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Abstract

Therapeutic reinvigoration of tumor-specific T cells has greatly improved clinical outcome in
cancer. Nevertheless, many patients still do not achieve durable benefit. Recent evidence from
studies in murine and human cancer suggest that intratumoral T cells display a broad spectrum of
(dys-)functional states, shaped by the multifaceted suppressive signals that occur within the tumor
microenvironment. Here we discuss the current understanding of T cell dysfunction in cancer, the
value of novel technologies to dissect such dysfunction at the single cell level, and how our
emerging understanding of T cell dysfunction may be utilized to develop personalized strategies to
restore antitumor immunity.

Introduction

Tumors harbor genetic alterations resulting from DNA damage, e.g., due to exposure to UV
light, tobacco smoke, or deficiencies in DNA repair (Alexandrov et al., 2013; Stephens et al.,
2009). These alterations distinguish cancer cells from normal cells, thereby frequently
prompting the induction of tumor-reactive T cell responses in both mouse models and cancer
patients (Castle et al., 2012; Matsushita et al., 2012; Robbins et al., 2013; van Rooij et al.,
2013). While the presence of tumorinfiltrating lymphocytes (TILs), and in particular CD8* T
cells, is a positive prognostic marker in multiple solid tumors (Fridman et al., 2012), these
cells fail to effectively eliminate cancer cells (Boon et al., 2006). One reason for this failed
immune control is the curtailing of effector functions of infiltrating T cells by a broad
spectrum of immunosuppressive mechanisms that are present in the tumor
microenvironment (TME) (Chen and Mellman, 2013; Mellman et al., 2011; Schreiber et al.,
2011). Among these mechanisms, the upregulation of programmed cell death-1 (PD-1) on T
cells has emerged as a major marker of T cell dysfunction. The altered functional state of
PD-1* T cells, termed T cell exhaustion, has originally been described and most extensively
studied in murine models of chronic lymphocytic choriomeningitis virus (LCMV) infection
(Wherry et al., 2007; Zajac et al., 1998), but ample evidence for it has also been obtained in
human infection and cancer (Ahmadzadeh et al., 2009; Baitsch et al., 2011; Day et al., 2006;
Trautmann et al., 2006).
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The successful reinvigoration of T cell function by blockade of PD-1, or its ligand PD-L1,
highlights the importance of the PD-1/ PD-L1 axis in T cell dysfunction (Day et al., 2006).
In line with this, antibodies targeting PD-1/PD-L1 have shown impressive activity in
multiple cancer types, including melanoma (Robert et al., 2014, 2015), non-small-cell lung
cancer (NSCLC) (Borghaei et al., 2015; Brahmer et al., 2015; Fehrenbacher et al., 2016),
renal cancer (RCC) (Motzer et al., 2015), urothelial cancer (Balar et al., 2017; Rosenberg et
al., 2016), and head and neck squamous cell cancer (HNSCC) (Seiwert et al., 2016). While
the objective response rates between 15% and 34% that were observed in these studies
signify a clear improvement in patient outcome, the majority of patients still do not respond
or do not achieve durable responses to this therapy. Lack of (durable) response is thought to
be explained at least in part by the activity of other inhibitory pathways in T cells.
Specifically, a simultaneous expression of different inhibitory receptors, so-called immune
checkpoints, has been observed on a fraction of T cells and increases with progressive
dysfunction (Thommen et al., 2015; Wherry, 2011). Furthermore, it has been found that T
cells can differentiate into an exhausted state even in the absence of PD-1 (Legat et al., 2013;
Odorizzi et al., 2015). Direct evidence for the role of these additional pathways comes from
the observation that T cell subsets expressing certain immune checkpoint combinations
display synergistic responses to immunotherapy combinations, compared with anti-PD-1
monotherapy (Fourcade et al., 2010; Sakuishi et al., 2010). As the intratumoral T cell pool is
exposed to many distinct immunosuppressive mechanisms, a broad spectrum of
dysfunctional T cell states may be expected. Importantly, these states can also be expected to
partially diverge from the dysfunctional state of T cells in chronic viral infections, as the
microenvironment in tumors will only show a partial overlap with that of chronically
infected sites (Figure 1).

In this perspective, we review the hallmarks of exhausted T cells in cancer and in chronic
viral infection. A better understanding of intratumoral T cell dysfunction should be of value
from a fundamental biological perspective, should allow improved patient stratification, and
should offer novel avenues for the restoration of intratumoral T cell activity.

Characteristics of Intratumoral T Cell Dysfunction Hallmarks of Exhausted
T Cells in Chronic Viral Infection and Cancer

Prolonged exposure of T cells to their cognate antigen results in T cell receptor (TCR)
signals that lead to elevated and sustained expression of inhibitory receptors on these cells.
In addition, T cells enter a state of dysfunction that is characterized by a hierarchical loss of
effector functions and proliferation, as well as distinct transcriptional and metabolic
changes. This dysfunctional state was initially described for antigen-specific T cells in
chronic murine LCMV infection (Wherry et al., 2007), but a similar state has also been
observed in T cells in cancers (Baitsch et al., 2011). Comparison of gene expression profiles
derived from T cells in human or murine tumors with those from chronic viral infections has
revealed that exhausted T cells in both conditions share many phenotypic and functional
characteristics. Of these characteristics, the upregulation of immune checkpoints has been
described as one of the hallmarks of T cell exhaustion (Wherry et al., 2007). While transient
expression of PD-1 is a characteristic of normal T cell activation, persistent antigen exposure
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induces a sustained expression of PD-1, which characterizes—and possibly drives—T cell
dysfunction (Ahmadzadeh et al., 2009; Baitsch et al., 2011; Wherry, 2011). In addition to
PD-1, dysfunctional T cells have been shown to overexpress other inhibitory receptors,
including T cell immunoglobulin and mucin domain-3 protein (Tim-3), Lymphocyte-
activation gene 3 (Lag-3), Cytotoxic T lymphocyte antigen-4 (CTLA-4), and T cell
immunoglobulin and ITIM domain (TIGIT) (Blackburn et al., 2009; Kuchroo et al., 2014).
The fraction of T cells that simultaneously express these receptors—and that often also
exhibit a high expression level of PD-1—increases during progressive dysfunction, as
defined by the gradual loss of effector functions (Blackburn et al., 2008; Schreiner et al.,
2016). Analysis of the pattern of inhibitory receptor co-expression on T cells in both chronic
hepatitis B virus infection and cancer has revealed a hierarchical expression of these
receptors, dominated by the expression of PD-1 (Bengsch et al., 2014; Thommen et al.,
2015).

A second feature of exhausted T cells in chronic viral infection is the progressive loss of
effector functions, including the secretion of interleukin (IL)-2, tumor necrosis factor
(TNF)a, interferon (IFN)g, and b-chemokines (Wherry et al., 2007). Several studies have
demonstrated that tumor-infiltrating CD8* T lymphocytes are also impaired in their
production of effector cytokines (Baitsch et al., 2011; Zippelius et al., 2004) in, among
others, melanoma (Ahmadzadeh et al., 2009), NSCLC (Thommen et al., 2015), HNSCC (Li
et al., 2016), gastric cancer (Lu et al., 2017), and ovarian cancer (Matsuzaki et al., 2010).

Finally, exhausted T cells in chronic LCMV infection display a particular gene expression
profile that is distinct from that of naive, effector, or memory T cells and that, in addition to
changes in inhibitory receptor expressionand cytokine production, encompasses alterations
in transcription factor expression and in pathways involved in chemotaxis, migration, and
metabolism (Wherry et al., 2007). The transcriptional profile of CD8* T cells directed
against the Melan-A/MART-1 melanoma antigen isolated from melanoma metastases after
vaccination largely overlaps with the exhaustion signature derived from CD8* T cells during
chronic LCMV infection, and contains similar alterations in processes involved in immune
response, cell migration, signaling, metabolism, cell cycle, and DNA repair (Baitsch et al.,
2011).

