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Abstract | ‘T cell exhaustion’ is a broad term that has been used to describe the
response of T cells to chronic antigen stimulation, first in the setting of chronic viral
infection but more recently in response to tumours. Understanding the features of
and pathways to exhaustion has crucial implications for the success of checkpoint
blockade and adoptive T cell transfer therapies. In this Viewpoint article, 18 experts
in the field tell us what exhaustion means to them, ranging from complete lack of
effector function to altered functionality to prevent immunopathology, with
potential differences between cancer and chronic infection. Their responses
highlight the dichotomy between terminally differentiated exhausted T cells that
are TCF1~and the self-renewing TCF1* population from which they derive. These
TCF1* cells are considered by some to have stem cell-like properties akin to
memory T cell populations, but the developmental relationships are unclear at
present. Recent studies have also highlighted an important role for the
transcriptional regulator TOX in driving the epigenetic enforcement of exhaustion,
but key questions remain about the potential to reverse the epigenetic programme

of exhaustion and how this might affect the persistence of T cell populations.

What do we mean by T cell exhaustion
and/or dysfunction and how would
you define this state?

Nicholas P. Restifo and Rachel C. Lynn.
It is important to start off by stating that
the term ‘T cell exhaustion’ is a basket term
that describes various distinct epigenetic
and metabolic states of post-thymic

T cells. This term was popularized by viral
immunologists and anthropomorphizes
chromatin states that are characteristic of
mice experiencing chronic viral infection,
mainly with lymphocytic choriomeningitis
virus (LCMV), where T cells are thought to
be unable to clear a chronic infection.

Axel Kallies and Dietmar Zehn. The term
‘exhaustion’ is used mainly to refer to
effector T cells with a reduced capacity to
secrete cytokines and increased expression
of inhibitory receptors. These cells were
thought to be hypofunctional effector T cells
that differentiate from normal effector

T cells in response to a chronically high
antigen load. However, several observations
have challenged this view and suggest that
exhausted T cells are heterogeneous, have
crucial roles in limiting viral infection

or tumour growth' and may develop
independently from normal effector T cells,
as outlined in the responses below (FIC. 1).

W. Nicholas Haining and Arlene H.
Sharpe. When an infection cannot be
cleared by the host, a détente can occur
whereby pathogen-specific T cells curtail
their antipathogen function to avoid causing
damage to normal tissues. Importantly,

T cell exhaustion does not involve the
complete absence of function: exhausted

T cells can proliferate in vivo?, produce
effector molecules, including inflammatory
cytokines and granzymes, and exert some
control over pathogens or tumours’.

E. John Wherry. I agree that T cell exhaustion
is an evolutionarily conserved adaptation to

chronic antigen stimulation that is probably
important to limit immunopathology or
autoreactivity; thus, exhausted T cells are not
inherently good or bad.

Pamela L. Schwartzberg. Yes, although
exhaustion is often seen as a dysfunctional
state, it also allows T cells to persist and
partially contain chronic infections without
causing immunopathology.

Mary Philip and Andrea Schietinger. Like
our colleagues, we define T cell exhaustion
as a differentiation state that is observed
during chronic infections in the presence

of persistent antigen and chronic T cell
receptor (TCR) stimulation. Exhausted

T cells express inhibitory receptors but can
retain some antipathogen effector function,
resulting in a pathogen-host ‘stalemate™.

E.J.W. There is general consensus that some
features of exhausted T cells, compared with
effector or memory T cells, include altered,
sometimes reduced, effector functions,

such as decreased (but not absent) cytokine
production; increased chemokine expression;
persistently high levels of expression of
multiple inhibitory receptors, such as PD1,
TIM3, LAG3, CTLA4 and TIGIT; reduced
proliferative capacity when stimulated; an
altered transcriptional programme involving
the transcription factor TOX; and a unique
epigenetic landscape’.

N.PR. and R.C.L. Chronic TCR signalling
as a core mechanistic driver of exhaustion
is highlighted by the well-established role
of the calcineurin-dependent transcription
factor nuclear factor of activated T cells
(NFAT)® and other NFAT-driven, TCR-
responsive transcription factors (such as
IRF4, BATF, nuclear receptor subfamily

4 group A (NR4A) and TOX)*"" in both
upregulating the expression of inhibitory
receptors and maintaining the long-term
survival of exhausted T cells.

Patrick G. Hogan and Anjana Rao.

We believe that for both tumour-
infiltrating and virus-specific T cells, the
most useful definition of exhaustion is an
operational one: when exhausted T cells
are present in the same environment or are
stimulated under the same conditions as
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The contributors

Christian U. Blank is a medical oncologist and principal investigator
at the Netherlands Cancer Institute. He is Professor of Haematology/
Oncology at the University of Regensburg, Germany, and received
an MBA degree from the University of Warwick, UK. His research
interests include neoadjuvant immunotherapies, targeted and
biological response modifiers, and prognostic markers for cancer
immunotherapies.

W. Nicholas Haining is a physician-scientist and Vice-President for
Discovery Oncology and Immunology at Merck Research Laboratories.
His former academic laboratory at the Dana-Farber Cancer Institute and
the Broad Institute focused on understanding the transcriptional control
of T cell exhaustion and on identifying regulators of the immune response
to cancer in tumour and immune cells.

Werner Held’s laboratory has a long-standing interest in understanding
the development, differentiation and function of natural killer cells
and CD8* T cells. Current work focuses on CD8* T cell differentiation

in response to acute and chronic infections as well as cancer.

Patrick G. Hogan's research centres on mechanisms and regulation of
cellular calcium signalling, the biology of the nuclear factor of activated
T cells (NFAT) family of transcription factors and the transcriptional
control of immune cell development and function.

Axel Kallies is a professor at the University of Melbourne, Australia.

His laboratory studies the molecular control of CD8" cytotoxic T cell and
regulatory T cell differentiation with a focus on populations residing in
non-lymphoid tissue, including healthy tissues and tumours. The Kallies
laboratory has developed and applied genetic and molecular approaches
to this field, including novel gene reporters, metabolic techniques,
transcriptional profiling, chromatin immunoprecipitation and accessible
chromatin sequencing.

Enrico Lugli’s laboratory is focused on understanding the biological
mechanisms at the basis of memory T cell responses and homeostasis
in humans and how this information can be exploited to favour
antitumour immune responses in patients with cancer. The group is
specialized in single-cell technologies, in particular high-dimensional
flow cytometry.

