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5.1 Introduction

T cells are divided into two major functional
types: helper and cytotoxic T cells. Helper T cells
(CD4") release an array of cytokines and orches-
trate diverse immune responses, which integrate
both adaptive and innate effector mechanisms.
Cytotoxic T cells (CD8"* effector T cells) are pri-
marily involved in the recognition and elimina-
tion of body cells compromised by intracellular
pathogens or oncogenic transformation.

Thus, T cells are essential components of the
immune system, which have been the major
focus of immunotherapeutic strategies to boost
endogenous antitumor immunity. However,
despite homing to tumor sites, infiltrating T cells
seldom control tumor growth, as a consequence
of the tumor microenvironment, which contains a
wide array of suppressive mechanisms that allow
tumors to escape T cell effector functions.

Even when T cell anergy has been considered
responsible for T cell hyporesponsiveness in can-
cer patients, cancer is also regarded as a chronic
disease, similar to chronic viral infections, where
T cells are continuously stimulated. Thus, with
chronic stimulation, tumor-specific T cells grad-
ually become less functional until they undergo
cell death, a phenomenon known as T cell
exhaustion. This chapter will focus on the latter
mechanism and its participation in cancer-
induced T cell dysfunction.
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5.2  TCell Activation

T cell activation requires two signals delivered
by antigen-presenting cells (APCs). The first
signal involves the presentation of antigen by
APCs, in the form of peptides bound to MHC
class I or class II molecules, to the T cell recep-
tor (TCR), expressed on the surface of the T cell.
The second signal, or costimulatory signal, stim-
ulates T cells in conjunction with the antigen.
The molecules expressed on APCs engage their
corresponding costimulatory receptors on the
surface of T cells generating costimulatory sig-
nals. CD80 (B7-1) and CD86 (B7-2) are well-
characterized costimulatory signal molecules,

Activated APC

cDso/
CD86

Fig. 5.1 T cell activation
requires recognition of the
antigen and costimulatory
signals. Inflammation
generated by tissue damage
or infections activates
antigen-presenting cells
(APCs) and stimulates the

: CcD28
MHC molecule TCR "_ 2

which interact with CD28 expressed on the
T cell membrane [1] (Fig. 5.1). CD28 is the
primary costimulatory molecule for naive T
cells; this molecule is essential for initiating
T cell responses. The interaction of CD80 and
CD86 with CD28, together with TCR signal-
ing, promotes the expansion and differentiation
of antigen-stimulated T cells into effector and
memory cells. The interaction of CD28 with its
ligands (1) enhances the production of interleu-
kin-2 (IL-2) and other cytokines, (2) promotes
energetic metabolism, (3) induces the cell cycle
progression, (4) promotes T cell survival, and
(5) maintains T cell responsiveness upon subse-
quent restimulation [1].
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Although costimulatory molecules were
initially identified as stimulators of T cell
responses, some costimulatory (coregula-
tory) receptors inhibit T cells [1]. Cytotoxic
T-lymphocyte-associated antigen-4 (CTLA-4)
is a CD28 homolog that also binds CD80 and
CD86. Nevertheless, CTLA-4 expression is
inducible after T cell activation, and is involved
in the induction and maintenance of tolerance, as
its ligation inhibits IL-2 production and blocks
cell cycle progression [1].

After the discovery of homologs of CD28/
CTLA-4 and their ligands, many other coregu-
latory molecules have been identified, some of
which include the inducible T cell costimula-
tor (ICOS or CD278) with its ligand CD275
(ICOS-L, B7h, B7-RP), the inhibitory pro-
grammed death-1 (PD-1, CD279) with its
ligands PD-L1 (B7-H1, CD274) and PD-L2
(B7-DC, CD273), and the B- and T-lymphocyte
attenuator (BTLA, CD272) which binds the
herpesvirus entry mediator (HVEM). BTLA
is an additional receptor of the immunoglobu-
lin superfamily that negatively regulates T cell
activation. In addition, HVEM interacts with
another negative regulator of T cells, CD160.
Recent studies of the lymphocyte activation
gene-3 (LAG-3, CD223) suggest that this mol-
ecule also plays an important role in the regula-
tion of T cell responses. Moreover, the T cell
immunoglobulin domain and mucin domain-3
(TIM-3), with its ligand galectin-9, are involved
in terminating Th1 cell responses and establish-
ing tolerance [2, 3].