Phenotypic and Transcriptional Differences between Dysfunctional T Cells
in Cancer and Chronic Viral Infection

Based on the observation that T cells derived from human tumors and chronic viral infection
share a number of phenotypic, transcriptional, and functional characteristics, initial studies
assumed that the exhausted state of tumor-reactive T cells would be similar to that of virus-
specific T cells in chronic infections. More recent work that provides an in-depth analysis of
intratumoral T cell dysfunction, however, leads to a model in which the exhaustion
signatures during chronic infection and cancer do exhibit clear differences. In particular,
whereas the upregulation of inhibitory receptors is seen in both situations, the relative
expression of distinct inhibitory receptors appears to differ between tumor- and virus-
specific T cells. Specifically, the expression of KLRG-1, CD160, Lag-3, and CTLA-4 varies
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between melanoma- and EBV-specific T cells, indicating that the upregulation of inhibitory
receptors might be context-dependent (Baitsch et al., 2011, 2012).

Transcriptional profiling of T cells in chronic infection has revealed a set of transcription
factors that is altered in expression compared with non-exhausted T cells, and thus has been
associated with exhaustion (Wherry et al., 2007). While further studies have suggested
involvement of a broad number of transcription factors, including NFAT, Eomes, T-bet,
Blimp-1, BATF, FoxO1, VHL, and c-Maf, a master regulator that initiates and controls the
process of dysfunction has not yet been found (Agnellini et al., 2007; Doedens et al., 2013;
Giordano et al., 2015; Kao et al., 2011; Paley et al., 2012; Quigley et al., 2010; Shin et al.,
2009; Staron et al., 2014). The understanding of gene regulation in dysfunctional T cells is
further complicated by the fact that many of these transcription factors act in a context-
specific manner, with a different function in exhausted T cells than in non-exhausted effector
or memory T cell subsets (Kao et al., 2011; Paley et al., 2012; Quigley et al., 2010; Shin et
al., 2009). One prominent example of this is formed by the T-box transcription factors T-bet
and Eomesodermin (Eomes). While T-bet controls normal effector differentiation of CD8*
and CD4* T cells, it also regulates the non-terminally exhausted progenitor pool in chronic
LCMYV infection by repressing the expression of PD-1 and other inhibitory receptors.
Eomes, in contrast, regulates the protein expression needed for memory formation following
acute infection, but is also expressed by the terminally exhausted T cell pool in chronic
infection, contributing to the upregulation of inhibitory receptors seen in these cells
(Banerjee et al., 2010; Intlekofer et al., 2005; Paley et al., 2012; Zhou et al., 2010).
Importantly, while these two transcription factors thus show a reciprocal expression pattern
in chronic viral infections, this is different from what is observed in tumor-specific
dysfunctional T cells. In the latter situation, T cells do not display high Eomes expression,
but rather show both reduced T-bet and Eomes expression over the course of tumor
progression, as recently described in a murine liver cancer model (Schietinger et al., 2016).
Thus, the role of these two transcription factors in T cell dysfunction may differ between
chronic viral infection and tumor outgrowth. It will be of particular interest to assess
whether the unresponsiveness to PD-1 blockade that is observed for Eomes™ PD-1M T cells
in chronic infection is also present in highly dysfunctional intratumoral T cells, with their
lower level of Eomes expression.

The identification of transcriptional pathways that mediate T cell dysfunction is complicated
by the fact that the gene signatures of exhausted T cells show a fair degree of overlap with
those of recently activated T cells, consistent with the critical role of TCR signaling in
driving both states (Doering et al., 2012; Tirosh et al., 2016). This overlap is also reflected
by the large number of immune checkpoints present on exhausted T cells that are transiently
expressed during T cell activation, a process that may be interpreted as a protection
mechanism against overstimulation (Anderson et al., 2016). Network analysis of exhausted
LCMV-specific T cells has, however, revealed that the connectivity patterns of key
transcriptional regulators are different between exhausted and memory T cells (Doering et
al., 2012). Recent work from the Anderson group described a distinct gene module for
dysfunction in murine tumor models that could be separated from that of T cell activation
(Singer et al., 2016), and single cell RNA sequencing of intratumoral T cells indicated that
these two gene modules are mutually exclusive. Expression of metallothioneins, which
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regulate intracellular zinc availability, and several zinc-finger transcription factors were
highly increased in dysfunctional CD8* TILs, and targeted deletion of metallothionein 1 and
2 could improve T cell functionality and restore antitumor immunity. Of note, PD-1 and
Tim-3 expression remained unchanged upon metallothionein-deletion, indicating that
inhibitory receptor expression can be uncoupled from other aspects of T cell dysfunction,
and was more likely to reflect T cell activation in this setting.

Tumors are complex ecosystems, defined by the interplay of a large number of cellular and
soluble components. Whereas TILs share the core exhaustion signature of virus-specific T
cells driven by the persistent antigen exposure, their phenotypic and transcriptional profile is
additionally shaped by cell-intrinsic and -extrinsic immunosuppressive factors in the TME
that will partially differ from those at sites of chronic infection. These immunosuppressive
mechanisms include (1) the expression of inhibitory receptors and their ligands; (2) the
recruitment of immunosuppressive cell populations such as regulatory T cells (Tregs) and
myeloid-derived suppressor cells; (3) direct repression of T cell function via secretion of
suppressive cytokines such as IL-10 and TGFb; (4) direct repression of T cell function via
production of metabolites, including adenosine, prostaglandins, and lactate; (5) production
of suppressive compounds and enzymes, including nitric oxide synthase, reactive oxygen
species and indoleamine-2,3 dioxygenase (IDO); and (6) physiological changes in the TME
such as hypoxia, low pH, and the deprivation of nutrients, such as glucose or amino acids
(Fridman et al., 2017; Gajewski et al., 2013; Speiser et al., 2016; Zarour, 2016). In the next
section, we focus on the role of metabolic factors in T cell dysfunction. For an overview of
other immunosuppressive mechanisms in the TME, we refer to the excellent reviews
mentioned above.

Impact of the Tumor Metabolism and Genetics on Dysfunctional TIL States

Following TCR triggering, T cells undergo profound metabolic changes to meet the bio-
energetic demands associated with cellular proliferation and effector differentiation.
Whereas naive T cells largely rely on oxidative phosphorylation (OXPHOS), they switch to
the use of aerobic glycolysis upon antigen stimulation, to generate the required ATP (Chang
et al., 2013; Pearce and Pearce, 2013). During memory formation, T cells revert back to the
use of OXPHOS and become increasingly dependent on mitochondrial fatty acid oxidation
(van der Windt et al., 2013; van der Windt and Pearce, 2012). In dysfunctional T cells, the
link between antigenic stimulation, and metabolic pathway activation appears altered. In
chronic LCMV infection, profound changes in genes related to metabolic pathways have
been observed (Wherry et al., 2007). Of note, metabolic dysfunction of virus-specific T cells
already develops during the first weeks of infection, before a major loss in effector functions
occurs. These bio-energetic alterations include a reduction in glucose uptake and use,
dysregulation of mitochondrial energetics, as well as the upregulation of anabolic pathways.
Furthermore, it has been shown that PD-1 contributes to these early glycolytic and
mitochondrial changes, as PD-1 deficient T cells do not undergo these metabolic changes in
the murine LCMV model, and as the key metabolic regulator PPAR-gamma coactivator la
(PGC-1a) is repressed by PD-1 triggering (Bengsch et al., 2016). Similar observations have
been made in a murine tumor model, where enforced expression of PGC-1a led to
reprogramming of tumor-specific T cells and improvement of metabolic and effector
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function (Scharping et al., 2016). While these metabolic changes have been observed in both
tumor- and virus-specific T cells, comparison of T cells reactive to the same antigen in either
a murine chronic infection model or cancer model revealed a persistent loss of mitochondrial
function and mass that was specific to T cells that resided at the tumor site. These
mitochondrial alterations were also observed in human CD8* TILs in HNSCC tumors
(Scharping et al., 2016; Siska et al., 2017).