Rachel C. Lynn is an associate director of research at Lyell Inmunopharma.
She received her PhD degree from the the University of Pennsylvania,
where she developed multiple preclinical chimeric antigen receptor
(CAR) T cell therapy platforms. During her postdoctoral work with Crystal
Mackall at Stanford University, she developed models to interrogate and
strategies to mitigate CAR T cell exhaustion. At Lyell Imnmunopharma,

her research group will continue to investigate optimal strategies for
adoptive T cell therapy in cancer.

Mary Philip is an assistant professor in the Department of Medicine,
Division of Hematology and Oncology and Department of Pathology,
Microbiology, and Immunology at Vanderbilt University Medical Center.
She did her haematology and oncology fellowship training at the Fred
Hutchinson Cancer Research Center and the University of Washington
and then joined Andrea Schietinger’s group at Memorial Sloan Kettering
Cancer Center investigating the epigenetic and transcriptional
regulation of T cell dysfunction and reprogrammability in cancer.

She is a physician—scientist with clinical expertise in haematological
cancers, and her research group at Vanderbilt University Medical
Center is developing innovative models to dissect the regulation of

T cell dysfunction in cancer and T cell lymphomas.

Anjana Rao’s laboratory studies transcriptional regulation in several

cell types, including CD4* and CD8" T cells. One current focus is
elucidation of the transcriptional and epigenetic regulatory mechanisms
operating in T cells and other immune cells within the tumour
microenvironment.

Nicholas P. Restifo was trained at Memorial Sloan Kettering Cancer
Center and was a principal investigator at the National Cancer Institute.
His work has focused on the use of adoptively transferred T cells in
immunotherapy for cancer for the past 31 years. He recently joined

Lyell Immunopharma.

Andrea Schietinger is an assistant member in the Inmunology Program
at Memorial Sloan Kettering Cancer Center. During her PhD studies with
Hans Schreiber at the University of Chicago, she studied how aberrant
glycosylation of wild-type proteins in cancer cells creates tumour-specific
neoantigens. As a postdoctoral fellow in Philip Greenberg’s laboratory

at the University of Washington in Seattle, she defined the transcriptional
programmes associated with T cell self-tolerance and tumour-specific

T cell dysfunction. Her laboratory at Memorial Sloan Kettering Cancer
Center studies the regulatory molecular and epigenetic mechanisms
underlying T cell differentiation and dysfunction in the context of
self-tolerance, autoimmunity and tumours.

Ton N. Schumacher is a principal investigator at the Netherlands
Cancer Institute and Professor of Inmunotechnology at Leiden
University. His research focuses on the dissection of tumour-specific

T cell responses in human cancer. In addition to his academic role, he is
the founder of four biotech companies and a venture partner at Third
Rock Ventures.

Pamela L. Schwartzberg is a senior investigator at the National Institute
of Allergy and Infectious Diseases. She completed her MD and PhD
degrees at Columbia University and her postdoctoral studies at the
National Cancer Institute. Her laboratory studies signalling pathways in
T cells using genetic, cellular, biochemical and genomic approaches to
understand how these affect responses to infection and immunization
with a focus on molecules and pathways affected by primary
immunodeficiencies.

Arlene H. Sharpe is Chair of the Department of Inmunology at Harvard
Medical School. Her laboratory focuses on understanding the diverse
roles of costimulatory and coinhibitory signals in infection, autoimmunity
and cancer.

Daniel E. Speiser’s team has investigated and treated cancer patients
with immunotherapy for the past 30 years. The demonstration and
mechanistic elucidation of graft-versus-leukaemia effects and autologous
T cell reactivity have helped to pave the way for remarkable therapy
innovations in oncology.

E. John Wherry is the Barbara and Richard Schiffrin President’s
Distinguished Professor, Chair of the Department of Systems
Pharmacology and Translational Therapeutics in the Perelman School of
Medicine and Director of the Penn Institute for Immunology. His research
has focused on T cell exhaustion in chronic viral infections and cancer.

His work has defined the developmental biology and molecular regulation
of T cell exhaustion and used this information to inform immunotherapy
for human cancer.

Benjamin A. Youngblood is an associate member in the Department of
Immunology at St Jude Children’s Research Hospital. His postdoctoral
training in Rafi Ahmed’s laboratory focused on the epigenetic regulation
of memory CD8" T cell differentiation. In 2014, he joined the faculty

at St Jude Children’s Research Hospital and has developed a research
programme studying epigenetic mechanisms that regulate the
development of functional and non-functional CD8* T cells during viral
infection, cancer and autoimmunity.

Dietmar Zehn is a full professor and Chair of the Division of Animal
Physiology and Immunology of the Technical University of Munich.
His research focuses on understanding the molecular and cellular
mechanisms that control the differentiation of T cells in acute and
chronic infection, with specific interests in T cell exhaustion and T cell
receptor signal strength.
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Fig. 1| The knowns and unknowns of T cell exhaustion. Potential developmental relationships between and features of exhausted T cell subsets
compared with effector and memory T cell subsets during chronic versus acute antigen stimulation.

fully functional effector T cells, they have
reduced responses (are hyporesponsive)

to antigen. In addition to the features
described in the responses above, it might
also be worth expanding the definition of
exhausted T cells to include criteria such

as reduced levels of signalling proteins
associated with activation and/or increased
levels of negative regulatory proteins such
as diacylglycerol kinases, phosphatases and
E3 ubiquitin ligases'>'".

Enrico Lugli and Benjamin A. Youngblood.
We think it is important to note that although
many investigators assign exhaustion status to
T cells simply on the basis of their expression
of inhibitory receptors, this is not a definitive
feature of exhausted T cells as many highly
functional effector T cells also express
inhibitory receptors.

M.P. and A.S. Another caveat to consider

is that although antigen-specific T cells in
tumours have many immunophenotypic and
molecular features of exhausted T cells in
chronic infection, they often completely lack
effector function and fail to control tumour
growth; therefore, we refer to these T cells as
being dysfunctional rather than exhausted”.

