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Abstract

Although robust and highly effective anti-viral T cells contribute to the clearance of many acute
infections, viral persistence is associated with the development of functionally inferior, exhausted,
T cell responses. Exhaustion develops in a step-wise and progressive manner, ranges in severity,
and can culminate in the deletion of the anti-viral T cells. This disarming of the response is
consequential as it compromises viral control and potentially serves to dampen immune-mediated
damage. Exhausted T cells are unable to elaborate typical anti-viral effector functions. They are
characterized by the sustained upregulation of inhibitory receptors and display a gene expression
profile that distinguishes them from prototypic effector and memory T cell populations. In this
review we discuss the properties of exhausted T cells; the virological and immunological
conditions that favor their development; the cellular and molecular signals that sustain the
exhausted state; and strategies for preventing and reversing exhaustion to favor viral control.
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Introduction

Anti-viral T cells are a key component of the adaptive immune response and contribute to
the elimination of acute infections, restrict the reactivation of latent viral infections, and
control viral loads at steady state levels during chronic infections. Prototypic acute viral
infections result in the formation of short-lived, but highly functional, terminally
differentiated effector T cell populations that eliminate infected target cells. In addition, a set
of phenotypically distinct memory precursors are generated that are retained over time and
mature to form the memory T cell pool which contributes to life-long immunity (Hand and
Kaech, 2009; Mueller et al., 2013). The tempo and power of these responses can be
remarkable, with activated T cells expanding over 50,000 fold by the peak of infection
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(Blattman et al., 2002), cell numbers doubling every 6-8 hours (Murali-Krishna et al., 1998),
and the power to kill target cells with 5 minutes of engagement (Stinchcombe et al., 2001).

Although robust protective T cell responses which help achieve complete viral clearance are
often elicited, exhausted T cell populations with reduced effector properties can emerge,
especially during chronic infections (Klenerman and Hill, 2005; Wherry, 2011; Yi et al.,
2010a). Exhausted T cells are unable to deploy the arrays of anti-viral activities associated
with full-fledged effector and memory populations. This immunological austerity hinders
the ability to control the infection and favors the foundation of persistence. While this
rebalancing of the cell-mediated immune response is detrimental in terms of viral control, it
may be beneficial as it limits the adverse effects of hyper-T cell activation including
immunopathology and sustained cytokine synthesis. In this review we discuss the
virological and immunological cues that favor the development of T cell exhaustion, the
conditions that sustain the exhausted state within the chronically infected host, and proven
and potential strategies for preventing and reversing exhaustion to favor immune-mediated
viral control.

The exhausted state

Although T cell exhaustion has been most widely studied during chronic viral infections, it
also develops more generally under conditions of antigen persistence that arise during
certain non-viral infections such as malaria and Mycobacterium tuberculosis as well as
during tumor outgrowth (Ahmadzadeh et al., 2009; Bhadra et al., 2011; Day et al., 2011).
The first indications that anti-viral T cells became exhausted during persistent viral
infections stemmed from studies of lymphocytic choriomeningitis virus (LCMV) infected
mice (Zajac et al., 1998). Analyses using major histocompatibility multimers in combination
with sensitive functional readouts revealed the presence of effector function-negative virus-
specific CD8 T cells. Therefore, anti-viral T cells were not necessarily physically lost during
chronic infections (Moskophidis et al., 1993) but instead could be maintained in a non-
functional, or poorly functional, exhausted state (Zajac et al., 1998; Gallimore et al., 1998).

The exhausted state develops in a step-wise and progressive manner and is characterized by
the inability to elaborate the arrays of effector functions associated with typical effector and
memory T cells (Figure 1). Exhausted T cells also display altered proliferative properties
and maintenance requirements; consequently, in the most extreme cases anti-viral T cells
decay in number over time and may become undetectable. The loss of functional potential is
not stochastic but occurs in a predictable manner as distinct effector modules are
successively disabled. Loss of interleukin (IL)-2 production is one of the earliest signs of
exhaustion (Fuller et al., 2004; Wherry et al., 2003). Subsequently, the production of other
cytokines including tumor necrosis factor (TNF)-a is abolished. However, interferon (IFN)-
v and beta-chemokine production, and possibly cytolytic effector activities, are more
resilient to inactivation, although these abilities are also extinguished in the most severely
exhausted subsets (Fuller et al., 2004; Agnellini et al., 2007; Shin et al., 2009; Zhou et al.,
2004; Mackerness et al., 2010). Thus, a spectrum of exhausted states with varying impacts
on the ability to contain the infection can emerge. The extent of exhaustion varies depending
upon the type of infection and usually correlates positively with the viral burden. In
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addition, the degree of exhaustion can differ depending upon the epitope-specificity of the
responding cells, which can result in changes in immunodominance as the more severely
impeded populations more rapidly succumb to deletion (Blattman et al., 2009; Fuller et al.,
2004; Wherry et al., 2003; Zajac et al., 1998).

Transcriptional determinants of exhaustion

It has become clear that the transcriptional program of exhausted T cells differs dramatically
from that of functional effector or memory T cells. Studies defining the genome-wide
transcriptional signatures and underlying molecular circuitry of exhausted CD8 T cells, for
example, have identified major changes in the expression of inhibitory and co-stimulatory
receptors, transcription factors, signaling molecules, cytokine and chemokine receptors and
genes involved in metabolism (Crawford et al., 2014; Doering et al., 2012; Wherry et al.,
2007). Indeed, these studies originally identified the diverse immunoregulatory pathways
operating in exhausted T cells such as programmed death-1 (PD-1) that negatively regulates
T cell function (Barber et al., 2006). While there appears to be some shared features of an
“activation” signature with functional effector T cells, exhausted T cells also have major
transcriptional changes not found in effector T cells. These and other fate tracing
experiments support the notion that exhausted T cells attain a unique state of differentiation
(Angelosanto et al., 2012; Utzschneider et al., 2013).