To generate the energy required to exert effector functions, T cells are highly dependent on
the availability of nutrients within their microenvironment (Scharping et al., 2016). T cells
that fail to upregulate metabolic pathways upon activation, or that are activated under
nutrient-poor conditions, have been described to acquire a hyporesponsive phenotype that
cannot be reverted by subsequent stimulation (Zheng et al., 2009). The metabolic landscape
of tumors is in large part determined by the energetics of cancer cells, because of their high
bio-energetic demands for proliferation. The increased utilization of glycolysis and
OXPHOS by tumor cells leads to a depletion of essential nutrients, as well as the
accumulation of immunosuppressive metabolites such as lactic acid (Vander Heiden et al.,
2009). This creates an environment with low glucose, low amino acids, low oxygen, and low
pH, which are all considered metabolic checkpoints (Kato et al., 2013; Martinez-Outschoorn
etal., 2017; Scharping and Delgoffe, 2016; Wilson and Hay, 2011). Hence, the functionality
of T cells will not only be affected by their intrinsic metabolic alterations, but also by the
unfavorable metabolic milieu within the TME.

In line with this model, low glucose availability in the TME has been shown to render CD8*
T cells less capable of controlling tumor growth in a mouse sarcoma model (Chang et al.,
2015). Similar findings in a mouse melanoma model indicated a role for the glycolytic
metabolite phosphoenolpyruvate (PEP) in sustaining Ca2*-NFAT signaling and T cell
effector function (Ho et al., 2015). PEP levels are decreased in exhausted T cells, and
overexpression of phosphoenolpyruvate carboxykinase (PCK1) to increase PEP production
can restore effector functions in CD8* T cells via metabolic reprogramming. Blockade of the
immune checkpoints CTLA-4, PD-1, and PD-L1 in a mouse tumor model has been shown to
restore glucose availability in the TME as well as to increase glucose uptake, and to
reinvigorate effector functions in CD8* TILs (Chang et al., 2015). Moreover, this study
provided evidence to suggest that PD-L1 blockade may not only target the metabolism of T
cells, but also that of tumor cells by directly dampening glucose uptake and glycolysis in the
latter. On a more general note, efforts to reduce the metabolic activity of tumor cells may be
of potential interest, as an indirect strategy to increase the amount of glucose that can be
utilized by T cells.

In addition to glucose, the supply of certain amino acids also impacts the effector functions
of intratumoral T cells. First, glutamine is essential for T cell activation and differentiation,
but is also often depleted from the TME due to its use as primary fuel for tumor cells
(Altman et al., 2016; Carr et al., 2010). Second, tryptophan is lacking in some TMEs due to
the secretion of the tryptophan metabolizing enzyme IDO by tumor cells and suppressive
immune cells, also leading to an increase in its immunosuppressive catabolite kynurenine
(Platten et al., 2012). Kynurenine accumulation in turn promotes the generation of
regulatory T cells (Julliard et al., 2014). Third, arginase secretion by myeloid cells leads to
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depletion of the arginine that is required for T cell activation and proliferation (Lind, 2004;
Munder et al., 2009). Next to amino acid deprivation, the pH changes and the loss of
cytosolic NAD™ regeneration induced by the lactic acid that is generated as a waste product
of tumor cell glycolysis further inhibit T cell function and cytokine production (Choi et al.,
2013). In addition, tumor-derived lactic acid has also been shown to induce apoptosis of
naive T cells via loss of FAK family-interacting protein of 200 kDa (FIP200), which may
further support the ability of tumors to evade immune control (Xia et al., 2017).
Neutralization of acidic components in the TME has been shown to boost antitumor
immunity in animal models (Pilon-Thomas et al., 2016).

Another metabolic parameter that is closely linked with the above discussed characteristics
of the TME is hypoxia. During rapid tumor growth, areas that lack sufficient perfusion
develop. The resulting limitation in oxygen availability impacts T cell metabolism, by
reducing energy production via OXPHOS and inducing an increased dependency on
glycolysis. In different studies, hypoxia has been shown to both increase and impair T cell
responses. On the one hand, data from murine chronic infections and tumor models suggest
that cytotoxicity of T cells may be enhanced under conditions of hypoxia, leading to more
efficient virus and tumor control (Doedens et al., 2013; Gropper et al., 2017). On the other
hand, hypoxia induces increased expression and activity of the transcription factor hypoxia-
inducible factor 1a (HIF-1a), which promotes the expression of inhibitory receptors on T
cells (Doedens et al., 2013), and leads to a reduction in T cell effector functions (Fischer et
al., 2007). These seemingly contradictory findings may be explained by a model in which
the outcome of hypoxia is determined by the presence or absence of other metabolic
checkpoints. In particular the lack of glucose in the TME may restrict the functionality of T
cells that rely on glycolysis in an oxygen-low milieu (a detailed review of this topic is
provided by Zhang and Ertl, 2016).

Recent studies have provided evidence that classical immune checkpoints can interact with
metabolic checkpoints. For instance, the inhibitory receptor CTLA-4 on T cells competes
with CD28 for B7 ligands and thereby suppresses the CD28-mediated T cell costimulation
that is essential to increase T cell glucose uptake and metabolism (Frauwirth et al., 2002;
Parry et al., 2005). Moreover, CTLA-4 ligation has been shown to inhibit mTOR signaling
via recruitment of protein phosphatase 2A (PP2A) and subsequent Akt dephosphorylation
(Teft et al., 2009; Wlodarchak and Xing, 2016). Activation of PI3K, Akt, and mTOR
regulates the switch to anabolic metabolism and subsequent aerobic glycolysis via
transcription factors including Myc and HIF-1 (Maclver et al., 2013; Wang et al., 2011).
Furthermore, Akt and mTOR are also inhibited by PD-1 ligation (Chemnitz et al., 2004; Wu
etal., 2001).

The genetic alterations that cancer cells acquire during tumor development have been shown
to sculpt the TME. Such sculpting can either involve repression of T cell recruitment to the
tumor site (Nagarsheth et al., 2017; Peng et al., 2015) or inhibition of the functionality of T
cells at that site. For instance, activation of the Wnt-b-catenin signaling pathway in
melanoma has been found to reduce the recruitment of antigen-presenting cells, particularly
CD103* dendritic cells (DCs). This not only promotes T cell exclusion from the tumor, but
also limits the priming and activation of the few T cells that do manage to infiltrate
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(Spranger et al., 2015). Antitumor T cell responses can also be suppressed by cytokines such
as IL-1 and VEGF that are highly abundant in tumors with BRAF mutations (Khalili et al.,
2012). In addition, BRAF mutations lead to constitutive activation of the MEK-MAPK
pathway, thereby suppressing OXPHOS and enhancing glycolysis (Hall et al., 2013; Haq et
al., 2013). Loss of PTEN correlated with reduced T cell-mediated tumor cell killing and
effector cytokine secretion. Of note, melanoma patients with tumors that display PTEN loss
showed a significantly lower reduction in tumor burden upon PD-1 treatment (Peng et al.,
2016). Finally, a recent study investigating longitudinal biopsies of melanoma patients under
CTLA-4 and PD-1 blockade observed that, while response to PD-1 blockade was associated
with increased expression of genes related to cytotoxicity, antigen processing, and IFNg
signaling, therapy resistance correlated with increased VEGFA expression (Chen et al.,
2016). VEGF secretion has been found to affect T cell functionality both directly and
indirectly, via suppression of DC maturation and recruitment of suppressive cell populations
(Gabrilovich et al., 1998; Terme et al., 2013).