Christian U. Blank and Ton N.
Schumacher. Instead, we would rather
argue that the analysis of T cells in

human and mouse tumours by single-

cell sequencing and functional assays has
provided strong evidence that T cells with
high levels of expression of inhibitory
receptors should not be considered
exhausted (meaning ‘used up’ or inert) but
rather should be considered dysfunctional
or divergent (by which we mean that

they have assumed an unconventional
functional state). For example, this is shown
by the ongoing proliferation in part of this
T cell pool and the capacity of these cells to
produce the chemokine CXCL13 (REFS'¢™'%).
Human tumours can contain large numbers
of bystander T cells, and intrinsic tumour
reactivity (the presence of a tumour-
reactive TCR) is enriched among cells with
a dysfunctional phenotype'**". Although
the in vivo development of a dysfunctional
state was initially described under
conditions of chronic antigen exposure”-*,
the fact that dysfunctional T cell states

are observed early after tumorigenesis”
and viral infection””, and can be induced
by removing CD4" T cell help®, suggests
that the quality of costimulatory and/or

inhibitory signals during TCR triggering
may be an equally important factor.

N.PR. and R.C.L. We agree that the
epigenetic state of T cells in chronic viral
infection is similar but not identical to

the epigenetic state of tumour-infiltrating
lymphocytes (TILs), which are exposed

to additional stimuli that may contribute to
their dysfunction, including metabolites or
lack thereof, immunosuppressive cytokines
and chemokines and ionic disturbances.
Thus, exhausted T cells are dysfunctional,
but not all dysfunctional T cells are
exhausted. Alternative mechanisms are at
work, particularly in the case of TILs. We
think it would be more constructive to use
tumour systems to describe the epigenetic
states of exhausted TILs rather than
extrapolating from LCMV infection

to describe these states.

Werner Held and Daniel E. Speiser.

As can be seen from the answers to the
following question, recent studies have
suggested that there are two distinct
subsets of exhausted T cells — a progenitor
(or precursor) subset, which has variably
been referred to as being stem cell-like
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and/or memory-like, and a terminally
differentiated subset. In contrast to some of
our colleagues, we use the term ‘exhausted’
to refer only to the subset of chronically
stimulated PD1* cells that has limited recall
expansion capacity and reduced effector
functions (despite the expression of effector
genes) and is irreversibly differentiated.

What do we know about the

developmental relationships between
exhausted T cells, their precursors and
effector and memory T cell subsets?

E.L. and B.A.Y. The initial hypothesis was
that exhausted T cells share features with
terminally differentiated T cells, which
suggested a developmental relationship
between these cell types (reviewed in REF.*).
However, as outlined in the responses
from my colleagues, subsequent studies
showed that exhausted T cells seem to be
derived from effector cells that retain the
capacity to be long-lived (in other words,
that survive the contraction stage of the
immune response)~.

M.P. and A.S. During both acute and
chronic infections, naive antigen-specific

T cells clonally expand and differentiate
into effector cells. During chronic infection,
effector T cells are persistently stimulated
and become exhausted. The exhausted

T cell population is heterogeneous, with
progenitor T cells that self-renew and

give rise to and maintain terminally
differentiated exhausted T cells**~.

W.H. and D.E.S. The terminally
differentiated exhausted T cell subset
coexpresses multiple inhibitory receptors
with effector genes and transcription
factors (such as those encoding granzyme B
(GZMB) and PRDM1) and has limited
expansion capacity. This terminally
differentiated subset is continuously
derived from PD1* cells that express

and depend on the transcription factor
TCF1 (REFS*****). These progenitor cells,
which also express SLAMF6 (REFS'71)
and CXCR5 (REFS***%), lack expression of
effector genes but express genes that are
characteristic of central memory T cells
(such as those encoding TCF1 (REF.%)

and BCL-6 (REF*Y) in combination with

a limited set of inhibitory receptors (for
example, they lack expression of TIM3).
The PD1*TCF1" progenitor cells have stem
cell-like properties as they have the capacity
to proliferate, self-renew and produce
terminally differentiated PD1"TCF1~
GZMB* cells.

P.G.H. and A.R. We concur with the
existence of subsets of progenitor cells
(typically PDITIM3"*TCF1* cells) and
terminally differentiated cells (typically
PDIMTIM3MTCF1- cells, with partial effector
function). The progenitor subset, which

has characteristics of both stem cells and
memory cells (such as self-renewal and rapid
recall responses), can expand and give rise

to effector cells after vaccination or PD1
checkpoint blockade. When transplanted into
recipient infected or tumour-bearing mice,
progenitor cells can proliferate and yield
terminally differentiated exhausted cells,

but transplanted terminally differentiated
cells expand only marginally and remain
PD1MTIM3h (REFS*50°134-7) Single-cell

RNA sequencing and mass cytometry have
shown that a functionally exhausted T cell
population still expresses a wide spectrum of
genes and proteins associated with effector
function'®***, which confirms earlier
biological observations that exhausted

T cells retain some effector function.

N.P.R. and R.C.L. We agree that a TCF1*
stem cell-like progenitor population exists
within the exhausted T cell subset and is
likely responsible for the proliferative and
functional responses that occur following
checkpoint blockade. Having a more stem
cell-like population of tumour-responsive

T cells also allows better antitumour
immune responses following adoptive

cell transfer*”*'. However, the ontogeny of
endogenous stem cell-like exhausted T cells
remains incompletely elucidated. We suggest
that exhaustion is a parallel programme that
can be overlaid onto ‘normal’ T cell
differentiation, in which the exhausted

state can be induced in T cells of any
differentiation state and these cells continue
to produce progeny with characteristics

of exhaustion.

E.J.W. In terms of the differences from
other T cell functional states, exhausted

T cells arise from cells that have undergone
productive initial activation, which
distinguishes exhaustion from tolerance

or anergy. Exhausted T cells develop

from the overstimulation of precursors,
which results in early divergence between
memory T cell precursors and precursors
of the exhausted T cell lineage®. Terminally
differentiated effector T cells (KLRG1" cells
in mice) cannot form exhausted T cells™*’
and exhausted T cells are distinct from
senescent T cells in humans. Both progenitor
and terminally differentiated subsets of
exhausted T cells are epigenetically distinct
from effector T cells or memory T cells.