A major question that arises from the distinct transcriptional program of exhausted T cells is,
what are the central mechanisms that control this altered pattern of gene expression?
Although, a number of important transcription factors including T-bet, Eomes, Blimp-1,
NFAT, BATF and VHL have been implicated in T cell exhaustion, a master lineage
specifying transcription factor has not been identified (Agnellini et al., 2007; Doedens et al.,
2013; Kao et al., 2011; Paley et al., 2012; Quigley et al., 2010; Shin et al., 2009).
Interestingly, several of these transcription factors can function in a context-specific manner
in exhausted T cells that is different from their function in other T cell subsets (Kao et al.,
2011; Kurachi et al., 2011; Paley et al., 2012; Quigley et al., 2010; Shin et al., 2009). For
example, while T-bet is expressed by and plays a functional role in the formation of
terminally differentiated CD8 T cells during acute infections (Intlekofer et al., 2005; Kaech
and Cui, 2012), it also controls the population of non-terminal progenitor cells within the
exhausted T cell pool (Paley et al., 2012). The related T-box transcription factor, Eomes, is
involved in central memory CD8 T cells following acute infection and controls quiescence
and homeostatic turnover (Banerjee et al., 2010; Paley et al., 2012; Zhou et al., 2010).
However, during chronic infections this same transcription factor controls the terminally
differentiated subset of exhausted T cells that are enriched in peripheral tissues (Paley et al.,
2012). For exhausted CD8 T cells scale-free network analysis demonstrated that the same
transcription factors can have dramatically different functions in memory versus exhausted
CD8 T cells (Doering et al., 2012). In some cases, such as T-bet, the network analyses
demonstrated a core of conserved functions and sets of context-specific activity found in
either functional or exhausted T cells. In other cases, such as Eomes, essentially all
transcriptional connections were unique to either functional or exhausted T cells, with
essentially no common network connections in both settings. Thus, while exhausted CD8 T
cells do not appear to possess a lineage defining transcription factor, these cells do express a
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distinct constellation of transcription factors. Moreover, many of the transcription factors
function in an exhaustion specific manner, perhaps helping to define the exhausted T cell
fate.

The epigenetic landscape of a cell is known to have a major influence on how and where
transcription factors function, and recent studies suggest that the epigenome may provide a
better definition of cell fate than transcription factors. For example, the epigenetic “fate” of
a Thl cell was largely preserved in the absence of T-bet, the transcription factor previously
thought to be lineage-defining for Thl cells (Vahedi et al., 2012). There is relatively little
epigenetic information about exhausted T cells. Recent work indicates a global reduction in
diacetylated histone H3 suggesting loss of epigenetically active genes (Zhang et al., 2014).
Treatment with histone deacetylase inhibitors improved function of exhausted T cells
consistent with this idea (Zhang et al., 2014). The details of how such epigenetic changes
work for individual genes in exhausted T cells still remains poorly understood. However, as
discussed later, studies at the Pdcdl locus (encoding PD-1) have been informative.

Establishing and maintaining exhaustion

Viral loads

As T cells first respond to an infection they integrate successive cellular and molecular
signals that direct their differentiation and fate decisions. During the early stages of
persistent viral infections, antigenic signals, cellular environment, and inflammatory
constituents guide the T cell response but subvert development of effector and memory
pools. Under these conditions the overall magnitude of the T cell response may be lower due
to reduced clonal expansion and the participating cells may fail to attain or maintain
sufficient breadth and vigor of anti-viral effector functions. This sets the stage for viral
persistence as the sub-optimal response fails to eliminate the infection. Parameters that
influence the development and maintenance of exhaustion include antigen levels, which are
determined by the extent and pace of viral replication; the availability of CD4 T cell help;
the strength of the natural killer cell response; the quality and character of the antigen
presenting cell (APC) populations; the engagement of co-inhibitory receptor pathways such
as PD-1: PD-L1/2; and the levels and composition of the cytokine milieu.

The level and duration of antigen-exposure during persistent viral infections are primary
factors that drive the development of T cell exhaustion. This is well illustrated by the
observation that T cell exhaustion becomes most pronounced during high grade chronic
infections such as persistent LCMV infection of adult mice and hepatitis B virus (HBV),
hepatitis C virus (HCV), and human immunodeficiency virus (HIV) infections of humans
(Boni et al., 2007; El-Far et al., 2008; Goepfert et al., 2000; Radziewicz et al., 2007; Reignat
et al., 2002; Shankar et al., 2000; Wherry et al., 2003; Zajac et al., 1998). Infections such as
Epstein-Barr virus (EBV) and cytomegalovirus (CMV) that persist but do not result in such
marked and prolonged antigenic activation are associated with intermediate T cell
phenotypes (Appay et al., 2008, 2002; Tussey et al., 2003). By contrast, acute viral
infections that resolve including influenza, yellow fever, and vaccinia result in the induction
of robust effector and durable memory responses (Belz et al., 2000; Gaucher et al., 2008;
Harrington et al., 2002; Miller et al., 2008). Collectively, these findings support the concept
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that the magnitude, duration, and repetitiveness of T cell activation by presented viral
antigen dictates the differentiation state and, therefore, the phenotypic and functional quality
of the response.

The importance of antigen abundance in pushing T cell exhaustion is exemplified by studies
in which the presentation of viral antigens by MHC class | molecules to CD8 T cells is
confined to either cells of hematopoietic origin or, more specifically, to dendritic cells (DC)
and keratinocytes. LCMV-clone 13 infection of chimeric mice that only express MHC class
I molecules on bone marrow-derived cells results in high viral loads (Mueller and Ahmed,
2009; Richter et al., 2012). Nevertheless, even though helper CD4 T cell responses remain
intact, the onset of anti-viral CD8 T cell exhaustion is delayed due to limited antigen
presentation. The persistently high levels of virus in these hosts do, however, drive eventual
exhaustion of the T cell response. Restricting antigen-presentation to DCs and keratinocytes
reduced the severity of CD8 T cell exhaustion that usually develops during chronic LCMV
infection, but exacerbated immunopathology, highlighting the potential benefits of silencing
strong immune responses to avoid morbidity and mortality. Bolstering the levels of antigen-
presentation on non-hematopoietic cells or DCs promoted exhaustion. Thus, expanding the
levels of antigen exposure weakened the anti-viral CD8 T cell response.

The concept that the abundance of viral antigen promotes exhaustion by driving strong T
cell activation is further supported by studies in which viral levels change. During HIV
infection the number of polyfunctional anti-viral CD8 T cells capable of producing multiple
cytokines declines, and their expression of inhibitory receptors increases with viral loads
(Betts, 2006; Day et al., 2006; Oxenius et al., 2002; Trautmann et al., 2006). Improvements
in the polyfunctional qualities of HIV-specific T cells is associated with successful anti-
retroviral therapy (ART) and is also apparent in non-progressors which are able to contain
the infection (Rehr et al., 2008; Streeck et al., 2008). Improvements in the functional status
of anti-viral CD8 T cells are also detected as viral levels drop during the spontaneous
resolution of HCV infections in humans. In this case, IFN-y production became detectable as
populations of stunned virus-specific CD8 T cells that initially failed to produce this
cytokine regained function as the infection resolved (Lechner et al., 2000).