Taken together, an increasing amount of evidence has been obtained indicating that
intratumoral T cells can adopt a spectrum of dysfunctional states, sculpted by TCR
triggering in the context of different micro-environmental factors, such as engagement of
inhibitory receptors, presence of immunosuppressive cytokines, and cell populations, as well
as metabolic factors. The observation of a series of distinct dysfunctional states provides a
strong rationale for the development of individually tailored therapeutic strategies to restore
the function of the intratumoral T cell population.

Novel Technologies to Describe T Cell Dysfunction at the Single Cell Level

Capturing T Cell States by Mass Cytometry and Single Cell Sequencing

While the (dys-)functional states of intratumoral T cells show differences between tumors, T
cell infiltrates within individual tumors are also highly heterogeneous. This heterogeneity
occurs along at least three axes: (1) heterogeneity with respect to the conventional T cell
subsets (e.g., CD8", CD4* Thy, Thy, Thy7, Tregs, y8T cells), (2) heterogeneity with respect
to the degree and type of dysfunction of T cells in a given subset, and (3) heterogeneity with
respect to the capacity of the TCR of an individual cell to recognize tumor antigen. Because
of this heterogeneity, the spectrum of T cell states in a tumor can only be captured
appropriately by analyses at the single cell level. Immunologists realized the value of single
cell-based analyses long ago, as shown by the development of immunohistochemistry and in
particular flow cytometry. These more traditional approaches have over the past few years
been complemented by novel approaches that allow one to determine individual cell states of
immune cells, stromal cells, and malignant cells in human cancers, such as mass cytometry,
single cell sequencing, and highly multiplexed single cell imaging (Figure 2). Mass
cytometry allows for quantification of more than 50 readouts at the single cell level by
combining metal isotope-labeled antibodies with mass spectrometry-based detection
(Bandura et al., 2009; Ornatsky et al., 2010). One drawback of this method is that data are
only obtained on a pre-defined set of parameters, thereby precluding completely unbiased
analyses. In addition, unlike flow cytometry, isolation of viable cells for downstream
(functional) analysis is precluded. Single cell sequencing has the advantage of being truly
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unbiased. As a downside, the low RNA content of T cells presently precludes the
identification of the full transcriptome of cells, and heterogeneity with respect to transcripts
that are present at lower levels may be difficult to identify (Chevrier et al., 2017). In
addition, heterogeneity at the level of protein translation or protein turnover will be missed.

Recent work describes the use of these technologies to obtain an in-depth characterization of
tumor ecosystems in different cancer types, including breast cancer (Chung et al., 2017),
RCC (Chevrier et al., 2017), NSCLC (Lavin et al., 2017), and HCC (Zheng et al., 2017).
Single cell sequencing of 11 breast cancer patients revealed three clusters of immune cells: T
cells displaying either an exhausted or regulatory phenotype, B cells, and macrophages with
mostly an M2 differentiation profile (Chung et al., 2017). Several T cell subclusters could be
identified, distinguished by naive, costimulatory, cytotoxic, regulatory, or exhaustion
signatures. PD-1 expression was modest in all clusters, but expression of other immune
checkpoints such as TIGIT or Lag-3 was observed more frequently, suggesting that these
alternative pathways might be important in this tumor type.

A study using single cell mass cytometry compared immune infiltrates in 32 NSCLCs with
matched adjacent normal tissue and peripheral blood. Tumors displayed increased numbers
of Tregs and decreased numbers of cytolytic T cells compared to normal tissue. PD-1 was
expressed on a subset of CD8* and CD4* T cells. In addition, changes in the distribution of
myeloid cells between tumors, normal lung tissue and peripheral blood were observed
(Lavin et al., 2017). A second study, describing the in-depth profiling of immune infiltrates
in 73 patients with clear cell RCC by mass cytometry led to the identification of 22 T cell
phenotypes and 17 tumor-associated macrophage phenotypes (Chevrier et al., 2017). Among
the T cell clusters, seven different clusters of CD8* T cells that expressed PD-1 were
observed. Of note, the co-expression of other inhibitory receptors including Tim-3 and
CTLA-4, as well as the expression of costimulatory or proliferation markers, varied greatly
between these clusters, which are therefore likely to reflect distinct (dys-)functional states.
In patients harboring large numbers of T cell clusters expressing high levels of PD-1 and a
marker profile corresponding to intermediate to highly exhausted TILs, other T cell subsets
with little or no PD-1 expression were absent, suggesting mutually exclusive T cell states.
Furthermore, correlation analyses of the frequencies for each immune cell cluster of each
individual tumor were used to unravel relationships between different immune cell subsets.
These analyses demonstrated that the presence of a highly exhausted T cell cluster strongly
correlated with the presence of both regulatory T cells and PD-L1 and PD-L2 expressing
macrophages, indicating that this technology allows the identification of connectivity
between cell populations in the TME.

Single cell RNA sequencing of tumor material from 19 melanoma patients yielded profiles
of tumor, immune, stromal, and endothelial cells (Tirosh et al., 2016). Intratumoral T cell
clusters displayed gene signatures associated with cytotoxicity and T cell exhaustion,
suggesting an activation-dependent exhaustion program, as described previously (Fuertes
Marraco et al., 2015; Wherry et al., 2007). In line with the data discussed in the previous
section, also an activation-independent exhaustion program could be derived. This program
was used to further subdivide T cells into *‘high-exhaustion’” and “‘low-exhaustion’” cells,
relative to their expression of cytotoxicity genes. Comparison of these high- and low-
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exhaustion signatures allowed the definition of a core exhaustion signature that consistently
identified high-exhaustion cells in most tumors, as well as additional genes that showed
variable expression across tumor samples, conceivably reflecting distinct influences of the
TME, or treatment-induced effects.

A major advantage of single cell sequencing in the analysis of T cell dysfunction is its truly
unbiased nature, making it possible to detect novel markers that are associated with the
exhausted T cell state. A recent example of this is the discovery of LAYN as a marker of
dysfunctional CD8* T cells and Tregs in HCC (Zheng et al., 2017). Phenotypic and
functional analyses indicated that the expression of LAYN was mutually exclusive with
LAG-3 on CD8* T cells and that overexpression of LAYN impaired IFN+y secretion.
Another gene that has repetitively been found to be expressed in exhausted intratumoral T
cell clusters, but not in gene expression data from chronic viral infections, is CXCL13
(Baitsch et al., 2011; Tirosh et al., 2016; Zheng et al., 2017). CXCL13 is a chemokine that is
critically involved in the recruitment of B cells to lymph nodes and in the formation of
germinal centers (Ansel et al., 2000). While its secretion by CD4* follicular helper T cells
has been well described (Crotty, 2011; Kroenke et al., 2012), its role in intratumoral CD8* T
cells is presently unknown.

The combined analysis of transcriptional profiles and TCR sequences of individual cells was
recently used to investigate clonal relationships between distinct T cell clusters (Zheng et al.,
2017). Comparison of tumor, adjacent normal liver tissue, and blood samples from six
patients with HCC revealed a preferential enrichment of two T cell subsets with gene
signatures associated with exhausted CD8* T cells and Tregs in tumor samples. TCR
analysis demonstrated a clonal expansion of T cells in these subsets. Pseudotime state
transition analysis provided evidence that CD8" T cells progress from naive via effector
memory differentiation to a cytotoxic and finally exhausted T cell state. This conclusion was
also supported by sharing of TCRs between the effector memory and cytotoxic T cell
clusters, and between the cytotoxic and exhausted T cell clusters. In contrast, CD4* T helper
cells appeared to initially progress from a naive to a T helper cell state and then diverged
into either a cytotoxic or exhausted T cell state, with very limited sharing of TCR sequences
between the two populations. The use of this type of technology that provides detailed
information on the transcriptional or phenotypic profile of distinct T cell states, together
with the identification of the TCRs they carry, should greatly increase our understanding of
the conditions under which dysfunctional T cell populations develop and which cell states
they occupy.