W.N.H. and A.H.S. Similarly to E.JW,,

we note that unlike anergy, which is a state

of dysfunction imprinted on naive T cells,
exhaustion arises from effector T cells
responding to chronic infection, which
undergo progressive and hierarchical loss of
function. Features of T cell exhaustion can
be recognized within days after the onset of
chronic infection, but exhaustion does not
become irreversibly distinct from the effector
T cell differentiation elicited by acute infection
for approximately 2 weeks. T cell exhaustion,
like many cellular differentiation processes,
develops with a continuum of phenotypic and
functional intermediate states.

A.K. and D.Z. A further point of discussion
is the relationship between the subsets of

T cells found among antigen-specific cells
responding to acute or chronic infection.

T cells activated during an acute infection
segregate into subsets of effector and
memory precursor T cells. As we have
learned recently, a related branching

occurs also in chronic infections and in
tumours’***** with a segregation into

cells that retain proliferative capacity
(which we refer to as precursors rather than
progenitors) and cells that are terminally
differentiated. In both acute and chronic
infections, the development of T cells with
re-expansion potential depends on a similar
set of regulators, such as TCF1, BCL-6 and
FOXO1, and in both conditions these T cells
express the IL-7 receptor and have a similar
function in the generation of new T cells
(secondary effector T cells or terminally
differentiated exhausted T cells)?®334:42,
Thus, despite some phenotypic differences,
we think that memory precursor T cells in
acute infection and the precursor population
of exhausted T cells in chronic infection
share important features and are related.

P.L.S. I agree that the TCF1* progenitor
exhausted T cells resemble memory T cells
transcriptionally to some extent, but both
progenitor and terminally exhausted T cell
populations also differ from memory

and effector T cells, respectively, both
transcriptionally and epigenetically®*.
Recent studies from multiple groups
indicate that one key difference is the
expression of the transcription factor TOX
by exhausted T cells, which is crucial for

epigenetic remodelling®"".

M.P. and A.S. We believe that there are
important differences between chronic
infection and the tumour microenvironment
that should be taken into account. During
tumour development, antigen-specific

www.nature.com/nri



T cells are inadequately primed and fail to
proliferate or become functional effector
cells; instead they become dysfunctional
(lacking effector function). Progressive
dysfunctional ‘states’ are determined

by tumour antigen chronicity: initially,

T cells are in a plastic dysfunctional state
and can be functionally rescued, but

with continued tumour antigen exposure
T cells undergo chromatin remodelling to
a fixed dysfunctional state and cannot be
functionally rescued'>".

C.U.B. and T.N.S. We agree with M.P.

and A.S. that there is compelling evidence

in mouse and human tumours that
dysfunctional T cells are derived from a subset
of what may be called ‘predysfunctional’
cells'®'73136 “We note that it has not been
established whether (pre)dysfunctional T cells
in human tumours evolve from a functional
effector cell or take a distinct differentiation
pathway shortly after activation®.

P.G.H. and A.R. It is widely accepted that
exhausted CD8" T cells arise in a matter

of days or weeks from effector T cells
exposed to chronic antigen stimulation®.
However, we agree with M.P. and A.S. that
an alternative but not mutually exclusive
hypothesis, which has been proposed in
the case of a spontaneously arising tumour
model, is that exhausted T cells can arise
directly from naive T cells subjected to
continuing TCR stimulation without
adequate costimulation®. A mechanism
that can explain both of these routes to
exhaustion involves NFAT. Continued
activation of NFAT downstream of the
TCR in the absence of AP-1 — owing to
inadequate costimulation or the transitory
expression of AP-1 proteins — turns on

a negative regulatory programme that
dampens the immune response. Indeed,
we and others®'*>~* have shown that the
secondary transcription factors induced

by NFAT without AP-1 include NR4A and
TOX, which impose and/or maintain the
exhaustion programme. Non-transcriptional
mechanisms — including modulation of the
levels or activities of numerous signalling
proteins — are also likely to have a role.
Many studies have shown that exhausted

T cells can alter their characteristics over
time, as shown, for example, by progressive
changes in chromatin accessibility of TILs".

What have been the most important
recent developments in the field?

P.L.S. Recent discoveries include the
description of a progenitor cell population

that is characterized by high-level expression
of TCF1 and low-level expression of PD1,
which is responsible for responses to

PD1 blockade****; the use of epigenetic
analyses and single-cell transcriptomics to
evaluate T cell exhaustion and its stability, as
well as to delineate distinct cell populations
in mice and humans*®*; and the description
of TOX as a key transcriptional regulator of
T cell exhaustion that also has a role in T cell
persistence during chronic infection

and cancer®"".

E.J.W.I have a similar list of major
advances, including the demonstration of a
distinct epigenetic landscape consistent with
exhausted T cells, representing a unique
immune cell fate*>***’; the identification of
progenitor and terminally differentiated
subsets of exhausted T cells**” and the

role of TCF1 (REFS*****; the importance of
exhausted T cells in the response to PD1
pathway blockade in humans; emerging
single-cell RNA sequencing data that allow
transcriptional signatures of exhausted

T cells to be parsed in humans; the
identification of TOX as a major driver

of the epigenetic changes associated with
exhaustion®%; and the lack of epigenetic
reprogramming of exhausted T cells by PD1
pathway blockade®. These general themes
of single-cell analysis, epigenetics and
checkpoint blockade are reiterated in the
responses of my colleagues.

E.L. and B.A.Y. Yes, we now know that
many of the functional properties that are
used to define T cell exhaustion become
‘imprinted;, being reinforced by epigenetic
programmes’'. These data have collectively
advanced the concept that T cell exhaustion
is a distinct stage of T cell differentiation.

M.P. and A.S. Recent technological
advances, including single-cell genomic
analyses, epigenetic analyses and TCR
sequencing, have enabled us to appreciate
the heterogeneity and lineage relationships
in antigen-specific T cell populations in
tumours and infections®'***. The
demonstration that T cell functional states
are largely defined by the underlying
epigenetic states, which ultimately regulate
T cell plasticity and reprogrammability,
has important implications for
understanding and predicting responses

to immunotherapeutic interventions*.

N.P.R. and R.C.L. Indeed, the most
significant advance in the field is the
demonstration that the effectiveness of
exhausted T cells after adoptive transfer

VIEWPOINT

or checkpoint blockade is related to their
underlying epigenetic stem cell-like state.