Although influenza infection does not result in long-term viral persistence, reoccurring
intraperitoneal inoculation of mice with this virus resulted in CD8 T cell exhaustion (Bucks
et al., 2009). The antigen-specific responses were lower in magnitude, less capable of
producing IFN-v, and elicited reduced secondary proliferative responses. Interestingly,
although the CD8 T cells generated under these conditions of sustained antigenic exposure
expressed the inhibitory receptor PD-1, this did not appear to influence the quality of the
response. Notably, the responsiveness of the exhausted CD8 T cells recovered if they were
left to rest without successive antigenic exposures, suggesting that halting TCR signaling
can lead to functional improvements (Bucks et al., 2009). Similarly, as the levels of LCMV-
clone 13 naturally subside, thereby limiting the antigenic activation of the anti-viral T cell
pool, some recovery of anti-viral T cell functions, especially IFN-y production, and the
attainment of a more resting phenotype is detected (Fuller et al., 2004; Ou et al., 2001).
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The emergence of viral epitope escape mutations can also alter the phenotypic and
functional status of the anti-viral T cell pools, demonstrating the potential plasticity of
exhausted subsets. The emergence of an escape mutation within the LCMV GP33-41
epitope prevents the exhaustion of P14 CD8 T cells, which recognize this sequence
(Blattman et al., 2009). Nevertheless, anti-viral CD8 T cells, specific for other unaltered
epitopes continue to lose function, express high level of PD-1, and progress to exhaustion
(Blattman et al., 2009; Shin et al., 2007). The emergence of viral escape mutants that
influence the functionality and extent of T cell exhaustion are also observed during other
chronic infections including HCV, HIV, and simian immunodeficiency virus (SIV)
(Petrovas et al., 2007; Rutebemberwa et al., 2008; Streeck et al., 2008). During HIV
infection, CD8 T cells specific for epitopes that have mutated over the course of the
infection have been shown to regain functionality and decrease their levels of PD-1 (Streeck
et al., 2008). In SIV infection models, Tat TL8 epitope-specific CD8 T cells initially express
PD-1 early, but this decreases after escape mutants emerge (Petrovas et al., 2007). Similarly,
during HCV infections decreases in PD-1 expression on CD8 T cells that recognize mutated
epitopes have also been reported (Rutebemberwa et al., 2008).

The selection of viral escape mutations and the associated changes in the quality of the
responding cells not only supports the concept that the magnitude and duration of antigenic
activation is a principal driver of exhaustion but also demonstrates that the responses can be
dynamic and possibly rejuvenated. Adoptive transfer studies have shown that anti-viral CD8
T cell responses can be rescued if they are transferred at early time points from the
environment of an ascending chronic infection (LCMV-clone 13) into an acutely infected
host (Angelosanto et al., 2012; Brooks et al., 2006a). This suggests that the exhausted fate
decision is not preset, imprinted, or irreversible, at least during the initial phase of the
infection. Conversely, virus-specific KLRG-1!© memory precursors primed during acute
LCMV-infection become exhausted in chronically infected recipients (Angelosanto et al.,
2012). Thus, the responding T cells exhibit a level of developmental flexibility especially
during the early stages of infection, and high viral loads as well as other infection associated
cues orchestrate the outcome of the response. Interestingly, in contrast to the KLRG-1!°
memory precursors, KLRG-1 effector cells were unable to give rise to exhausted T cells
and were physically eliminated from chronically infected recipients. These observations
indicate that exhausted T cells are derived from memory precursors and highlight a
distinction between senescence (at least defined by KLRG1 expression) and exhaustion.

Intriguingly, although exhausted CD8 T cells are typically viewed as inept, there is evidence
that they can exert anti-viral effector functions and contribute to infection control. The
assessment of killing functions using in vivo CTL assays suggest that cytolytic effector
activities are more resistant to exhaustion than cytokine production (Agnellini et al., 2007;
Fuller et al., 2004; Graw et al., 2011; Zhou et al., 2004). Moreover, LCMV infection of
recipients that had been seeded with exhausted CD8 T cells resulted in expansion of the
donor cells and accelerated viral control, even though the signatures of exhaustion, including
higher PD-1 expression and reduced polyfunctionality, remained detectable (Utzschneider et
al., 2013). Ongoing immunosurviellance by CD8 T cells during chronic infections is further
indicated by the findings that the depletion of CD8 T cells during chronic SIV infection
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results in increased viral loads (Jin et al., 1999; Schmitz et al., 1999). Therefore, although
abundance of viral antigen is a key determinant of exhaustion, a range of sub-optimal states
emerge, which may be functionally tuned to limit immunopathology but still allow a level of
viral control.

CDA4 T cell help

CDA T cells play a vital role in supporting CD8 T cell responses during many chronic viral
infections. Again, as with much of our understanding of exhaustion, this is arguably best
exemplified following infection with strains of LCMV that are predisposed to persist. In
these instances, the absence of CD4 T cells at the onset of the infection converts a
prolonged, slowly contained infection into a high grade chronic infection associated with
extreme exhaustion and eventual deletion of the virus-specific CD8 T cells (Battegay et al.,
1994; Fuller et al., 2004; Matloubian et al., 1994).

CDA4 T cells can influence all stages of the anti-viral CD8 T cell response including
activation, expansion, and maintenance, as well as secondary recall responses; however, the
necessity for CD4 T cell help varies extensively depending upon the pathogen (Wiesel and
Oxenius, 2012). CD4 T cells can facilitate the activation of dendritic cells and other APCs.
These licensing functions, commonly delivered by CD40:CD40L interactions, can promote
the priming and expansion of T and B cell responses (Bennett et al., 1998; Ridge et al.,
1998; Schoenberger et al., 1998; Wiesel et al., 2010). Nevertheless, the requirement for CD4
T cell-dependent maturation of professional APCs during the priming phase can be bypassed
during many infections by direct activation via pattern recognition receptors as well as by
inflammatory cytokines such as type I IFN (IFN-I; IFN-a/B) (Wiesel et al., 2011; Wiesel and
Oxenius, 2012).

CDAT cells are also major producers of the related common-y chain receptor family
cytokines IL-2 and IL-21, which influence the differentiation and properties of the CD8 T
cells (Boyman and Sprent, 2012; Cox et al., 2011). IL-2 has been shown to serve as a
differentiation factor that promotes the formation of short-lived effector CD8 T cells (Kalia
et al., 2010; Pipkin et al., 2010) and also sustains effector populations in peripheral tissues
(D’Souza et al., 2002; D’Souza and Lefrangois, 2003). In addition, I1L-2 signals during the
priming phase have also been implicated in programming the formation of memory T cells,
which have the ability to mount rapid recall responses during secondary challenges
(Bachmann et al., 2007; Williams et al., 2006). During chronic LCMV infections CD8 T
cells that lack expression of the high affinity IL-2 receptor are rapidly lost, highlighting the
potential importance of this cytokine in maintaining responses in the persistently infected
host (Bachmann et al., 2007).