Coupling T Cell State to Tumor Recognition Potential

One of the main limitations of the technologies discussed above is that these approaches do
not allow one to couple cell state to the intrinsic capacity of a cell to recognize tumor. To
develop novel therapeutic strategies to restore antitumor immunity, it is not only important to
achieve a better understanding of the (dys-)functional states that T cells assume, but also
how particular dysfunctional states and intrinsic tumor reactivity are connected. Put
differently, the functional states of specifically those T cells that carry a tumor-reactive TCR
are of most interest, as reactivation of those cells can be expected to have the most profound

Cancer Cell. Author manuscript; available in PMC 2020 December 24.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Thommen and Schumacher Page 11

impact on tumor control. At least four different strategies are currently being developed to
address this question. First, peptide-MHC (pMHC) multimers have over the past years been
widely used to quantify the effects of cancer immunotherapy on T cell responses to defined
antigens (e.g., Kvistborg et al., 2012; van Rooij et al., 2013). The combination of MHC
multimer staining with mass cytometry or with single cell sequencing analysis forms a
logical next step. Indeed, recent data obtained by mass cytometry of MHC multimer-labeled
cells demonstrate feasibility and reveal that intratumoral T cells with the same epitope
specificity can display substantial heterogeneity (Fehlings et al., 2017).

As a second strategy to understand tumor reactivity, intratumoral T cells may be expanded to
subsequently assess their reactivity, either by co-culture with autologous tumor material
(Muul et al., 1987; Topalian et al., 1989; Tran et al., 2008), or by using high-throughput
platforms that incorporate tumor-specific epitopes of an individual patient (Gros et al.,
2016). With the caveat that proliferative and functional potential may be influenced by T cell
exhaustion state, the parallel testing of expanded T cells that are sorted on the basis of
phenotypic markers makes it possible to couple T cell differentiation state to tumor
reactivity. This approach was successfully used to demonstrate the superior tumor
recognition capacity of PD-1* compared with PD-1 T cells in tumors and peripheral blood
of melanoma patients (Gros et al., 2014, 2016). In this approach, the markers used to
separate T cell subsets need to be chosen in advance, thereby limiting its value to the
analysis of small lists of “‘usual suspects.”” A third approach that does not suffer from this
limitation would be to link single cell sequencing data and tumor recognition data by TCR
analysis. The identification of TCR sequences in single cell sequencing data allows one to
couple the specific state of an intratumoral T cell to the TCR expressed by this cell (Zheng
etal., 2017). T cells from the same tumor may conceivably be expanded ex vivoand
assessed for tumor reactivity. TCR analysis of those T cells that show or lack tumor
reactivity would then enable one to couple tumor recognition potential within a specific cell
state, based on the matching of TCR sequences.

A limitation of the above two approaches may be that the functional and proliferative
capacity of tumor-infiltrating T cells could be impaired due to their exhausted state, thereby
skewing the detection of tumor reactivity in the expanded T cell population. The transfer of
TCRab gene pairs identified by single cell TCR sequencing from tumor material into healthy
donor peripheral blood T cells overcomes this issue and allows the analysis of tumor
reactivity of intratumoral TCR repertoires in a truly unbiased manner. Coupling of this
approach with single cell transcriptome analysis should form a fourth and fully
unambiguous approach to link tumor recognition potential of a T cell to its transcriptional
state. An interesting goal of all these analyses will be to develop algorithms to predict tumor
reactivity of T cells with high precision, without any requirement for functional testing.

Spatial Analysis of T Cell States

Signals derived from immune checkpoint ligands on cancer cells, stromal cells, or other
immune cells that surround tumorinfiltrating T cells, as well as local gradients of pH,
oxygen levels, or suppressive soluble factors, may provide a spatial component to the
intratumoral heterogeneity of T cell states. A recent study in melanoma revealed that, rather
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than the numbers of intratu moral CD8* T cells, the localization of these cells within the
tumor was predictive of response to PD-1 blockade (Tumeh et al., 2014). The same study
also observed a predictive effect of PD-1 expression in pretreatment biopsies, if PD-1* T
cells colocalized with PD-L1 expressing cells at the invasive margin. The impact of spatial
distribution of intratumoral lymphocyte populations on clinical outcome, and particularly
their colocalization with other cell subsets has also been described in other studies.
Localization of CD8" T cells, but not CD4" or total T cells in proximity to cancer cells
correlated with a better overall survival in pancreatic adenocarcinoma (Carstens et al., 2017).
Similar findings have been obtained in breast cancer (Heindl et al., 2015; Yuan et al., 2012).
Further evidence for the significance of the spatial organization of (PD-1%) lymphocytic
infiltrates is provided by recent studies that analyze tertiary lymphoid structures (TLS) in
cancer. TLS are present in the large majority of NSCLC, colorectal or ovarian cancers (Di
Caro et al., 2014; Goc et al., 2014; Kroeger et al., 2016) and comprise a T cell zone
harboring (mostly follicular helper) T cells and DCs, as well as a follicular zone containing
B cells, similar to secondary follicles in lymph nodes. The occurrence of TLS is often
associated with a favorable prognosis (Dieu-Nosjean et al., 2008; Sautes-Fridman et al.,
2016) and frequently correlates with high overall T cell infiltration and lower macrophage
infiltration (Lavin et al., 2017; Poschke et al., 2016). T cells in NSCLC tumors harboring
many TLS display a more biased TCR repertoire (Zhu et al., 2015), either hinting at a
possible role of these structures in promoting clonal expansion of T cells, or at a role of
clonally expanded T cells in TLS formation. The former explanation would be consistent
with a model in which TLS act as centers where primary or secondary antitumor responses
are generated (Fridman et al., 2012). It will be of major interest to investigate how the
presence of TLS may have an impact on T cell dysfunction and the response to
immunotherapy.

In view of the emerging evidence for a spatial component to T cell heterogeneity, strategies
that allow spatial analyses of the T cell state will become increasingly important. Two
approaches that have recently been developed—nhighly multiplexed single cell imaging and
single cell sequencing of spatial niches—may be employed to address this question.
Immunohistochemistry is commonly used to evaluate the expression of a marker at the
single cell level, and to assess the localization of cells carrying this marker within a tissue.
The development of multiplex immunofluorescence platforms and novel imaging
technologies allow for the detection and quantification of multiple markers on a single cell,
or of the spatial organization of cells expressing different markers. While multiplex
immunofluorescence imaging is currently limited to the combination of a handful of
markers, recent work using imaging mass cytometry demonstrated the simultaneous analysis
of 32 parameters in human breast cancer samples (Giesen et al., 2014). Of note, this analysis
could not only be used to identify cell populations, but also to detect cell-cell interactions
based on protein phosphorylation levels, as well as to distinguish hypoxic and normoxic
areas by analysis of gradients of carbonic anhydrase IX.

As a second approach to describe cell states in different niches, Amit and colleagues
recently developed technology that combines photoactivatable fluorescent markers, two-
photon microscopy, and single cell sequencing, termed NICHE-seq (Medaglia et al., 2017).
In situtwo-photon irradiation of transgenic mice expressing a photoactivatable fluorescent
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reporter allowed the identification of cells located at specific tissue regions based on the
fluorescent signal that was induced by light exposure. Cells from irradiated and non-
irradiated regions could then be sorted and subjected to single cell sequencing, thereby
allowing the comparison of transcriptional profiles of cells at specific locations.
Development of a similar technology applicable to human material will be of interest.