T cells that recognize antigen in the absence
of costimulation either fail to respond and
undergo cell death or enter a state of unrespon-
siveness, a phenomenon known as anergy. Thus,
costimulation is a key factor in the outcome of T
cell interactions with the antigen. Significant
efforts have been undertaken to characterize
costimulatory molecules in order to augment
antitumor responses; recent evidence has demon-
strated the importance of coregulatory molecules
in the inhibition of immune responses. Thus,
interfering with these regulatory pathways has
gained interest as a potential strategy for cancer
therapy [4].

5.3  TCell Anergy

T cell anergy induces peripheral tolerance; this
mechanism protects the host from autoimmune dis-
eases. In addition, anergy has been suggested to
play an important role in the induction of T cell dys-
function in cancer patients. T cell anergy is a toler-
ance mechanism in which, after antigen encounter,
the T cell is intrinsically and functionally inacti-
vated [5]. The cell remains alive in this hyporespon-
sive state for an extended period of time. Anergic T
cells neither produce nor respond to proliferative
signals and are unable to exert effector functions,
such as cytolysis or cytokine secretion. A character-
istic of anergy is that it must be cell autonomous,
which distinguishes this process from immunoregu-
lation mediated through other regulatory cells, such
as regulatory T cells (Tregs) [5, 6].

There are at least five distinct sets of circum-
stances that lead to T cell anergy [5, 7]: (1) TCR
ligation in the absence of full costimulation; (2)
exposure to partial agonists, peptides with minor
sequence differences from native agonist antigenic
peptides that exhibit reduced avidity for TCR liga-
tion; (3) full signaling without IL-2 receptor-
driven cell division; (4) TCR ligation in the
presence of IL-10 or transforming growth factor-f3
(TGF-B); and (5) anergy induced through CTLA-4
or other coregulatory molecules (Fig. 5.1).

Thus, anergy is the consequence of factors
that negatively regulate proximal TCR-coupled
signal transduction, together with active tran-
scriptional silencing, which is reinforced through
epigenetic modifications [8]. This state of nonre-
sponsiveness is molecularly distinct from T cell
exhaustion. T cell anergy is induced upon the first
encounter with the antigen and is quickly initi-
ated, in contrast with T cell exhaustion, which
is progressive. Gene expression profiles show
that anergy and exhaustion are partially distinct.
Genes, such as Rnf128 (Grail), Egr2, and Egr3,
are upregulated in anergic but not in exhausted
T cells, whereas NFAT is upregulated under
both conditions [9]. The detailed characteriza-
tion of the differences between anergy and T cell
exhaustion will have important implications for
therapeutic interventions in immune-mediated
diseases and chronic infections.
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Fig. 5.2 T cell exhaustion during chronic inflammation.
In an acute inflammatory process, naive T cells are primed
by an antigen, costimulatory molecules, and cytokines that
promote differentiation into effector T cells. After clear-
ance of the antigen and once inflammation is resolved, a
subset of effector T cells differentiates to become mem-
ory cells. During chronic processes, such as viral infec-
tions, the antigen persists, and T cells go through several

5.3.1 TCell Anergy in Cancer

Anergy has been proposed to play a role in the
impairment of T cell function in human cancers.
Tumor cells are poor APCs, as these cells express
antigens on MHC class I molecules but do not
express costimulatory molecules to provide a
second signal for full T cell activation; thus,
tumor-infiltrating lymphocytes (TILs) are ren-
dered anergic [10]. In addition, immature
myeloid-derived  dendritic  cells (mDCs),
plasmocytoid dendritic cells (pDCs), myeloid-
derived suppressor cells (MDSCs), and tumor-
associated macrophages (TAMs) potentially
induce anergy in TILs [8, 11, 12]. Several studies
have shown that human tumor cells, mDCs,
pDCs, MDSCs, and TAMs express high levels of

stages of dysfunction, losing effector functions (cytolysis
and secretion of cytokines) and proliferative potential in a
hierarchical manner. Finally, deletion of T cells by apop-
tosis occurs. As antigen load increases or CD4* T helper
subpopulation decreases, T cells become more exhausted.
Expression of coregulatory receptors is correlated with the
level of exhaustion. The scale of each activity is presented
from high (+++) to low (-)