CDA T cells are also the principal source of 1L-21, which has multiple immunoregulatory
roles (Leonard and Spolski, 2005; Yi et al., 2010b). The requirements for IL-21 are
especially stringent during chronic LCMV infections, as the anti-viral CD8 T cell response
collapses in the absence of this cytokine, and the virus persists at sustained high levels
(Elsaesser et al., 2009; Frohlich et al., 2009; Yi et al., 2009). This mirrors the findings from
CD4-deficient mice and suggests that IL-21 is a vital CD4 T cell derived cytokine that helps
to sustain CD8 T cell responses under conditions of continuous antigenic activation. The
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importance of IL-21 in maintaining anti-viral CD8 T cell responses has also been reported
during HIV infections where the fraction of IL-21 producing T cells correlates with superior
anti-viral CD8 T cell responses and viral control (Chevalier et al., 2011; lannello et al.,
2010; Williams et al., 2011; Yue et al., 2010). Moreover, higher levels of IL-21 are also
associated with better containment of HBV and HCV infections (Feng et al., 2013; Kared et
al., 2013; Spaan et al., 2014).

Mixed bone marrow chimeras have demonstrated that 1L-21 acts directly on anti-viral CD8
T cells during chronic LCMV infections to sustain their functionality and to prevent full
exhaustion (Elsaesser et al., 2009; Frohlich et al., 2009; Yi et al., 2009). How IL-21 operates
to support the response is less clear. Exhausted CD8 T cells downregulate the receptors for
IL-7 and IL-15, two cytokines which usually support the proliferation and survival of the
response (Fuller et al., 2005; Lang et al., 2005; Wherry et al., 2004). It is plausible that
IL-21 acts when the signals from these homeostatic cytokines are limited and thus maintains
the responding CD8 T cells, especially if they continue to receive strong antigenic signals.
In addition, IL-21 has been suggested to limit the complete development of short-lived
effectors and to promote the longevity of the responding T cells by preventing their full
terminal differentiation and upregulating expression of the transcription factors, T cell factor
1 (TCF-1) and lymphoid enhancer binding factor 1 (LEF1), which are critical factors in the
formation of functional memory (Hinrichs et al., 2008; Jeannet et al., 2010; Zhou et al.,
2010; Zhou and Xue, 2012).

During acute viral infections I1L-21 has limited impact on anti-viral CD8 T cell responses,
although recall responses may be curtailed, which has been attributed to TNF-related
apoptosis-inducing ligand (TRAIL)-dependent cell death (Barker et al., 2010). Interestingly,
TRAIL-mediated apoptosis also accounts for the failure of LCMV-specific CD8 T cells
primed in the absence of CD4 T cell help to accumulate following reactivation (Janssen et
al., 2005). Moreover, TRAIL has also been implicated in the loss of CD8 T cell responses
during repetitive sustained influenza infections, which cause prolonged antigenic activation
(Bucks et al., 2009), suggesting that this may be a common mechanism for culling CD8 T
cells that have differentiated under suboptimal conditions due to limited CD4 T cell help or
IL-21 levels and are reencountering antigenic signals.

In addition to directly regulating anti-viral CD8 T cells during chronic infections, IL-21 may
also indirectly affect the quality of the response. IL-21 can limit the formation of regulatory
CDAT cells (Tregs) (Attridge et al., 2012; Fantini et al., 2007; Korn et al., 2007; Schmitz et
al., 2013), which may result in more pronounced effector CD8 T cell responses, in part by
increasing the availability of IL-2 (de Goér de Herve et al., 2012; Kastenmuller et al., 2011;
McNally et al., 2011). IL-21 also plays a prominent role in the formation and maintenance
of anti-viral antibody responses by acting directly on follicular helper CD4 T (Tgy) cells and
B cells. Increases in the proportions of Tgy CD4 T cells, which produce IL-21, have been
reported during chronic LCMV, HBV, and HIV infections (Crawford et al., 2014; Fahey et
al., 2011; Li et al., 2013; Streeck et al., 2008). IL-6 is another cytokine that, in collaboration
with IL-21, contributes to the generation of Tgy cells and the generation of robust humoral
immunity (Dienz et al., 2009; Eto et al., 2011; Karnowski et al., 2012). Mice deficient in
IL-6 fail to clear chronic LCMV infection and generate defective Tg and B cells responses.
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Similarly, blockade of I1L-6 or its receptor during chronic LCMV infection impairs Tgy and
B cell responses and enhances viremia (Harker et al., 2011). These findings emphasize that
aberrations in any aspect of the CD4 T cell, CD8 T cell, B cell, or cytokine response can
result in less effective containment of the infection, with the resulting higher viral loads
driving the development of exhaustion.

Natural Killer Cells

Natural killer (NK) cells are a subset of innate lymphoid cells that function as early
controllers of viral infections (Welsh and Waggoner, 2013). Recently the roles of NK cells
in restricting the induction of adaptive anti-viral T cell responses and abetting the
development of exhaustion have been highlighted (Figure 2). The pronounced induction of
NK cell responses during the early stages of chronic LCMV infections suppresses the
development of anti-viral CD8 T cells resulting in more extreme exhaustion and greater
levels of viral replication. This is profoundly consequential for the infected host, as although
immunological intervention by NK cells slows or prevents the resolution of the infection it
also dampens the adaptive response sufficiently to stop immunopathology and lethal disease
(Cook and Whitmire, 2013; Lang et al., 2012; Waggoner et al., 2014, 2012).

Mechanistically, NK cells may curtail the anti-viral CD8 T cell response by direct killing, by
limiting the activating ability of APCs, by the production of immunoreguatory cytokines
such as IL-10, and by culling CD4 T cells that help the response (Crome et al., 2013;
Waggoner et al., 2012). The perforin-dependent killing of CD4 T cells by NK cells has been
shown in the LCMV system, and this likely feeds back to promote the exhaustion of the
anti-viral CD8 T cell response (Waggoner et al., 2012). The targeting of activated T cells by
NK cells occurs not only during LCMV infections but more broadly following vaccinia
virus (VV), murine cytomegalovirus, Pichinde, and mouse hepatitis virus infections and may
also contribute to poor T cell responses during HBV and HCV infections (Waggoner et al.,
2012). Although suppression of anti-viral T cells by activated NK cells is observed,
especially during the initial phases of certain chronic infections, some level of response is
usually elicited. IFN-I signals have been shown to render activated T cells resistant to NK
cell-mediated attack by causing an elevation of NK cell inhibitory ligands including the non-
classical MHC class | molecule Qa-1b and downregulation of the putative NCR1 (NKp46)
activatory ligand (Crouse et al., 2014; Xu et al., 2014). This interplay between IFN-I levels,
NK cells, and qualitative and quantitative changes in the anti-viral T cell pool is more
complex, as although IFN-1 may shield the T cells from death by NK cells, it also promotes
T cell expansion and terminal differentiation. Moreover, extended high levels of IFN-I can
dampen the overall effectiveness of the T cell response (Teijaro et al., 2013; Wilson et al.,
2013).

