,12,63, or 

increased expansion and infiltration of putative tumour-reactive T cells in extratumoural 

sites59. These features are thought to underlie the mechanistic basis of responses to ICB.
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In contrast, lack of such T cell populations and, consequently, high frequencies of terminally 

exhausted T (TTE) cells that cannot be substantially reinvigorated predispose patients to 

ineffective immunotherapy responses. b, Mechanisms of action and dynamics of T cells 

upon response to ICB in patients. First, by disrupting the inhibitory axis, ICB antibodies 

can unleash the cytotoxic activity of antitumour TRM cell-like exhausted T cells, which 

can further expand within the TME (denoted by the circular arrow). This mechanism, 

so-called ‘cytotoxic revival’, has been observed early after neoadjuvant ICB treatment 

(2–4 weeks) in head and neck squamous cell carcinoma and breast cancers101,120,121. 

Second, ICB can have a systemic effect, favouring the intratumoural infiltration of novel 

(or previously undetected) T cell specificities from extratumoural sites. Newly recruited 

T cell clones might mount an antitumour response in the presence of ICB antibodies, 

which could likely prevent the inhibition of cytotoxicity. Such ‘clonal replacement’ was 

first described as present at a median time of 9 weeks after treatment in patients with 

basal and squamous cell carcinoma87. These systemic dynamics of the T cell repertoire 

have been observed as predictive of response early after treatment (2–4 weeks) in several 

clinical settings and cancer types125–128. Finally, response could be sustained by progenitor 

or early dysfunctional tumour-specific T cells (TPE cells) expanding and differentiating 

within the TME or recruited from lymph nodes and peripheral tissues. This has been 

observed in responding lung cancer and melanoma lesions, which were characterized by an 

accumulation of TPE cells late after treatment (>2 months)12,79. This phenomenon has been 

termed ‘clonal revival’, since it is characterized by the accumulation of less dysfunctional 

cells that can potentially regenerate a progeny of effector cells (dashed arrow) capable of 

tumour cytotoxicity in the presence of the ICB-mediated disruption of inhibitory signals. 

We propose that such mechanisms might have different kinetics (as presented in the graph 

modelling the temporal dynamics of T cell responses) and might synergistically contribute to 

the response to ICB based on the qualitative and quantitative status of the antitumour T cell 

repertoire (part a).
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Fig. 4 |. The phenotypic composition of transferred T cells affects the outcome of adoptive T cell 
therapy.
The quality of infused T cells with antitumour potential is a major factor 

contributing to their in vivo persistence and functionality upon transfer to patients with 

cancer162,181,182,184,185. Antitumour T cells can be expanded from tumour-infiltrating 

lymphocytes (TILs) or peripheral blood mononuclear cells (PBMCs), and they can be 

further manipulated through the introduction of natural T cell receptors (TCRs) or chimeric 

antigen receptors (CARs) to redirect their specificity towards tumour antigens (left). Ex 

vivo activation of such T cells results in expansion of T cells with a diverse spectrum of 

phenotypes (middle), which can affect the dynamics and functionality of T cells once they 

are transferred into patients with cancer (right). Infusion products enriched in exhausted 

T (TEx) cell phenotypes with low regenerative potential (terminally exhausted T (TTE) 

cells and tissue-resident T (TRM) cell-like TEx cells, top right) can provide only short-

term antitumour function and rapidly decline in vivo, thus providing a limited control of 

cancer cells. Indeed, infused TEx cell clones have been shown to contract early following 

infusion (2–4 weeks) in patients treated with adoptive T cell therapy (ACT) approaches, 

and the resulting low persistence of the antitumour T cells has been associated with disease 

progression or recurrence. Conversely, T cell products enriched with memory T (TMem) 

cells have been associated with high levels of persistence of transferred antitumour T cells 

and, in turn, with response to ACT (bottom right). The better fitness of infused T cells 

derives from the presence of cells with regenerative potential (TMem cells) or, to a limited 

extent, of progenitor exhausted T (TPE) cells, which can expand in vivo, persist long term 

and differentiate to generate a large number of effectors that provides successful tumour 

control (dashed arrow). Therefore, ACT can benefit from approaches that favour the ex vivo 

generation and expansion of non-exhausted antitumour T cells.
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Table 1 |

Novel tools for the identification of ligands of antitumour T cell receptors

Screening tool Method Number of 
screened TCRs

Number of 
peptide–HLA 
complexes 
screened

Refs.