T Cell Dysfunction and Cancer Immunotherapy Heterogeneity of the PD-1 Expressing T

Cell Pool

While the efficacy of antibodies targeting the PD-1/PD-L1 axis has been impressively
demonstrated in multiple cancer types, the majority of patients still does not experience
durable responses to this therapy. The mechanisms underlying this lack of responsiveness
are highly multifactorial (Blank et al., 2016). While in some patients, lack of response to
PD-1/PD-L1 blockade can be explained by a scarcity of antigens or by mutations in the
antigen-presentation machinery, in part of the patient population lack of responsiveness will
likely be due to T cell dysfunction that is not reversible by the sole blockade of the
PD-1/PD-L1 axis. For this reason, a better understanding of the relationship between
intratumoral T cell state and response to checkpoint blockade forms a major priority.

Evidence from chronic murine infection models indicates that the PD-1 positive CD8" T cell
pool consists of different sub-populations, and that the potential of reinvigoration by PD-1
blockade differs between CD8* T cell subpopulations that are characterized by distinct
expression levels of PD-1 (Blackburn et al., 2008). Specifically, in chronic murine LCMV
infection, two subsets of exhausted PD-1* T cells with distinct responses to PD-1/PD-L1
blockade have been identified. Whereas T cells with high expression of the transcription
factor T-bet and intermediate expression of PD-1 (T-bet"i PD-1"t) can be reinvigorated by i
vivo blockade with anti-PD-L1, terminally differentiated T cells with high Eomes and high
PD-1 expression (Eomes™ PD-1M) do not respond (Blackburn et al., 2008; Paley et al.,
2012). It is thought that T-bet" PD-1i"t T cells represent a progenitor T cell subset, that
proliferates in response to persisting antigen exposure, and ultimately gives rise to Eomesni
PD-1N progeny (Paley et al., 2012). The latter cells, which are also characterized by high
expression of other inhibitory receptors and loss of cytokine production, accumulate due to
the persistent antigen stimulation during ongoing infection. Of note, Eomes PD-1 cells do
retain their cytotoxic function, suggesting that while these cells might not be able to
completely eliminate the virus, they may play a role in the partial viral control seen during
chronic infection.

Two recent studies on chronic LCMV infection identified two PD-1* antigen-specific T cell
populations that differ in their expression of CXCR5 (He et al., 2016; Im et al., 2016).
CXCRS5 is a chemokine receptor that is normally expressed on B cells and CD4" follicular
helper cells, but that has also been described on a CD8* T cell subset in a murine model of
systemic lupus erythematodes (Kim et al., 2010). The CXCR5-positive and -negative PD-1*
subsets seen in LCMV infection also differ in their expression of other receptors, with
higher expression of costimulatory molecules and lower levels of inhibitory receptors on
CXCRS5* T cells than on CXCR5" T cells. Of note, also PD-1 expression levels differ
between the two populations with an intermediate PD-1 level on CXCR5" T cells and high
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PD-1 levels on CXCR5™ T cells (Im et al., 2016). The two subsets vary in their functional
capacities, with CXCR5*PD-11"t T cells secreting higher levels of effector cytokines upon
restimulation, compared with the CXCR5 PD-1Mi cells (He et al., 2016). Interestingly, in this
model, only the CXCR5*PD-1t subset migrates to and resides in lymphoid tissues, and can
be reactivated by PD-1 blockade (He et al., 2016; Im et al., 2016). A similar effect has been
observed in dysfunctional CD8* T cells that co-express PD-1 and the transcription factor
Tcf1, which also plays an essential role in the generation of the CXCR5*PD-1i"t subset (Im
et al., 2016; Utzschneider et al., 2016). While now firmly established in models of chronic
viral infection, it is presently unclear whether the same dichotomy between PD-1 high and
low cells might be observed in cancer.

The presence or absence of PD-1 has previously been employed as a strategy to identify
tumor-specific T cells in murine cancer and human melanoma and NSCLC (Fernandez-
Poma et al., 2017; Gros et al., 2014; McGranahan et al., 2016; Pasetto et al., 2016).
However, recent data suggest it will be even more informative to look at the level of PD-1
expression. Specifically, by using co-transfer of tumor-specific and virus-specific T cells in a
murine cancer model it was shown that also T cells reactive to viral antigens infiltrate tumor
lesions. While the latter cells express PD-1 at low to intermediate levels and retain their
functionality, many of the tumor antigen-specific TILs that are found in the same tumors,
express high levels of PD-1 and are dysfunctional (Erkes et al., 2017). On a related note,
total CD8" T cells with high PD-1 expression from patients with chronic lymphocytic
leukemia display a global dysfunction, which is absent in the CMV-specific T cells that
express PD-1 at a lower level (te Raa et al., 2014). Thus, PD-1 expression is not always
indicative of dysfunction, and the presence of PD-1 positive virus- or other non-tumor-
specific T cells in cancers might reduce the value of global PD-1 expression as a biomarker.
At present, it is unclear whether the PD-11"t or PD-1N subset could be a positive or negative
predictor of response to anti-PD-1/anti-PD-L1 therapy. While on the one hand tumor
reactivity may be enriched in PD-1 T cells, on the other hand these cells display a highly
exhausted state in human cancers (see below) and may be dysfunctional *‘beyond repair,”” as
suggested by observations in models of chronic infection (Blackburn et al., 2008; Paley et
al., 2012). Additionally, the use of PD-1 as a marker for tumor-specific T cells may be
further complicated by the fact that PD-1 expression cannot only be induced by TCR
signaling, but also by other factors such as IL-10 (Sun et al., 2015) and TGF-b (Park et al.,
2016).

Reactivation of Dysfunctional T Cells by Immunotherapy Combinations

As mentioned above, in addition to PD-1, dysfunctional CD8* T cells also show (increased)
expression of other inhibitory receptors including CTLA-4, Tim-3, Lag-3, and TIGIT, which
can bind to their respective ligands expressed by antigen-presenting cells and tumor cells in
the TME, thereby potentially impeding T cell functions (Ahmadzadeh et al., 2009; Fourcade
et al., 2010; Sakuishi et al., 2010). Co-expression of PD-1 and Lag-3 has been observed on
both virus- and tumor antigen-specific T cells (Grosso et al., 2009; Matsuzaki et al., 2010;
Wherry et al., 2007). Of note, T cells expressing both receptors are more impaired in effector
functions, such as TNF and IFNg secretion, compared with single positive cells.
Simultaneous blockade of PD-1 and Lag-3 has been shown to improve T cell responses in
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chronic infection models and tumor models, compared with anti-PD-1 monotherapy
(Blackburn et al., 2009; Matsuzaki et al., 2010), and Lag-3 targeting agents are currently
being tested in clinical studies. By the same token, Tim-3 has been shown to be expressed on
a subset of PD-1* NY-ESO-1-specific T cells in advanced melanoma and gastric cancer. Of
note, T cells that co-express PD-1 and Tim-3 have substantially higher PD-1 levels and are
more dysfunctional than cells with either single or no detectable expression of these
receptors (Fourcade et al., 2010; Li et al., 2016; Lu et al., 2017). A study in HNSCC
observed that /n vitro single-agent PD-1 blockade exerts its effect on PD-1i" Tim-3" T cells,
but not on PD-1M Tim-3* T cells (Li et al., 2016), in line with the previously discussed
reactivation of PD-1I"t T cells that co-express CXCR5 by PD-1 blockade in chronic LCMV
infection (He et al., 2016; Im et al., 2016). While the effect of dual PD-1/Tim-3 blockade
was not addressed in this work, other studies have suggested that the simultaneous blockade
of these two receptors might have additive effects in the reactivation of antigen-specific T
cells in chronic infection and cancer /n vitroand /n vivo (Fourcade et al., 2010; Jin et al.,
2010; Lu et al., 2017; Sakuishi et al., 2010). Another inhibitory receptor that is frequently
co-expressed with PD-1 is TIGIT, which competes with the costimulatory molecule CD226
for the same ligand, the poliovirus receptor (PVR, CD155) (Bottino et al., 2003; Chauvin et
al., 2015). In addition, TIGIT has also been described to bind with lower affinity to CD112
(PVRL2), as well as to disrupt the costimulatory function of CD226 by cis-binding
(Johnston et al., 2014; Yu et al., 2009), but the functional impact of these interactions is still
unclear. While TIGIT* CD8" TILs that co-express PD-1, Tim-3, and Lag-3 show a highly
dysfunctional phenotype in murine cancer models (Kurtulus et al., 2015), TIGIT expression
by itself does not appear to distinguish PD-1* T cell subsets with different degrees of
dysfunction in melanoma patients. Nevertheless, combined blockade of PD-1 and TIGIT on
CD8™" TILs cultured in the presence of autologous tumor did show an additive effect in
restoring effector functions (Chauvin et al., 2015).