Immunosuppressive cytokines

As persistent viral infections become established the levels of stimulatory and
immunosuppressive cytokines recalibrate (Cox et al., 2013). The production of suppressive
cytokines such as IL-10 and transforming growth factor (TGF)-3 can act to quell potentially
pathogenic responses but consequently limit immunological protection and delay viral
control. High levels of inflammatory cytokines, including IFN-1 can also have unanticipated
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effects in attenuating T cell responses to both the ongoing persistent viral infection as well
as newly encountered pathogens (Stelekati et al., 2014).

IL-10 is an immunosuppressive cytokine that has a wide range of regulatory effects
including suppression of T cell proliferation, APC functions, and modulation of cytokine
and chemokine synthesis (Saraiva and O’Garra, 2010). It is expressed at elevated levels
during several persistent infections including EBV, HBV, HCV, HIV, and LCMV
(Brockman et al., 2009; Clerici et al., 1994; Hyodo et al., 2004; Kaplan et al., 2008; Ohga et
al., 2004). Furthermore, certain viruses including CMV and EBV encode IL-10 homologs
with both structural and functional similarities to human IL-10, which aid in immune-
evasion and viral persistence (Fiorentino et al., 1990; Nachtwey and Spencer, 2008;
Slobedman et al., 2009). The initial production of IL-10 is similar during the earliest stages
of acute and chronic LCMV infections but levels remain elevated if the infection persists,
suggesting a role for IL-10 in restricting immune mediated viral control and in the
development of exhaustion (Brooks et al., 2006b; Ejrnaes et al., 2006; Maris et al., 2007).

During chronic LCMV infection exhausted CD4 and CD8 T cells are more capable of
synthesizing IL-10, which is driven by the transcription factor Blimp-1 (Parish et al., 2014).
Ablation of T cell-derived I1L-10 promotes viral control and improves the functionality of the
anti-viral T cells (Richter et al., 2013a). Immune deviation resulting in the production of
IL-10 by anti-viral CD8 T cells occurs during murine y-herpesvirus 68 infection in the
absence of CD4 T cell help and compromises viral control (Molloy et al., 2011). T cells,
however, may not be the only significant source of IL-10 during chronic infections, as
macrophages as well as a distinct set of immunoregulatory APCs have also been shown to
produce this cytokine and contribute to the immunosuppressive cellular environment that
favors virus persistence and promotes exhaustion (Richter et al., 2013a; Wilson et al., 2012).

TGF-B is an immunosuppressive cytokine that modulates cell proliferation, survival, and
differentiation (Li et al., 2006). Certain viruses including HBV and HCV directly promote
TGF- synthesis, most likely to take advantage of these properties. Notably, elevated levels
of TGF-B have been reported during several persistent viral infections including EBV, HBV,
HCV, HIV and LCMV (Alatrakchi et al., 2007; Kekow et al., 1990; Li et al., 2012; Ohga et
al., 2004; Tinoco et al., 2009a). The administration of TGF- inhibits the generation of VV
and LCMV-specific cytotoxic T cells and TGF-$ has been shown to drive the apoptosis of
short-lived effector CD8 T cells (Fontana et al., 1989). Moreover, the function of HCV-
specific CD4 and CD8 T cells is improved by blocking TGF-f in vitro, further implicating
its role in regulating the efficacy of the anti-viral T cell response (Alatrakchi et al., 2007).
Nevertheless, contrasting findings have been observed in the LCMV system. During chronic
LCMV infection selective inhibition of TGF-p signaling on CD8 T cells increased size and
function of the response and was associated with viral clearance (Garidou et al., 2012;
Tinoco et al., 2009b). By contrast, when TGF-f levels were depleted using TGF-f
antagonists or antibodies no significant differences in viral clearance were detected despite
somewhat increased anti-viral T cell responses (Garidou et al., 2012). Thus modest
improvements in T cell function may be insufficient to improve viral control.
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Studies of chronic LCMV infections have shown that, paradoxically, the number one enemy
of many viral infections, IFN-I, enhances CD4 T cell exhaustion and promotes viral
persistence, possibly as a tactic for avoiding immunopathology (Teijaro et al., 2013; Wilson
et al., 2013). During SIV infection of macaques sustained administration of IFN-I also
dampens the anti-viral response leading to accelerated disease progression (Sandler et al.,
2014). Exhausted T cells also recalibrate their responsiveness to other proinflammatory
cytokines. They downregulate expression of the I1L-18 receptor and this is associated with an
inability to react to cytokines such as IL-12 and IL-18, as well as IFN-I which can drive the
antigen-independent activation of effector and memory T cells (Haining et al., 2008; Ingram
etal., 2011; Raué et al., 2013, 2004). Thus, exhausted T cells adjust their reactivity to
cytokines which usually kick-start the response and are therefore further impeded by
infection associated shifts in cytokine levels.

Inhibitory receptors

A prominent trait of exhausted T cells is the sustained upregulation of arrays of inhibitory
receptors that negatively regulate their responsiveness (Chen and Flies, 2013; McMahon et
al., 2002; Odorizzi and Wherry, 2012). These receptors are induced as the anti-viral T cells
first become activated and likely operate as a safety mechanism to restrain the response.
Their expression subsides as acute infections resolve. By contrast, the presence of persisting
viral antigen drives their continuous expression, limiting the ability of anti-viral T cells to
control the infection and enforcing their state of exhaustion.

In the context of T cell exhaustion, the most widely studied inhibitory receptor is the CD28
family member PD-1. PD-1 is upregulated on virus-specific T cells during many chronic
viral infections, including HBV, HCV, HIV, LCMV and SIV, and restricts their function
and proliferative capacity (Barber et al., 2006; Day et al., 2006; Golden-Mason et al., 2007;
Peng et al., 2008; Trautmann et al., 2006; Velu et al., 2009). The engagement of PD-1 with
it ligands, PD-L1 and PD-L2, can induce the transcription factor BATF in CD8 T cells,
which feeds back to limit proliferation and IFN-y production (Quigley et al., 2010). PD-1
can also suppress the immune response by reducing the duration of APC:T cell interactions
and increasing the threshold of TCR derived signals required for activation and development
of effector functions (Fife et al., 2009; Wei et al., 2013).