W.N.H. and A.H.S. PD1 blockade does

not alter the underlying epigenetic state of
exhausted T cells to durably restore effector
functions'”*. Rather, checkpoint blockade
induces the proliferation and differentiation
of the progenitor exhausted T cells into
terminally differentiated exhausted T cells'”*.

W.H. and D.E.S. Thus, the identification

of stem cell-like PD1*TCF1*CD8* T cells

in chronic infection*** and cancer'”*!
explains how the immune response to
persisting antigens can be sustained long-
term and which cells mediate cellular
expansion in response to immunotherapy.
Their discovery reveals that checkpoint
blockade does not reverse a terminal

T cell exhaustion programme but rather
expands and differentiates a stem cell-like
progenitor subset. Finally, the presence of
such progenitor cells among TILs provides a
likely explanation for the efficacy of adoptive
T cell therapy.

A.K. and D.Z. In addition to the
development of checkpoint blockade,
which has revolutionized cancer therapy,
the field has made substantial progress in
understanding how exhausted T cells are
generated and maintained, in particular
by regulators directly downstream of TCR
signalling, such as NFAT, TOX, NR4A1 and
IRF4 (REFS*~'>%). Similarly, we have learned
that exhausted and non-exhausted T cells
have distinct metabolic and epigenetic
features. All of these observations provide
powerful opportunities to develop new
therapeutic strategies. Arguably the most
important recent discovery is that the
maintenance and targeting of long-term

T cell responses require the memory-like
TCF1* exhausted T cells?®***.

What are the key controversies and
outstanding research questions?

P.G.H. and A.R. The two most consequential
unanswered questions are what are the
cellular signalling and transcriptional
pathways that drive the conversion to an
exhausted T cell phenotype, and how can
the chromatin and transcriptional changes
of exhaustion be reversed in individual
exhausted cells? Checkpoint blockade
therapies, vaccination and treatment with
costimulatory agonist antibodies have had
real successes in restoring T cell function

at the population level, but a detailed
understanding of the cellular processes that
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initiate and sustain exhaustion will provide
the foundation for a new generation of
effective therapeutic strategies.

P.L.S. Similarly, from my perspective, a key
issue concerns the signalling pathways that
contribute to the development of exhaustion,
as well as the related but different issue of
maintaining progenitor cells. In particular,
whether and how we can manipulate
signalling pathways to both activate and
maintain T cell responses remain open
questions, as does the question of whether
pharmacological manipulations can reverse
the epigenetic changes associated with
exhaustion versus expand less-exhausted
populations. The similarities and differences
between exhausted T cells and other types
of dysfunctional T cells (such as anergic

or senescent T cells) is also an important
issue to investigate further, given that
overlapping signals contribute to these states
(for example, NFAT activation is involved

in both anergy and exhaustion, although
these states differ in arising from naive and
activated cells, respectively)'.

N.PR. and R.C.L. We need to define better
the effects of the microenvironment

on the induction of T cell exhaustion, the
developmental trajectories of exhaustion
and the point at which and extent to which
exhaustion can be reversed. Understanding
the consequences of unleashing T cells
from exhaustion will also be crucial to
designing the most effective therapeutic
interventions. The inhibitory programmes
driven by exhaustion prevent overactivation
that leads to terminal differentiation

and apoptotic death; thus, deletion of
exhaustion-associated genes may ultimately
accelerate T cell differentiation and death.
Indeed, significant evidence shows that
disruption of the genes encoding PD1, TOX
and IRF4 ultimately reduces survival of the
exhausted T cell pool”*!*1>2,

E.L. and B.A.Y. Can exhaustion be reversed?
TCR signalling contributes to exhaustion,
but what else? Are signal 3 cytokines, such
as type I interferon® or transforming growth
factor-B*, involved? Further resolution

of these questions, as well as others that
provide general insight into the mechanisms
that reinforce exhausted T cells, will advance
our efforts to generate long-lived therapeutic
responses from adoptively transferred T cells
or endogenous T cells™.

M.P. and A.S. The outstanding question
in tumour immunology is which T cells
mediate antitumour activity in patients who

respond to checkpoint blockade therapy:
dysfunctional TILs that are reinvigorated or
(non-dysfunctional) tumour-specific T cells
that are newly recruited from the periphery?
A related, highly debated question is
whether there is a stable tumour-reactive
stem cell-like progenitor T cell population
that responds to checkpoint blockade.
Whereas the concept of progenitor
exhausted T cells is well established in
chronic infection, we do not think there is
any definitive evidence for their existence in
TIL populations. TCF1* T cells are observed
in human tumours, but their tumour
reactivity is largely unknown; on the basis of
immunophenotype, they probably include
non-tumour-reactive, bystander naive or
memory T cells'>* or recently infiltrated
tumour-specific, functional T cells
(TCF1M), which will become dysfunctional
(TCF1') with continued exposure to
tumour antigen'.

C.U.B. and T.N.S. Similarly, we note that
although there is strong evidence that
predysfunctional T cells are required for
long-term responses to PD1 blockade in
mouse models'”*, it is unclear whether the
predysfunctional T cells themselves, or their
more differentiated (and phenotypically
dysfunctional) progeny, form the ultimate
effector pool for control of human
tumours. On a related note, it is unclear
what constitutes the better predictive
biomarker for response to checkpoint
blockade — the presence of a dysfunctional
T cell pool that is likely to contain intrinsic
tumour reactivity or the presence of a

pool of less differentiated TCF1* cells

that may have the capacity for long-term
reinvigoration but can be ‘contaminated’ by
bystander T cells'®'#2,

W.N.H. and A.H.S. We agree that T cell
exhaustion needs to be defined more clearly
in human tumours. In chronic infections,

T cells can be isolated using MHC tetramers
and compared with fully functional T cells
elicited by an analogous acute infection.
However, in human tumours, it is difficult
to isolate unperturbed antigen-specific

T cells that are unequivocally tumour
specific or to identify an ideal comparator
population. How do the functions and
states (subpopulations) of exhausted T cells
change over time? Can the epigenetic state of
exhaustion be reversed to form true effector
or memory T cells, and is this required

for improved cancer immunotherapy?
What is the relationship between T cell
tolerance and exhaustion, and how can the
beneficial effects of checkpoint blockade

on antitumour and antipathogen immunity
be separated from immunopathology and
autoimmunity?