coregulatory molecules, such as PD-L1, PD-L2,
ICOS-L (B7-H2, CD275), and B7-H3 (CD276),
indicating a poor costimulatory and a high inhibi-
tory anergy-promoting environment. Evidence
that cancer induces T cell anergy comes from
studies where the transfection of CD80 in tumor
cells or the blockage of the B7 family coregula-
tory molecules results in reduced tumor growth
or tumor rejection in mice models [2, 11-14].
Analysis of the functional state of TILs has
demonstrated that these cells are characterized by
impairment of cytolytic activity, decreased cyto-
kine secretion, reduced expression of IL-2Ra
(CD25), and diminished activation of extracellu-
lar signal-regulated kinase (ERK) after TCR acti-
vation. Thus, T cell anergy occurs in the tumor
microenvironment of some human tumors [14—16].
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Nevertheless, direct evidence that T cell anergy
occurs in cancer has been difficult to obtain due
to the lack of surface markers to identify anergic
T cells [8].

Based on mouse tumor models, the induction
of antigen-specific T cell anergy has been sug-
gested to be an early event in the progression of
tumors, which occurs in the equilibrium phase of
immunoediting, before immunosuppression
takes place in advanced tumors (escape phase)
[10, 17]. However, Klein et al. showed that highly
immunogenic tumors evade immunosurveillance
due to antigen overload and an insufficient num-
ber of tumor-specific T cells, resulting in the
exhaustion of the immune cells [18]. Thus, from
a temporal perspective, T cell anergy predomi-
nantly occurs during the early stages of tumor
progression, whereas T cell exhaustion might
play a crucial role in T cell dysfunction during
the late stages of cancer [10].

5.4 T Cell Exhaustion

T cell exhaustion has been defined as a stage of T
cell differentiation where T cells have poor effec-
tor functions, sustained coregulatory receptor
expression, and a transcriptional state distinct
from that of functional effector or memory T
cells [19]. Originally, this phenomenon was iden-
tified in chronic viral infections in mice and later
in chronic viral infections in humans, e.g., human
immunodeficiency virus (HIV), hepatitis B virus
(HBV), and hepatitis C virus (HCV) [19-22].
Chronic bacterial and parasitic infections have
been demonstrated to induce T cell exhaustion;
also, cancer has been suggested to induce a simi-
lar phenomenon [20, 23].

During chronic infections, antigen-specific
CDS8* T cells initially acquire effector functions,
but gradually become less functional as the infec-
tion progresses. The dysfunction of exhausted T
cells is hierarchical, showing the initial loss of
properties, such as cytotoxic activity, prolifera-
tive potential, and interleukin 2 (IL-2) synthesis;
followed by diminished tumor necrosis factor-
alpha (TNF-a) secretion and subsequent loss of
interferon-gamma (IFN-y) production during the

late stages of exhaustion. Finally, during the most
extreme stages of exhaustion, deletion of T cells
occurs through apoptosis [19, 24] (Fig. 5.2). Like
CD8* T cells, CD4* T cells also lose function
during chronic infections; however, there is little
information about the mechanisms of exhaustion
in this T cell subpopulation [19].

Exhausted T cells possess a molecular profile
that is distinct from those of memory, effector,
and anergic T cells [9]. First, many membrane
inhibitory receptors are upregulated, for instance,
PD-1, LAG-3, and TIM-3. Second, transcription
of genes encoding molecules involved in TCR
signaling (such as Lck and NFATc) and cytokine
receptors (IL7 and IL-15 receptors) are down-
regulated. Third, the pattern of genes involved in
chemotaxis, migration, and adhesion is changed.
Fourth, there is an altered pattern of differentia-
tion compared with memory or effector T cells.
Finally, exhausted T cells present deficiencies in
translational, metabolic, and bioenergetic pro-
cesses, such as the Krebs cycle [9].