The expression of PD-1 is induced by the transcription factor NFATc1, which translocates
to the nucleus upon TCR activation (Oestreich et al., 2008). Conversely, PD-1 is repressed
by the transcription factors Blimp-1 and T-bet, both of which are expressed in activated T
cells and are associated with effector T cell differentiation (Kao et al., 2011; Lu et al., 2014).
Intriguingly, although NFATc1 and Blimp-1 are positive and negative regulators of PD-1,
respectively, their roles in coordinating expression of this inhibitory receptor during chronic
infections are more complex. In exhausted cells, higher PD-1 levels directly correlate with
Blimp-1 levels, and ablation of Blimp-1 leads to decreased PD-1 expression (Shin et al.,
2009). Moreover, the nuclear translocation of NFATc1, which drives expression of PD-1,
has been shown to be compromised in exhausted cells. Consequently, in these circumstances
NFATc1 may not be the primary driver of PD-1 (Agnellini et al., 2007). Epigenetic
modifications may predispose exhausted T cells to express PD-1. During chronic infections
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including LCMV, HIV, CMV, and EBV the PD-1 gene locus is demethylated as anti-viral T
cells undergo activation and succumb to exhaustion (Youngblood et al., 2011). These
epigenetic changes are retained in exhausted T cells even if antigen levels drop, which
differs from the pattern in conventional memory populations which remethylate the PD-1
regulatory regions (Youngblood et al., 2013, 2011). It is therefore likely that distinct
transcriptional scaffolds differentially regulate PD-1 expression in effector, memory, and
exhausted T cells.

Although sustained upregulation of PD-1 is a prominent trait of exhausted T cells, other
inhibitory receptors which negatively regulate T cell functions are also expressed. One such
molecule is T-cell immunoglobulin and mucin domain containing molecule-3 (Tim-3). Like
PD-1, Tim-3 is transiently upregulated on virus-specific CD8 T cells during acute infections
and remains elevated on exhausted T cells (Fujita et al., 2014; Jones et al., 2008; McMahan
et al., 2010). During chronic LCMV infections anti-viral T cells that co-express Tim-3 and
PD-1 are less functional than their PD-1* Tim-3~ counterparts (Jin et al., 2010).
Nevertheless, Tim-3 expression by Mycobacterium tuberculosis-specific CD4 and CD8 T
cells correlates with stronger IFN-y and perforin production (Qiu et al., 2012). These
potentially contradictory observations may reflect a role of Tim-3 in enhancing proximal
antigenic signals received via the T cell receptor (Ferris et al., 2014; Lee et al., 2011). This
may positively regulate transiently activated responses, but may help to drive exhaustion
under conditions of constant antigen exposure that occurs during chronic infections.

Lymphocyte activating gene-3 (LAG-3) (CD223) is an MHC class-11 ligand that is
structurally similar to CD4 and is expressed on activated and exhausted T cells. LAG-3 has
been shown to inhibit calcium fluxes associated with TCR signaling, and dampen cytokine
production and proliferation (Hannier et al., 1998). Interest in the roles of LAG-3in T cell
exhaustion grew after it was discovered to be upregulated on anti-viral CD8 T cells during
chronic LCMV infection and is heavily associated with the co-expression of PD-1
(Blackburn et al., 2008b). However, despite the expression of LAG-3 by exhausted T cells,
viral clearance and T cell functions are similar in wild-type and LAG-3 deficient mice
during chronic LCMV infection (Richter et al., 2010). Thus, LAG-3 alone may not drive T
cell exhaustion but may cooperate with other inhibitory receptors to influence the extent of
T cell exhaustion (Richter et al., 2010).

Consistent with the expression patterns of many inhibitory receptors, the CD28 family
member CD160 is also transiently upregulated upon activation and remains elevated as
exhaustion ensues (Blackburn et al., 2008b; Peretz et al., 2012; Tsujimura et al., 2006). The
regulatory roles of CD160 are complex as it has been shown that crosslinking CD160 both
promotes and inhibits T cell responses (Cai et al., 2008; Nikolova et al., 2002). These
divergent outcomes may reflect the different avidities of CD160 for its ligands, MHC | and
herpesvirus entry mediator (HVEM), which result in distinct downstream signaling (Cai and
Freeman, 2009). CD160 is upregulated by subsets of exhausted LCMV-specific CD8 T
cells, and its expression by CD8 T cells correlates with lower cytokine production and
disease progression during HIV infection (Blackburn et al., 2008b; Peretz et al., 2012).
Blocking CD160 interactions with HVEM in vitro increases the proliferation of HIV and
CMV-specific CD8 T cells (Peretz et al., 2012). The cytotoxicity of exhausted LCMV-
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specific CD8 T cells is also enhanced by abrogating CD160 interactions (Blackburn et al.,
2008b). Although CD160 can modulate T cell functions independently of PD-1 expression,
T cell subsets which co-express these inhibitory receptors are more dysfunctional,
illustrating the cooperative and additive impact of multiple inhibitory receptors in
controlling exhaustion.

An additional regulatory molecule expressed by exhausted T cells is 2B4 (CD244), which
binds to CD48. 2B4 is upregulated on activated T cells during many infections including
HIV, HBV, CMV, EBV, and LCMV (Aldy et al., 2011; Blackburn et al., 2008b; Peritt et al.,
1999; Raziorrouh et al., 2010; Schlaphoff et al., 2011) and has both positive and negative
effects which depend upon its levels of expression (Chlewicki et al., 2008). Crosslinking
2B4 in conjunction with TCR activation of either bulk or HCV-specific CD8 T cells
increased the proliferation of 2B4'° but not 2B4N subsets (Schlaphoff et al., 2011).
Similarly, the production of IFN-y by LCMV-specific CD8 T cells which expressed
intermediate levels of 2B4 was impeded when the interaction with CD48 was blocked, but
IFN-y production by exhausted 2B4M CD8 T cells was enhanced (Blackburn et al., 2008b).
This highlights how variations in the levels of 2B4 expression have contrasting regulatory
influences on the anti-viral T cell response.