E.J.W. The presence of exhausted T cells

in cancer probably indicates that there is a
partially useful ongoing immune response
and that tumour antigens that are recognized
by the immune system exist. However,
identifying exhausted T cells in humans
remains challenging, as does evaluating their
functionality. There is no definitive marker
for exhausted T cells, although TOX may
prove to be useful. Transcriptional profiles
are informative, but epigenetic changes are
more specific and robust*****. A major
clinical question is whether exhausted T cells
can be, or indeed need to be, reprogrammed
to achieve therapeutic benefit.

W.H. and D.E.S. Does the presence,

the abundance or other properties of
PD1*TCF1* progenitor cells predict the
response to immunotherapy in human
patients? How are the generation,
maintenance and differentiation of
PD1*TCF1* cells into terminally
differentiated PD1*TCF1- cells controlled?
Do PD1*TCF1* cells exist in additional
pathological disorders with persisting
antigen, such as graft rejection or
autoimmunity, and what are the relevant
similarities and differences between
PD1*TCF1*CD8" T cells present in distinct
pathological situations.

A.K. and D.Z. A key question that is still
controversially discussed is when and how
exhausted T cell populations are formed.
The original view that they are terminally
differentiated descendants of formerly
‘normal’ effector T cells has been challenged
in different ways. First, T cells with features
of exhausted T cells can be found in the
early phase of infection, which suggests

that their formation is independent

of that of normal effector T cells. Second,
we have recently learned that exhausted

or terminally differentiated cells are

derived from proliferation-competent
TCF1* cells**** that stably propagate the
exhausted phenotype®™. This indicates that
exhausted T cells are maintained actively
and independently from normal effector
cells. Another central question is which
signals establish and maintain the particular
functional features of exhausted T cells.

E.L. and B.A.Y. What is the relationship
between the memory-like progenitor
exhausted T cells and conventional, long-lived
memory T cells?
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E.J.W. Indeed, there may well be similarities
between resident memory T cells and
exhausted T cells, but these similarities
remain poorly understood.

What are the drivers of the similarities
and differences in exhausted T cells in
tumours compared with infection?

P.G.H. and A.R. Of course there are
differences, but it makes more sense to focus
on the similarities — the common core
programme of exhaustion that has been
identified by several studies™*** — as these
are the shared characteristics that can be
manipulated for therapeutic purposes.

E.J.W. In global comparisons of RNA
sequencing or epigenetic data, exhausted

T cells share a core molecular programme in
both tumours and chronic infections,

in both mice and humans®.

W.N.H. and A.H.S. In both cases, chronic
antigen stimulation and inflammation result
in the shared expression of transcription
factors (such as TOX, TCF1 and NFAT)
and coinhibitory receptors (such as PD1,
TIM3 and TIGIT)". Similarly, we think that
progenitor and terminally differentiated
exhausted T cell subsets are found in both
contexts, although this is disputed by M.P.
and A.S. However, there are also likely to be
important differences driven by the tissue
microenvironment. For example, exhausted
T cells from chronic viral infection have a
stronger type I interferon signal, whereas
the tumour microenvironment probably
puts more metabolic constraints on
exhausted T cells".

C.U.B. and T.N.S. Similarly, we think

that the development of the dysfunctional
T cell state is driven by (continued) TCR
triggering under conditions in which
costimulation may be suboptimal and other
inhibitory signals may be present. Whereas
TCR affinity and antigen availability may
have a role in certain cases, the difference
between chronic infection and tumours is
likely to lie primarily in the nature of the
auxiliary signals, and such signals may
potentially even differ between tumour
microenvironments. This is an area that is
only starting to be addressed'”* and where
our understanding is still limited.

E.J.W. I agree that comparisons across
different disease settings reveal disease-
specific features of exhausted T cells

that may relate to the inflammatory
environment, antigen levels or tissue-specific

effects. Thus, a core epigenetic and
transcriptional programme of T cell
exhaustion exists across diseases and species,
but specific environments shape some
features of exhaustion.

P.L.S. Yes, as in real estate, location cannot
be ignored. Although transcriptionally
similar, the development of exhaustion may
be very different in the tumour environment
and in different tumours compared with

during a chronic infection'’.

M.P. and A.S. During chronic infections,
naive T cells encounter antigen acutely in an
inflammatory context and differentiate into
functional effector cells, which then become
exhausted. By contrast, during tumour
development, there is usually a long latency
period after an initiating clonal oncogenic
event during which tumour antigens are
presented to the immune system in a non-
inflammatory, non-stimulatory context™.
Thus, an important difference is that
exhausted T cells in chronic infection go
through an initial effector phase and may
retain some function, as evidenced by

the rapid progression of infection when
exhausted T cells are depleted, whereas
dysfunctional TILs have little or no
function as evidenced by continued tumour
outgrowth. We do not think there is solid
evidence of a stable, progenitor population
of exhausted T cells within tumours.

AK. and D.Z. With further reference

to potential differences in the TCF1*
population between chronic infection

and tumours, TCF1* T cells in tumours
lack expression of CXCR5 (REF*"), which

is expressed on these cells when localized
to lymphoid tissues***”. Nonetheless, in
our opinion, TCF1* T cells in tumours
seem to be the precursors (progenitors) of
exhausted effector T cells, which is similar
to the precursor-progeny relationship that
is observed in chronic infection.

W.H. and D.E.S. Common features of the
transcriptomes of memory-like progenitor
cells from chronic infection and tumours
include the expression of gene signatures
of haematopoietic progenitor cells and
follicular helper T cells*>*"**. However, the
formation of memory-like cells in chronic
infection depends on TCF1 (REFS*),
whereas memory-like cells in tumours
arise in the absence of TCF1 but their stem
cell-like properties require TCF1 (REF?").

N.PR. and R.C.L. Although we agree that
there is a common core signature
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of exhaustion present in both tumours and
chronic infection (imposed by chronic

TCR signalling), given the differences that
have been pointed out here between the
tumour microenvironment and chronic
infection, there is no reason in the current
era to study tumour immunology using data
obtained from LCMV as a model system.
Untangling the diverse and overlapping
biological phenomena that ultimately

result in dysfunctional T cells in the

tumour microenvironment will be key to
developing efficacious immunotherapies

for solid tumours. It seems unnecessary to
put so much research effort in continuing

to characterize T cell exhaustion in mouse
models of chronic viral infection in the hope
that these findings will translate to human
tumour biology.