5.4.1 Mechanisms for Inducing

T Cell Exhaustion

Immunoregulation is critical in T cell exhaustion.
Coregulatory receptors play a key role in many
aspects of adaptive immunity, including self-
tolerance, prevention of autoimmunity, and can-
cer. The mechanisms of regulation through
coregulatory receptors have not been character-
ized in detail; nevertheless, several studies sug-
gest that these receptors attenuate T cell responses
in many ways. Accumulating evidence highlights
the pivotal role of the PD-1/PD-L1 pathway in
maintaining an immunosuppressive tumor micro-
environment. This pathway has been proposed to
be the most important coregulatory pathway
involved in T cell exhaustion [25, 26].

A transmembrane receptor of the Ig superfam-
ily, PD-1 (CD279), is upregulated in mice chroni-
cally infected with lymphocytic choriomeningitis
virus (LCMV) [25]. PD-1 interacts with its
ligands PD-L1 (B7-H1, CD274) or PD-L2 (B7-
DC, CD273), which are members of the B7 fam-
ily [26]. PD-1 is rapidly upregulated on activated
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T cells; then, after antigen clearance, the expres-
sion of this receptor is reduced on effector T
cells. Upon subsequent antigen stimulation,
effector T cells show upregulated PD-1 expres-
sion. Thus, the continuous stimulation of T cells
(naive or effector) during chronic infections
induces the accumulation of PD-1* T cells [19].
High levels of PD-L1 expression on APCs (or
tumor cells) might sustain PD-1 expression on T
cells, impair T cell effector maturation, and allow
the progression of chronic infection [27-29].

Studies in mouse tumor models demon-
strated that the inhibition of PD-L1 or PD-1
using blocking monoclonal antibodies (mAbs)
increases the cytolytic activity of CD8* T
cells and reverses T cell dysfunction [30, 31].
Subsequently, Barber et al. showed that the inhi-
bition of PD-1 using anti-PD-1 mAbs in chroni-
cally infected mice enhances the proliferation
and effector functions of exhausted T cells [25].
Since the publication of these seminal reports,
many other studies have shown that PD-1 with
its ligand (PD-L1) is crucially involved in T cell
exhaustion in chronic human pathogen infec-
tions and cancer [21-24, 32-34].

In addition to PD-1, many other cell surface
inhibitory receptors also participate in T cell
exhaustion. These coregulatory receptors regu-
late distinct cellular functions. For instance, PD-1
pathway affects T cell survival and proliferation,
whereas LAG-3 affects cell cycle progression,
but has less influence on apoptosis [19]. Several
receptors belonging to the tumor necrosis recep-
tor family are upregulated in exhausted T cells,
such as Fas, TNF-R, and tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)
receptors; hence, these death receptors have been
implicated in the induction of exhaustion, as T
cells might become prone to activation-induced
cell death (AICD) [19, 35, 36].

TIM-3 is an inhibitory molecule that down-
regulates effector Th1 responses; upregulation of
this molecule has been found in HIV-specific and
HCV-specific CD8* T cells in patients with pro-
gressive HIV and HCV infections, respectively.
Importantly, the coexpression of TIM-3 and PD-1
has been associated with severe CD8* T cell
exhaustion in terms of the proliferation as well as

secretion of effector cytokines, such as IFN-y,
TNF-a, and IL-2 [19]. Interestingly, CD8* T cells
expressing both coregulatory receptors also pro-
duce the suppressive cytokine IL-10 [37].

Remarkably, functional effector T cells express
coregulatory receptors during activation; however,
as indicated above, the prolonged and increased
expression of multiple coregulatory receptors is
a key feature of CD4* and CD8* T cell exhaus-
tion. However, exhausted T cells do not necessar-
ily coexpress all of the coregulatory molecules.
The pattern as well as the level of expression of
coregulatory receptors simultaneously expressed
in the same CD8* T cell might considerably influ-
ence the severity of dysfunction [38].

Several factors, such as duration of the infec-
tion, level of antigen exposure, availability of
CD4* T cell help, and the type of APCs that
present the antigen, have been implicated in the
severity of T cell exhaustion. Ligand availability
for coregulatory receptors could also influence
the degree of exhaustion, as well as environmen-
tal factors such as the presence of immunoregu-
latory cytokines [19]. In chronic viral infections,
IL-10 expression is associated with T cell dys-
function [38, 39]. In addition, TGF-f has also
been linked to exhaustion in chronic infections
in humans [40, 41]; nevertheless, the mecha-
nisms underlying IL-10 and TGF-p-mediated T
cell exhaustion are unclear. Interestingly, both
cytokines are secreted by several human tumors
[42, 43].