exhaustion

While much of the information we have about exhaustion is regarding CD8 T cells, CD4 T
cells also lose effector function during chronic viral infections (Brooks et al., 2005;
Crawford et al., 2014; Fuller et al., 2004; Oxenius et al., 1998). Exhausted CD4 T cells
display poor production of effector cytokines (e.g. TNF and IFN-y) and express high levels
of PD-1 (Crawford et al., 2014). While these general features are similar to what occurs for
CD8 T cells certain aspects of CD4 T cell exhaustion are distinct. For example, when
carefully analyzed early in infections that will become chronic, virus-specific CD4 T cells
appear to lose effector function earlier than CD8 T cells (Brooks et al., 2006a, 2005;
Crawford et al., 2014). Moreover, exhausted CD4 T cells can often produce IL-10 and/or
IL-21 (Brooks et al., 2006b; Crawford et al., 2014; Fahey et al., 2011) both of which may be
important for negatively regulating (IL-10) and/or supporting the persistence (IL-21) of CD8
T cell and B cell responses. In addition to these functional changes virus-specific CD4 T cell
populations during chronic infections can become highly enriched in cells that express
CXCRS5 and other markers of Tgy cells that may be dependent on chronic IFN-I signaling
(Osokine et al., 2014). These observations are intriguing and may provide insights for
cryoglobulinemia and altered antibody production during some human chronic infections
(Charles and Dustin, 2009; Haas et al., 2011; Hunziker et al., 2003) and also for the
importance of 1L-21 signaling to sustain exhausted CD8 T cells (Elsaesser et al., 2009;
Frohlich et al., 2009; Yi et al., 2009). Thus, there appear to be several key cellular
differences between exhaustion of CD4 and CD8 T cells during chronic viral infections.

Direct comparison of the transcriptional programs of exhausted CD4 and CD8 T cells
demonstrate a conserved core transcriptional signature of T cell exhaustion common to both
lineages. This common molecular profile includes inhibitory receptors and an IFN-I
inducible gene signature. There are also major features of the transcriptional program of
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CD4 and CD8 T cell exhaustion that are distinct. For example, while high and sustained
PD-1 expression was common to both lineages, the pattern of other inhibitory receptors
expressed was distinct (Crawford et al., 2014; Kaufmann et al., 2007). A key difference
between exhausted CD4 and CD8 T cells is the expression of transcription factors. For
example, exhausted CD4 T cells had altered expression of GATA-3, Bcl-6, Helios and other
transcription factors that was not observed for exhausted CD8 T cells. As discussed above,
Eomes is a major transcription factor for exhausted CD8 T cells, but only a minor subset of
exhausted CD4 T cells expresses this molecule. Single cell transcription factor protein co-
expression patterns in exhausted CD4 T cells reveal substantial heterogeneity in this
population (Crawford et al., 2014) suggesting perhaps more complexity and diversity in this
population than observed for exhausted CD8 T cells. Thus, current observations suggest a
distinct pattern of differentiation for exhausted CD4 T cells that may include enrichment for
Ten-like cells, altered immunoregulatory pathways and a distinct network of transcription
factors (Crawford et al., 2014).

Preventing and reversing T cell exhaustion

Advancements in our understanding of the cellular and molecular mechanisms that regulate
T cell exhaustion have helped to identify potential pathways that can be targeted to prevent
and reverse functional unresponsiveness and improve infection control. These strategies
include impeding inhibitory receptor interactions, altering the availability of activatory and
suppressive cytokines, and molecularly reprogramming exhausted T cells (Figure 3). Other
potential approaches include the targeted removal of regulatory T cells as well as
vaccinations to bolster T cell responses.

Seminal studies inhibiting PD-1 established that blocking this receptor can rejuvenate
certain subsets of exhausted anti-viral T cells. Anti-PD-L1 antibody treatment of mice
chronically infected with LCMV boosted the numbers of virus-specific CD8 T cells and
restored their ability to produce IFN-y and TNF-a, proliferate, and Kill infected target cells
(Barber et al., 2006). Most importantly viral loads were reduced. Similarly, studies of
exhausted HIV-specific CD8 T cells also demonstrated restoration of proliferation, cytokine
production and killing activities following PD-1 blockade (Day et al., 2006; Petrovas et al.,
2006; Trautmann et al., 2006). Moreover, in vivo treatments of SIV infected macaques with
anti-PD-1 antibodies increased the numbers of polyfunctional virus-specific CD8 T cells,
augmented neutralizing antibody titers, and lowered viral loads (Velu et al., 2009).

Blockade of PD-1 during HCV infection has been shown to restore anti-viral CD4 and CD8
T cell responses and control viral replication. Nevertheless, the efficacy was variable and
likely influenced by the severity of exhaustion and abundance of anti-viral T cells present
before the initiation of treatment (Fuller et al., 2013). The extent of exhaustion can vary in a
tissue dependent manner due to differences in the local levels of viral antigen. These
compartmental differences are detected during HCV infections where virus-specific CD8 T
cells that encounter higher levels of antigen in the liver adopt a more severely exhausted
phenotype than their counterparts in the peripheral blood (Nakamoto et al., 2008;
Radziewicz et al., 2007). Accordingly, not all exhausted T cells can be rescued by PD-1
blockade, as liver-resident HCV-specific CD8 T cells and LCMV-specific CD8 T cells that
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express the highest levels of PD-1 are less sensitive to reactivation (Blackburn et al., 2008a;
Nakamoto et al., 2008).

Inhibitory receptors other than PD-1 have also been targeted in order to restore the functions
of anti-viral T cell populations. The ex vivo blocking of Tim-3 can enhance cytokine
production and the proliferation of HIV and HCV-specific CD8 T cells (Jones et al., 2008;
McMahan et al., 2010). In the LCMV system, Tim-3 blockade alone has minimal effects on
the recovery of the response; however, the combined blockade of Tim-3 and PD-1 is more
successful than impeding either receptor alone. Thus, targeting multiple inhibitory receptors
may be more efficacious at rejuvenating functionally inferior T cell responses. This is
further illustrated by studies of LAG-3, as blocking LAG-3 alone fails to rescue exhausted
LCMV-specific T cells or accelerate viral clearance. Nevertheless, co-blockade of PD-1 and
LAG-3 acts synergistically to improve T cell functions and aid viral clearance (Blackburn et
al., 2008b; Richter et al., 2010).

Although blocking inhibitory receptors can have significant impacts on improving cellular
immune responses, adverse effects can also occur (Frebel and Oxenius, 2013). These can
result from immunopathology caused by enhanced T cell responses, which does develop if
PD-1 treatment is applied early during the course of chronic LCMV infection. In the case of
SIV infection of macaques blockade of CTLA-4, another inhibitory molecule that can
attenuate lymphocyte responses, resulted in the loss of CD4 T cells and increased viral
loads, as well as diminished the efficacy of anti-viral treatments (Cecchinato et al., 2008).
Thus, therapeutic approaches to improve cell-mediated immunity to infections need to be
carefully calibrated to ensure that potentially damaging effects are mitigated.