Can we manipulate the exhausted

T cell states pre-emptively or
therapeutically, and what is the durable
effector potential of these exhausted cells?

P.G.H. and A.R. Of course — all biological
processes can be manipulated once we

know what the players and signals are.
However, what we do not know is whether it
is possible to directly convert exhausted T cells
into durable effector cells or to increase their
effector potential, or whether it is better to
focus on increasing the representation of the
TCF1* stem cell-like progenitor population.

AK. and D.Z. Although exhausted

T cells are limited in their effector

capacity, they undoubtedly contribute

to tumour and virus control. Mounting
evidence shows that exhaustion enables

an organism to re-establish an immune
equilibrium that ensures some level of virus
control while limiting T cell-mediated
immunopathology®**%.

E.L. and B.A.Y. Yes, exhaustion seems to

be a compromise between the host’s need

to resolve the infection or tumour and the
amount of damage that can be tolerated®'.
Because exhaustion limits the T cell response
to chronic infection with pathogens or to
tumours, it is thought to be a major barrier
limiting the long-term efficacy of adoptive

T cell therapies or therapies that rely on the
host’s established endogenous T cell response
(such as immune checkpoint blockade).

C.U.B. and T.N.S. It is evident that the
formation of the dysfunctional state can
be influenced pre-emptively by modifying
the conditions of T cell priming®. From a
therapeutic perspective, there is evidence
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that at least a transient restoration of effector
functions of late dysfunctional T cells derived
from human tumours can be achieved'®.
However, durable restoration of T cell activity
upon PD1 blockade relies on the progeny

of early dysfunctional or predysfunctional

T cells'®"”. The development of technologies
to determine the intrinsic tumour
recognition potential of individual
intratumoural CD8" T cells as well as their
capacity for durable reinvigoration upon
immune checkpoint blockade would be a
major step forward.

N.PR. and R.C.L. Disinhibition of T cells
can clearly be accomplished with checkpoint
blockade immunotherapy. The efficacy of
using TILs therapeutically suggests that
their optimized expansion outside the
hostile tumour microenvironment can

also reinvigorate dysfunctional T cells®.
However, the extent to which the efficacy of
these interventions relies on the prevalence
of the more stem cell-like exhausted T cells
is yet to be fully understood. The most
promising opportunity for pre-emptive
application of these strategies is adoptive

T cell therapy, in which transferred T cells
can be either generated under conditions
that maintain the stem cell-like properties'*
or genetically engineered with intrinsic
exhaustion resistance®.

P.L.S. There are two issues here. The first

is how to invigorate exhausted T cells,

or perhaps more accurately the TCF1*
progenitor-like cells, as has been achieved
using checkpoint inhibitors. The second is
how to have those effects persist. Recent work
on TOX highlights this dichotomy. TOX

is required for the exhausted phenotype,
and TOX-deficient CD8" T cells have
increased effector function®'’. However,
loss of TOX also prevents the persistence

of antigen-specific CD8* T cells in chronic
infection, probably as a result of both loss
of the TCF1* progenitor population and
promotion of a terminal effector phenotype
that is more susceptible to cell death.
Stepwise manipulations or the transfer

of combinations of distinctly treated T cells
may therefore be beneficial.

AK. and D.Z. A particular challenge is the
epigenetic enforcement of the exhausted

T cell phenotype®. Intuitively, this calls for
strategies to prevent this epigenetic fixation.
However, this may be difficult to achieve
and could also lead to impaired persistence
of T cells. All of this underlines that better
immune therapies will require a much
deeper understanding of the molecular

and cellular ‘set points’ that establish
T cell exhaustion in chronic infection and
in cancer.

E.J.W. I also note that the reinvigoration

of exhausted T cells after PD1 blockade

is temporary because the cells are not
epigenetically reprogrammed®. Indeed,
reinvigorated exhausted T cells are still
exhausted, although the balance of subsets
and aspects of transcriptional and functional
activities may temporarily change. Targeting
molecular programmers such as TOX
might prevent the induction of exhaustion
but two potential challenges with such an
approach are immunopathology and/or loss
of durability owing to differentiation to a
terminal cell state”*'".

W.N.H. and A.H.S. Because exhaustion

is a state of differentiation that is enforced
transcriptionally and epigenetically, its
reversal is unlikely to be straightforward.
Indeed, there are few examples of successful
therapies that involve the dedifferentiation
of a cell state. Knowledge of how exhaustion
develops and the inherent states of exhausted
subpopulations could guide therapeutic
development. For example, epigenetic

drugs can modify the development of

T cell exhaustion™, but their selectivity for
exhaustion (and not for other differentiation
processes) remains to be determined.
Alternatively, genome-editing technology
offers the opportunity to manipulate
exhaustion-specific regulators or enhancer
elements” to generate ‘exhaustion-proof’

T cells for adoptive cell therapy, albeit at the
risk of enhanced immunopathology.

M.P. and A.S. Similarly, we believe that in
tumours, different epigenetic states of T cell
dysfunction define the reprogrammability
of a T cell: an earlier more plastic chromatin
state can respond to immunotherapeutic
interventions, whereas a fixed state is
resistant to therapeutic reprogramming™.
Because most T cells in tumours are

largely in a fixed, non-reprogrammable

cell state, we think that immunotherapy
mainly functions through the recruitment
of functional T cells or dysfunctional but
reprogrammable T cells from the periphery
and through preventing the dysfunction of
newly recruited T cells. It remains to be seen
whether ‘fixed’ dysfunctional T cells can in
fact be reprogrammed through epigenetic
targeting or other means.

W.H. and D.E.S. There is already evidence
from preclinical mouse models that
memory-like progenitor T cells can be

targeted therapeutically’ and used for
adoptive cell therapy"’. These cells can
undergo intratumoural proliferation and
differentiation into exhausted T cells in
response to vaccination or checkpoint
blockade, which is associated with improved
tumour control’. Available evidence

from chronic infections suggests that the
functional improvements after checkpoint
blockade are transient*, although the impact
on memory-like progenitor cells needs to be
addressed directly.

Do we need a new nomenclature for
exhausted T cell subsets?

W.N.H. and A.H.S. Yes, given the multiple
names that are used in the literature

and confusion about their respective
functionalities. However, until we
understand these subsets better and the
spectrum of heterogeneity in different
disease states, it will be difficult to assign

a nomenclature to these subsets.