The most prominent example of combined immune checkpoint blockade that has also
reached clinical practice, is the dual blockade of PD-1 and CTLA-4. In contrast to PD-1,
which inhibits T cell function by interfering with T cell signaling, CTLA-4 competes with
CD28 for binding to CD80/CD86 and thereby inhibits T cell function (Krummel and
Allison, 1995; Walunas et al., 2011). The CTLA-4 targeting agent ipilimumab was the first
checkpoint inhibitor to demonstrate an improvement in overall survival in patients with
advanced melanoma (Hodi et al., 2010; Robert et al., 2011). Treatment of melanoma patients
with anti-CTLA-4 leads to a significant broadening of melanoma-reactive T cell responses
in peripheral blood, suggesting that at least part of its effect occurs through enhanced T cell
priming (Kvistborg et al., 2014). CTLA-4 blockade has also been suggested to target
regulatory T cells by either functional inhibition or depletion of this subset (Duraiswamy et
al., 2013; Simpson et al., 2013). Together, these observations indicate that the synergistic
effect of anti-CTLA-4 and anti-PD-1 in clinical trials (Larkin et al., 2015; Wolchok et al.,
2013) is unlikely to occur through the simultaneous targeting of inhibitory molecules on the
same cell.

In addition to inhibitory receptors, PD-1* cells can also express costimulatory molecules
such as CD28, which is critical during the activation of naive T cells and enhances cytokine
secretion (Bour-Jordan et al., 2011; Watts, 2010). Recently, it was demonstrated that
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PD-1/PD-L1 signaling suppresses T cell functionality via inactivation of CD28 signaling
rather than TCR signaling (Hui et al., 2017). Furthermore, the effect of PD-1 blockade was
abrogated by conditional gene deletion of CD28 in a mouse model of chronic infection
(Kamphorst et al., 2017), indicating that the CD28/B7 pathway may play a crucial role in the
efficacy of anti-PD-1 treatment. CD28, among other costimulatory molecules such as ICOS,
is also expressed on the LCMV-specific CXCR5* PD-11" T cells that mediate response to
PD-1 therapy in mouse models (Im et al., 2016).

A synergistic effect of combined targeting of inhibitory and costimulatory molecules in
reinvigorating tumor-specific T cells has been implied in other studies. CD137 (or 4-1BB) is
a member of the TNFR family that is expressed on recently activated T cells (Pollok et al.,
1993). Combination of PD-1 blockade with agonistic anti-CD137 antibodies increases tumor
control in murine models, while also enhancing T cell reactivity to tumor antigens as well as
effector/memory T cell formation (Chen et al., 2015; Wei et al., 2013, 2014). OX40 is
another TNFR family member that is expressed on activated CD4* T cells and, at lower
levels, also on CD8™ T cells after recent TCR engagement (Croft, 2010). OX40 agonists
have been shown to promote antitumor immunity in immunogenic mouse tumor models,
while failing to exert tumor control in poorly immunogenic tumor models (Kjaergaard et al.,
2000; Weinberg et al., 2000). Conceptually, the combination of OX40 agonists with
therapies targeting inhibitory receptors on T cells would be an attractive approach to
reactivate dysfunctional T cells in such tumors. However, recent data suggest that addition of
PD-1 blockade to an OX40 agonist in a vaccination setting can actually abrogate the
antitumor effect of OX40 monotherapy, by reducing TIL infiltration and enhancing
activation-induced cell death of tumor-reactive CD8* T cells (Shrimali et al., 2017). It is
difficult to predict whether a similar deleterious effect would also take place in human
cancer, in which T cell priming may have occurred many years before. However, the data do
highlight that it will be crucial to investigate the timing of different immunotherapeutic
interventions, to avoid similar negative effects due to T cell overstimulation. As a second
word of caution, positive clinical data on immunotherapy combinations are presently still
limited, and it is unclear whether the encouraging data obtained in /n vitroand in vivo
models will be recapitulated in cancer patients. Over the next few years, the results from
ongoing early clinical trials that investigate antibodies targeting many of these inhibitory and
costimulatory molecules— including additional targets such as GITR, ICOS, and CD27—as
monotherapies or in combination with anti-PD-1/PD-L1, should reveal how these agents
should be combined and which dysfunctional states might best be targeted by them.

Epigenetic Imprinting of Dysfunction

An additional T cell-intrinsic parameter that may influence the efficacy of
immunotherapeutic intervention is the durability of reinvigoration of dysfunctional T cells
upon therapy. Observations from chronic viral infection indicate a prominent role for
differences in methylation of PDCD1 (encoding PD-1) in sustaining dysfunction. While the
PD-1 transcriptional regulatory region is only transiently demethylated in activated T cells, it
remains demethylated in exhausted T cells, resulting in prolonged expression of PD-1 (Ahn
et al., 2016; Youngblood et al., 2011, 2013). This altered methylation pattern is maintained
even after viral clearance to undetectable levels. Recent work reported the existence of low
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avidity T cell clones within the Melan-A-specific TIL population in human melanoma that
are unable to express PD-1 due to continued methylation of the PDCD1 promoter even upon
TCR stimulation. In contrast, antigen-specific T cells of high functional avidity within the
same TIL population did express PD-1, thereby confirming a link between the strength of
TCR signaling, modification of the PDCD1 locus, and PD-1 expression (Simon et al., 2016).
When Melan-A-specific TILs were expanded /n vitro in the presence of anti-PD-1
antibodies, the T cell repertoire was skewed toward higher avidity T cell clonotypes. In
addition to the sustained demethylation of PDCD1, dysfunctional T cells also progressively
acquire de novo methylation of genes associated with effector functions during both
infections and tumor development, which could not be reverted by PD-1 blockade (Ghoneim
etal., 2017). Of note, blockade of these exhaustion-associated methylation programs
increased T cell responses and tumor control upon PD-1 blockade in murine tumor models.

On a related note, several reports have recently demonstrated that dysfunctional T cells
display specific alterations in chromatin accessibility. Part of this chromatin remodeling is
likely driven by the initial antigen stimulation as based on the overlap in chromatin
accessibility patterns among effector, memory, and exhausted T cells (Scott-Browne et al.,
2016). This notion is further supported by the observation that a fixed state of dysfunction
was only induced in tumor-specific T cells, when tumor-specific and bystander T cells were
co-transferred in a murine liver cancer model (Schietinger et al., 2016). Thus, micro-
environmental factors were not sufficient to induce this fixed exhausted state by themselves,
but appear to shape the effects of TCR triggering on intratumoral T cells. Next to the
chromatin remodeling patterns that are shared with effector and memory T cells,
dysfunctional T cells also display changes in chromatin accessible regions that are specific
to these cells. For instance, exhausted T cells in chronic LCMV infection showed additional
accessible regions in the PDCD1 locus and lacked several open regions in the /FNG locus
that were present in functional T cells (Pauken et al., 2016; Sen et al., 2016). Of note, many
of these accessible regions specific to the exhausted state are retained after anti-PD-1
treatment, indicating that this therapy only induces minor epigenetic remodeling (Pauken et
al., 2016). In line with this observation, exhausted virus-specific T cells that have regained
effector functions upon PD-L1 blockade could not undergo memory development after viral
antigen clearance and became dysfunctional again when the infection persisted. A similar
observation was made in a murine tumor model, in which both tumor antigen-specific and
bystander T cells were adoptively transferred and gene expression as well as chromatin
accessibility were compared (Mognol et al., 2017). Only tumor-specific T cells acquired
characteristics of dysfunction and, while displaying improved effector functions upon
treatment with anti-PD-L1 therapy, these cells showed only very limited alterations in
chromatin accessibility patterns.