Cytokines are attractive therapeutic targets for modulating immune responses as their
actions can be altered by cytokine administration, receptor blockade, or by inhibiting
signaling pathways. Blocking the IL-10 receptor can improve viral control and reduce the
extent of exhaustion during chronic LCMYV infections (Brooks et al., 2006b; Ejrnaes et al.,
2006; Maris et al., 2007). Although inhibition of IL-10 can enhance anti-viral T cell
responses these positive effects can be overcome by rapid viral replication and
dissemination (Maris et al., 2007; Richter et al., 2013b). This supports the concept that
increasing levels of viral antigen production can outpace and corrupt the responding virus-
specific T cells, resulting in exhaustion and impaired viral control. Combination strategies to
block PD-1 and IL-10 have been shown to be efficacious, and IL-10 inhibition together with
therapeutic DNA vaccination also improves immunity and facilitates viral clearance (Brooks
et al., 2008). One effect of high IL-10 levels on T cell responses is the induction of Socs3,
which negatively regulates cytokine signals delivered though the gp130 receptor as well as
others (Cui et al., 2011; Rottenberg and Carow, 2014). Interestingly, IL-7 treatments have
been shown to reverse the establishment of exhaustion and decrease Socs3 expression,
resulting in improved viral control (Nanjappa et al., 2011; Pellegrini et al., 2011). Notably,
effector and exhausted CD8 T cells downregulate IL-7Ra thus the positive effects may be
due to the indirect actions of IL-7, including upregulation of IL-6 which may boost T cell
responses, as well as by the synthesis of 1L-22 which limits immunopathology (Nanjappa et
al., 2011; Pellegrini et al., 2011). In the case of HIV infections, IL-7 therapies expanded the
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overall numbers of CD4 and CD8 T cells but viral control was not improved (Levy et al.,
20009; Sereti et al., 2009).

Strategies to rejuvenate exhausted T cells using IL-2 or IL-21 therapies also have mixed
outcomes. During chronic LCMYV infections the administration of IL-2 has been shown to
boost the size of the virus-specific CD8 T cell response and reduce viral loads, especially in
conjunction with PD-1 blockade (Blattman et al., 2003; West et al., 2013). By contrast, I1L-2
therapy has also been shown to expand Tregs, augment exhaustion, and impede viral control
(Schmitz et al., 2013). The benefits of IL-2 treatments during HIV infections are also
uncertain, as even though CD4 T cell numbers are increased, greater viral control is not
observed and CD8 T cells are largely unaffected (Abrams et al., 2009; Caggiari et al., 2001;
Marchetti et al., 2004). Treatments with IL-21 during the initial phase of chronic LCMV
infections have been shown to expand the numbers and functional quality of anti-viral CD8
T cells as well as lower viral loads. Nevertheless, this was associated with exacerbated
immunopathology (Yi et al., 2009). The treatment of SIV infected macaques with 1L-21 is
well-tolerated and enhances the expression of cytotoxic effector molecules and IFN-y by
virus-specific T cells, and boosts the titers of anti-SIV antibodies but does not reduce
viremia (Pallikkuth et al., 2011). Notably, the loss of IL-21 signaling increases the numbers
of Tregs (Schmitz et al., 2013), and in separate studies it was shown that during chronic
LCMV infection depletion of Tregs increases humbers of anti-viral CD8 T cells; however,
viral loads are not affected unless PD-1 is also blocked (Penaloza-MacMaster et al., 2014).
Thus, as discussed above, IL-21 may both directly and indirectly augment anti-viral CD8 T
cells responses.

New technological approaches that potentially allow antigen-specific T cell populations to
be molecularly reprogrammed into induced pluripotent stem cells (iPS) and redifferentiated
into functionally effective T cells for adoptive cell therapy are now being developed. The
key to success is being able to isolate sufficient numbers of T cells that are receptive to the
introduction of the transcription factors Oct3/4, Sox2, KIf4, and c-Myc, which rejuvenate
the cells and allow for the formation of iPS cells (Crompton et al., 2014; Nishimura et al.,
2013; Vizcardo et al., 2013). These progenitors can then be redifferentiated into functional
antigen-specific T cells for infusion. This strategy requires that the original antigen-
specificity is retained as the mature T cells develop. Nevertheless, clonal mono-specific
populations of anti-viral T cells may be rendered irrelevant at infection control if epitope
escape mutations arise. They will also be subject to antigenic, cellular, and cytokine signals
that may favor the reestablishment of exhaustion. If these obstacles are encountered then
further optimization of these methods will be necessary, perhaps by using poly-clonal,
multi-specific pools or by using differentiated subsets that are most likely to be sustained
over time and least prone to functional inactivation.

Concluding remarks

Over the last two decades there have been many exciting developments in our understanding
of T cell exhaustion. We now appreciate that both CD4 and CD8 T cells are susceptible to
exhaustion and that this commonly occurs during persistent infections. It is now also
recognized that exhaustion ranges in severity, and that this functional tuning of the response
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may have a positive impact by limiting the likelihood of immune mediated damage. The
intricate relationships between innate cellular immune responses, T and B cells, cytokine
levels, and the extent of viral replication in regulating the development of exhaustion are
being deciphered, but more studies are necessary given the complexities of these
interactions. Our understanding of the transcriptional regulation of exhaustion is advancing,
but it remains to be determined whether context-specific transcription factor functions in
exhausted T cells result from the use of distinct co-factors, concentration-dependent binding
to different genomic sites, or altered genomic accessibility due to epigenetic changes.
Importantly, it has been shown that exhausted responses can be functionally reincarnated,
leading to improvements in infection control. Further research to customize these
approaches in an infection specific manner to restore durable long-term infection control
while avoiding immunopathology will be key next steps.
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Figure 1. CD8 T cells can adopt a spectrum of exhausted states

The levels of viral antigen and availability of CD4 T cells are key determinants of the extent
of CD8 T cell exhaustion. CD4 T cells also succumb to exhaustion, which can result in
further deterioration of the anti-viral CD8 T cell response. CD8 T cell exhaustion is
characterized by the step-wise and progressive loss of effector capabilities, the sustained
upregulation of inhibitory receptors, and the loss of self-renewal abilities. which
compromise viral control. Severely exhausted T cells may undergo apoptosis and become

deleted from the chronically infected host.
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Figure 2. NK cells can promote T cell exhaustion during chronic infections
NK cells can target and kill activated CD4 T cells during the early stages of viral infections,

removing vital helper functions, thereby fostering the development of CD8 T cell
exhaustion. NK cells may also directly target anti-viral CD8 T cells, reducing their
availability to control the infection and thus also promoting exhaustion. The targeted
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depletion of NK cells can save the anti-viral T cell responses and permit viral clearance.
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Figure 3. Strategies for rejuvenating exhausted T cells
Inhibiting suppressive cytokines, blocking inhibitory receptors, cytokine treatments, and

molecular reprogramming have all been shown to help restore the functions of exhausted T
cells. Combination approaches are also successful.
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