Identification of Exhausted
T Cells

5.4.2

Exhausted T cells show a poorly differentiated
phenotype (CD27"CD28"°CD57°CD127°CCR7-
CD45RA* or CD27*CD45R0O") correlated with T
cell dysfunction. Although PD-1 upregulation in
T cells was initially considered as a hallmark of T
cell exhaustion, this molecule is upregulated
along with activation markers, such as CD38 or
HLA-DR [44]. In healthy adults, the percentage
of PD-1* cells varies from 40 to 80 % of
(CCR7*-CD45RA") memory T cells; remark-
ably, these cells do not exhibit characteristics of
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exhaustion [45]. Thus, PD-1 is also associated
with T cell activation and differentiation.

Many cell surface coregulatory receptors are
expressed in exhausted T cells. LAG-3, TIM-3,
CD244 (2B4), CD160, CTLA-4, and the recently
described B- and T-lymphocyte attenuator
(BTLA) are coexpressed in antigen-specific CD8*
T cells during chronic infection. The pattern and
level of coregulatory receptors simultaneously
expressed in the same CD8* T cell consider-
ably influence the severity of dysfunction [38].
However, depending on the chronic infections or
cancer, exhausted T cells might express a differ-
ent pattern of coregulatory molecules.

Genomic strategies have provided a molecular
profile for exhausted T cells. These genomic
studies support the notion that T cell exhaustion
represents a particular state of differentiation,
different from that of effector or memory T cells
[9, 19].

Several transcriptional pathways have been
associated with T cell exhaustion. The increased
expression of transcriptional repressor Blimp-1 is
associated with the upregulation of many coregu-
latory receptors (PD-1, LAG-3, CDI160, and
CD244). In addition, the transcription factor
NFATc1 (NFAT?2) is also upregulated but shows a
dysregulated function [9]. The transcription fac-
tor T-bet also plays a role in protection against T
cell exhaustion, as T-bet promotes terminal dif-
ferentiation after acute infection, and the
increased expression of this transcription factor
inhibits the expression of coregulatory receptors
during chronic viral infection. T-bet expression is
downregulated through persistent antigenic stim-
ulation, resulting in T cell exhaustion [46].

5.5 T Cell Exhaustion in Cancer

Cancer and chronic viral infections have been
thought to share similar mechanisms in establish-
ing high antigen load and an immunosuppressive
environment. However, there is a fundamental
difference between both diseases: viral antigens
are exogenous and extremely immunogenic,
whereas tumor antigens are self-molecules that
are weakly immunogenic. Thus, compared with

tumor-specific T cells, virus-specific T cells are
more frequent and easily detectable, facilitating
the ease in identification, phenotypic character-
ization, and isolation of T cells [10]. However, in
the tumor microenvironment, infiltrating T cells
become dysfunctional and show reduced effector
functions. Several reports suggest that PD-L1
expression on tumor cells plays an important role
in tumor-induced T cell dysfunction. PD-L1
membrane expression has been observed using
immunohistochemistry on many human tumors,
such as melanoma, lung, larynx, colon, breast,
cervix, and stomach [26]. In breast, esophageal,
gastric, and renal carcinomas, the increased
expression of PD-L1 on the surface of tumor
cells is strongly associated with poor prognosis
[26, 47]. Thus, T cell exhaustion has been pro-
posed as a mechanism for inducing T cell dys-
function through the PDL-1/PD-1 pathway.
However, as previously indicated, PD-1 expres-
sion cannot be considered as the sole marker of T
cell exhaustion in chronic diseases and cancer;
hence, other markers must be considered.