C.U.B. and T.N.S. Non-experts in
particular will view the term ‘exhausted’

as referring to a state in which a T cell is
fully inert, and this is simply not in line
with recent experimental data. We think
that the term ‘dysfunctional better captures
biology, by indicating that this involves a

T cell population with properties that are
distinct from those of the classic CD8*

T cell subsets.

P.G.H. and A.R. The exhaustion
programme seems to be an exaggerated
and abnormally sustained manifestation
of a normal negative-feedback programme
that is turned on in all activated T cells.
Unlike C.U.B. and T.N.S., we do not think
that ‘dysfunctional’ effectively describes this
adaptation to chronic antigen stimulation.
Thus, we believe that broad definitions

of exhausted T cells are best, particularly
when functionally validated as part of

a meaningful physiological response.

The simple terms ‘hyporesponsive’ and
‘exhausted’ are sufficient to indicate the
deviation of a T cell population from full
effector capability, with the understanding
that these classifications embrace a wide
spectrum of functional impairments in the
individual cells. However, as expressed by
our colleagues below, we recognise that

it has been useful to divide the exhausted
T cell population into a stem cell-like
progenitor subset and a more terminally
differentiated subset, which can be
distinguished by expression of a functional
marker, TCFI.
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P.L.S. These two subsets were first
delineated in terms of their responses to
PD1 blockade and differential expression

of eomesodermin and T-bet*, and, more
recently, by the description of a TCF1*
progenitor population that can both renew
and repopulate terminally differentiated
exhausted T cells”****. However, single-

cell analyses suggest that this may be an
oversimplification®, an idea that is supported
by the lack of correlation between expression
of TCF1 and expression of eomesodermin.
Thus, there may be multiple stages of
differentiation of exhausted T cells, leading
to an epigenetically distinct terminally
differentiated state. These stages may differ
between tumours and chronic infections.

E.L. and B.A.Y. We agree that there are

at least two distinct subsets of exhausted

T cells that are organized in a hierarchy
similar to that of conventional long-lived
memory T cells and terminally differentiated
effector T cells, albeit with unique features.
Therefore, these subsets warrant unique
descriptors. Notably, recent data suggest
that epigenetic mechanisms are crucially
involved in the developmental changes

that delineate these two subsets’'. As such,

a molecular definition of the differentiation
status of a T cell in the context of exhaustion
should include epigenetic programmes.

N.PR. and R.C.L. We agree with PL.S. that
while any proposed nomenclature should
include an understanding of the stem
cell-like versus terminally differentiated
exhausted T cells, this should not imply
only two differential states but rather should
imply what is likely to be a continuous
trajectory. In addition, states derived from
chronic antigen exposure (‘exhaustion’)
should be parsed from states describing

T cell dysfunction derived from ‘suppression’
or ‘ignorance’”.

C.U.B. and T.N.S. On the basis of the
observation of a continuum of cell states
with, for example, increasing levels of
inhibitory receptor expression and variable
levels of proliferation's, it may not be
appropriate to consider the dysfunctional
T cell pool as a single well-defined subset,
and it may be more productive to think of
the process as involving transit through a
dysfunctional gradient.

W.N.H. and A.H.S. Yes, the primary issue

is less about assigning phenotypic ‘buckets’
for what is in effect a continuum of substates
but more about identifying the fundamental
biological regulators of T cell functional

impairment. The latter is the brass ring that
will determine whether and how reversal
of exhaustion could be exploited to treat
human disease.

W.H. and D.E.S. A new nomenclature
would be warranted, but will likely be
hard to agree. We refer to the PD1*TCF1*
progenitor cells as being memory-like,
because they have a unique phenotype,
gene expression profile’*’ and epigenetic
signature'” and because these cells persist
in the presence of antigen. However,
memory is defined by the absence of
antigen. Irrespective of the presence

of antigen, memory-like PD1*TCF1*

T cells and central memory T cells share
stem cell-like properties. By contrast, we
use the term ‘exhausted’ to refer selectively
to the terminally differentiated progeny of
the memory-like PD1*TCF1* T cells.

E.J.W. Subsets of exhausted T cells were
originally defined as progenitor cells or
terminally differentiated cells on the basis

of their ability to undergo proliferation

(and differentiation) in response to PD1
blockade™ or persisting antigen®. Other
terms have also been used to describe the
progenitor cells, including ‘stem cell-like’
and ‘memory-like’ However, until we have a
more complete understanding of the number
of truly distinct subsets of exhausted T cells,
their diversity and underlying epigenetics,

it may be challenging to assign nomenclature
that accurately matches the biology.

M.P. and A.S. We find it useful to

use distinct terms for hyporesponsive

T cells in chronic infection and cancer
(exhausted T cells and dysfunctional

T cells, respectively) because, despite some
similarities, there are important differences
in their ontogeny and function. It remains to
be seen whether the conceptual framework
of progenitor and terminally differentiated
subsets applies to dysfunctional TILs.

An important point is that memory T cells
by definition are antigen-experienced cells
that persist for a long time after antigen
clearance in acute infection; thus, in contrast
to W.H. and D.E.S., we do not think that
antigen-specific T cells present during
chronic infection or in tumours can be
defined as memory T cells.

AK. and D.Z. We agree with P.G.H.

and A.R. that the terms ‘exhausted’ and
‘dysfunctional’ somewhat contrast with the
view that these T cells seem to be tightly
regulated and functionally adapted to the
conditions of chronic antigen stimulation.
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However, as ‘exhausted’ is widely used and
can easily accommodate the particular
aspects of functionally impaired T cells in
chronic infection and in tumours, we would
prefer to continue using this term. What
we definitively need is a nomenclature for
the specialized TCF1" cells that maintain
long-term T cell responses by constantly
replacing the pool of short-lived cells.
Currently, these cells are being referred

to as progenitor cells, memory-like cells,
stem cell-like cells or follicular cytotoxic

T cells"®!22%30344257 Yet, these closely
related cells constitute a unique entity,

for which we lack an appropriate term.
Despite their self-renewing capacity, these
cells are committed to the production of
terminally exhausted T cells. Therefore, our
suggestion is to use the term ‘precursors’

of exhausted T cells.
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