Interestingly,the imprintingof thisepigeneticstate already starts early during exhaustion, as T
cells from premalignant lesions harbor many of the alterations found in exhausted T cells in
late-stage tumors or metastases in a murine liver cancer model (Schietinger et al., 2016).
This progression from mild exhaustion in early tumor lesions to more severe exhaustion in
advanced tumors is reflected by two distinct chromatin states. Whereas the chromatin state
of early dysfunctional TILsstill displays some plasticityand can be reprogrammed by
PD-1/PD-L1 blockade, the later state is fixed and cannot be altered by anti-PD-1 therapy
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(Philip et al., 2017). Strikingly, the chromatin accessibility state of PD-1" CD8* TILs from
human NSCLC was largely overlapping with that of murine late-stage TILs. Hence, also in
human tumors PD-1/PD-L1 blockade might only induce transcriptional rewiring due to
increased binding of transcription factors to accessible chromatin regions in the more
severely dysfunctional T cells, rather than a change in chromatin accessibility patterns
themselves. /n vitro treatment with histone deacetylase inhibitors has been shown to lead to
significantly improved effector functions and memory transition in adoptively transferred
exhausted LCMV clone 13-specific T cells (Zhang et al., 2014). Whether this effect is
observed on all exhausted T cells and leads to a durable reinvigoration of these cells in
combination with PD-1 blockade needs to be further investigated.

Therapy-Induced Resistance and T Cell Dysfunction

Cancer immunotherapy-induced resistance can in some patients be explained by tumor-
intrinsic alterations, such as defects in the antigen-presentation machinery or inactivation of
the IFNg signaling pathway (Patel et al., 2017; Restifo et al., 1996; Zaretsky et al., 2016). In
addition, therapy-induced changes in the functional state of TILs have been suggested to
form a cause of resistance to both targeted treatments and immunotherapy. For instance,
genomic and non-genomic alterations evolving in BRAF-mutated melanoma upon treatment
with MAPK inhibitors co-developed with dysfunction of CD8* T cells in a subset of
resistant tumors. Of note, this often correlated with an enhanced expression of an
inflammation signature associated with M2 macrophages that are known to antagonize T cell
recruitment and effector function (Hugo et al., 2015). Direct evidence that these changes
play a major role in the observed resistance is however currently lacking. Upon adoptive
transfer of MART-1 TCR-transduced T cells in patients with advanced melanoma, a change
in the functional phenotype of the T cells has been observed at the time of relapse (Ma et al.,
2013). Specifically, TCR-transgenic T cells either completely lost their initial cytotoxic
activity or acquired a distinct functional profile with secretion of inflammatory cytokines,
but lack of cytotoxicity.

Therapy-induced reinvigoration of tumor-specific T cell responses may be expected to in
some cases induce the further development of T cell dysfunction. In particular, the IFNg
secretion that occurs as a consequence of T cell reactivation may induce immunosuppressive
counterbalance mechanisms (Figure 1). In addition, the IFNg-induced increase in MHC
expression could also increase the TCR signal that contributes to T cell dysfunction. Recent
evidence from a study comparing longitudinal samples from immunocompetent versus
immunodeficient murine colon cancer models indicated that immune pressure on tumor cells
induced two major tumor escape mechanisms that involved the accumulation of
immunosuppressive cell populations, such as Tregs, and the increased expression of multiple
inhibitory receptors on T cells (Efremova et al., 2018). The upregulation of alternative
immune checkpoints has also been postulated as a possible resistance mechanism upon anti-
PD-1 therapy. Data from HNSCC indicated that PD-1 blockade of TILs /in vitroas well as in
a murine tumor model led to upregulation of Tim-3. Of note, combined blockade of both
receptors significantly increased antitumor activity in this model (Shayan et al., 2017).
Another study described increased TIGIT expression on NYESO-1-specific CD8* T cells
upon PD-1 blockade /n vitro (Chauvin et al., 2015). Upregulation of multiple alternative
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immune checkpoints including Tim-3, Lag-3, and CTLA-4 upon anti-PD-1 resistance was
also observed in a murine lung cancer model (Koyama et al., 2016). Direct evidence of
whether this expression of alternative immune checkpoints truly represents a mechanism of
resistance, or simply reflects a more activated state of these T cells upon reinvigoration by
immunotherapy, is difficult to obtain. However, support for the former model comes from
work that assessed resistance to CTLA-4 blockade and radiation in a murine melanoma
model (Benci et al., 2016). In these experiments, therapy resistance was accompanied by
expression of multiple inhibitory receptor ligands on tumor cells and high inhibitory receptor
expression on T cells. While triple or quadruple immune checkpoint blockade combinations
were necessary to significantly improve treatment response in resistant tumors, knockout of
tumor type I and/or Il interferon signaling allowed for response to anti-PD-1 or anti-CTLA-4
monotherapy. To evaluate whether alterations in the dysfunctional state are also important in
mediating immunotherapy resistance in cancer patients, studies comparing monotherapy and
combination therapy at the start of treatment versus the moment of resistance will be of
value.

Conclusions

Dysfunctional tumor-specific T cells display a broad spectrum of cell states that are induced
by persistent TCR triggering, but that are additionally influenced by T cell-intrinsic and -
extrinsic factors. While traits of their core exhaustion signature are shared with T cells in
chronic viral infection, intratumoral T cell dysfunction is further sculpted by the
multifaceted immunosuppressive processes ongoing in the TME, which can be expected to
deviate from those present at chronically infected sites (Figure 1). This leads to
heterogeneous (dys-)functional states between and within tumors, shaped by inhibitory and
costimulatory signals from immune, stromal, and cancer cells, but also by gradients of
suppressive soluble mediators, metabolic factors, and hypoxia. In order to restore antitumor
immunity, an understanding of the processes that drive and maintain these different
dysfunctional T cell states is essential. Novel technologies that allow characterization of
these cells at the single cell level, in combination with assessment of tumor reactivity and
spatial organization within the tumor, will be of value to achieve this goal and thereby
support the development of personalized therapeutic strategies to target dysfunctional T
cells.
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Figure 1. Driversof T Cell Dysfunction in Cancer
Dysfunctional T cells in cancer share core exhaustion features with dysfunctional T cells in

chronic infection that are at least partially driven by chronic TCR stimulation. The
consequences of chronic TCR signaling are further modulated by a multitude of
immunosuppressive signals in the TME, including inhibitory ligands, suppressive soluble
mediators, cell subsets, and metabolic factors. Strength of these different signals is
determined by parameters such as the specific mutations in the cancer cells, spatial gradients
in tumor composition, and therapy-induced alterations in the TME. Collectively, the
immunosuppressive signals in the TME shape the (dys-)functional state of intratumoral T
cells by influencing the expression of inhibitory receptors, changing metabolic pathways,
modifying the epigenetic state, and altering their transcription factor profiles.
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Figure 2. Comparison of Single Cell Technologiesto Dissect Intratumoral T Cell Dysfunction
Technologies that assess T cell dysfunction at the single cell level are required to describe

the heterogeneity of functional states within the TME. Current single cell technologies differ
in the complexity and spatial resolution they provide. Ability to provide multiparameteric
information with respect to RNA and protein expression, and ability to provide spatial
information are depicted for the indicated technologies. Asterisks indicate technologies that
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also provide TCR sequence information and may be combined with functional testing to
evaluate tumor reactivity.
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