Functional 
activation of TCR 
in T cells

T cells are transduced with a single TCR and their activation 
(upregulation of CD137, CD107a and CD107b, IFNγ, TNF and 
IL-2) is detected upon stimulation with antigen-presenting cells 
pulsed with candidate antigens

Individual TCR 
clones ~10–100 28,58

Dual 
fluorochrome-
encoded peptide–
HLA multimers

T cells are labelled with different combinations of fluorochrome-
tagged peptide– HLA multimers detected by flow cytometry

Polyclonal T cell 
populations 
(TILs or 
PBMCs)

~10–60 94,198

Heavy metal ion-
tagged peptide– 
MHC multimers

T cells are labelled with peptide–HLA multimers tagged with 
different heavy metal ions detected by CyTOF

Polyclonal T cell 
populations 
(TILs or 
PBMCs)

~100 199

DNA-barcoded 
peptide– MHC 
multimers

T cells are labelled with different peptide–HLA multimers tagged 
with DNA oligonucleotides; bulk or single-cell sequencing of DNA 
tags allows deconvolution of antigen specificity

Polyclonal T cell 
populations 
(TILs or 
PBMCs)

~1,000 
(potentially 
higher)

200,201

Magnetic 
nanoparticle– 
peptide–HLA 
complexes 
barcoded with 
nucleic acids

T cells are labelled with peptide–HLA complexes that are linked 
to magnetic nanoparticles through DNA barcodes; magnetic 
separation and sequencing of barcodes allow deconvolution of 
antigen specificity; coupled with microfluidics, it enables the 
isolation of single TCR-expressing cells

Polyclonal T cell 
populations 
(TILs or 
PBMCs)

~1,000 
(potentially 
higher)

202,203

Baculovirus 
display libraries

Sf9 insect cells are infected with a baculovirus encoding 
large libraries of peptide– HLA complexes, resulting in surface 
expression of peptide–HLA libraries; a single fluorescently labelled 
soluble TCR is used to stain peptide–HLA library-expressing Sf9 
cells that can be enriched for TCR-binding targets upon serial 
rounds of TCR staining, flow cytometry sorting and expansion of 
positive cells; sequencing of enriched cells reveals TCR-binding 
peptides

Individual TCR 
clones

~105 peptides 
with a single 
HLA

204,205

Yeast display 
libraries

Yeast are modified to express single-chain peptide–HLA complexes 
with degenerate epitope libraries; these yeasts are then stained 
with soluble TCRs that can be labelled with fluorochromes or 
magnetic beads; serial rounds of selection of TCR-binding yeasts 
and amplification of the positive fractions enables the isolation of 
yeast expressing TCR-binding peptide–HLA complexes, that can 
be identified through sequencing

Individual TCR 
clones

~108 peptides 
with a single 
HLA

206–208

RAPTR

Gene engineering of a VSVG fusion protein allows expression of 
peptide–HLA complexes on viral particles; productive interactions 
between peptide–HLA- expressing viruses and TCRs can trigger 
viral infection, which genetically labels TCR-expressing T cells; 
single-cell sequencing of viral cassettes in T cells reveals the nature 
of the recognized peptide–HLA complexes

Polyclonal T cell 
populations 
(TILs or 
PBMCs)

~100 209

Bifunctional 
receptors

Libraries of extracellular single-chain peptide–HLA complexes are 
fused to an intracellular CD28–CD3ζ signalling domain or with 
a truncated membrane– intracellular TCR domain; the resulting 
bifunctional receptors are expressed in cell lines (typically Jurkat 
cells) with NFAT-GFP reporter genes; upon interaction with TCR-
expressing effectors, bifunctional receptors are activated, leading to 
signal transduction and GFP expression, which allows the isolation 
of TCR-binding cells by flow cytometry; sequencing of gene 
cassettes encoding for bifunctional receptors on sorted populations 
reveals antigen specificity

Individual TCR 
clones

~104 peptides 
with a single 
HLA

210,211

Trogocytosis

HLA-negative cell lines (K562) are gene-modified to express 
libraries of single- chain peptide–HLA complexes; incubation of 
such cells with the TCR-expressing human T cell line (Jurkat) 
triggers the cell–cell transfer of specific TCR molecules from 
effector to target cells (trogocytosis); as a result, target K562 cells 

Individual TCR 
clones

~104 peptides 
with a single 
HLA

212
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Screening tool Method Number of 
screened TCRs

Number of 
peptide–HLA 
complexes 
screened

Refs.

expressing cognate peptide–HLA complexes can be sorted based 
on TCR positivity and can be sequenced to identify the presented 
epitope

Granzyme B 
reporter genes 
(TScan)

Target cell lines are engineered to express one or more HLAs, a 
library of epitope- encoding minigenes and a fluorescence protein 
that becomes activated by granzyme B cleavage; incubation with 
TCR-expressing T cells leads to activation of the reporter genes 
in target cells expressing specific peptide–HLA complexes and 
acquisition of a specific pattern of fluorescence; FACS of the 
fluorescent targets and sequencing of the minigene cassettes reveal 
the nature of the recognized epitope

Individual TCR 
clones or 
polyclonal T 
cells (TILs or 
PBMCs)

~104–105 

peptides on 
multiple HLAs

213,214

CyTOF, cytometry by time of flight; FACS, fluorescence-activated cell sorting; HLA, human leukocyte antigen; IFNγ, interferon γ; MHC, major 
histocompatibility complex; PBMC, peripheral blood mononuclear cell; RAPTR, receptor–antigen pairing by targeted retroviruses; TCR, T cell 
receptor; TIL, tumour-infiltrating lymphocyte; TNF, tumour necrosis factor; VSVG, vesicular stomatitis virus G.
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