In human metastatic-melanoma lesions, TILs
show upregulation of PD-1 expression, accompa-
nied with reduced production of IFN-y TNF-a, and
IL-2. Both tumor-infiltrating CD8* T cells, par-
ticularly MART-1-specific, and tumor-infiltrating
CD4* T cells show significantly higher levels of
PD-1 expression than CD8* and CD4* T cells
from peripheral blood and normal tissues from
cancer patients. In addition, a large proportion
of CD8* T cells from TILs were PD-1*CTLA-4*
cells compared with normal tissues and blood.
Furthermore, PD-1*CD8* cells from TILs lacked
CD25 as well as IL-7RA expression, suggesting
that these cells were unable to proliferate, pro-
duce effector cytokines, and differentiate into
memory cells [48]. PD-1*NY-ESO-1-specific
CD8* T cells, from patients with advanced mela-
noma, upregulate TIM3 expression and are more
dysfunctional than TIM3PD-1* and TIM3PD-
1"NY-ESO-1-specific CD8" T cells, producing
less IFN-y, TNF-a, and IL-2 [49].

Derré et al. showed that tumor antigen
(Melan-A/Mart-1)-specific CD8* T cells express
high levels of BTLA and are susceptible to func-
tional inhibition through its ligand HVEM [50].
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In addition, Baitsch et al. recently showed that in
melanoma, tumor antigen-specific CD8* T cells
with effector phenotypes simultaneously express
four or more of the inhibitory receptors BTLA,
TIM-3, LAG-3, KRLG-1, 2B4, CD160, PD-1, or
CTLA-4 [51]. Moreover, tumor antigen-specific
CDS8* T cells present a large variety of genes with
a similar genetic profile as that of exhausted T
cells from chronic viral infections [52]. Taken
together, these reports show that tumor antigen-
specific CD8* T cells are exhausted in melanoma
patients.

Additional evidence for T cell exhaustion in
other cancers comes from studies in patients with
ovarian cancer. Matsusaki et al. reported that
NY-ESO-1-specific CD8" T cells, from the
peripheral blood of patients with ovarian cancer,
show impaired effector functions along with
coexpression of the inhibitory molecules LAG-3
and PD-1. The expression of LAG-3 and PD-1 on
the surface of CD8* T cells is upregulated through
IL-10, IL-6, and tumor-derived APCs. In addi-
tion, LAG-3*PD-1*CD8* T cells are deficient in
IFN-y/TNF-a secretion compared with LAG-
3*PD-1- or LAG-3"PD-1" subsets [53].

In hepatocellular carcinoma, PD-1*CD8* T
cells are higher in tumor tissues than in non-
tumor tissues, presenting decreased proliferative
abilities as well as effector functions, as demon-
strated by reduced granule and cytokine expres-
sion compared with PD-1"CD8" T cells [54].
Nevertheless, no other marker of T cell exhaus-
tion was analyzed.

PD-L1 expression is upregulated in Hodgkin
lymphoma (HL) and several T cell lymphomas,
but not in B cell lymphomas. In addition, PD-1 is
upregulated in TILs as well as peripheral blood
T cells from HL patients and the blockade of the
PD-1 pathway restores IFN-y production in
T cells [55]. Moreover, LAG-3 is expressed on
TILs from patients with this malignancy [56].
Taken together, these reports suggest that TILs
from patients with HL are exhausted.

In patients with chronic lymphocytic leuke-
mia (CLL), CD8* and CD4+* effector T cells show
the increased expression of CD244, CD160, and
PD-1, with the expansion of the PD-1* BlimpH1
subset. CD8* T cells from CCL patients show

defects in proliferation and cytotoxicity, but with
increased production of IFN-y and TNF-«, nor-
mal production of IL-2, and increased expression
of T-bet. Thus, although CD8* T cells show fea-
tures of T cell exhaustion, these cells retain the
ability to produce cytokines [57]. However, head
and neck cancers that are positive for human pap-
illomavirus (HPV) present a high infiltration of
PD-1*T cells, and the numbers of PD-1* cells are
positively associated with a favorable clinical
outcome. Nevertheless, these PD-1* T cells
express activation markers, 50 % of this popula-
tion lack TIM-3 expression, and are functional
after the blockade of the PD-1/PD-L1 pathway,
suggesting that PD-1* T cells are activated rather
than exhausted [58].

Interestingly, Haymaker et al. proposed that
PD-1"e"CD8* T cells in cancer patients are not
exhausted [59]. This hypothesis is based on the
observation that CD8" T cells from the TILs of
melanoma patients recover their proliferative
potential ex vivo, despite expressing high levels
of PD-1. These TILs mediate antitumor responses
upon adoptive transfer into patients [60, 61].
Under this hypothesis, infiltrating and peripheral
blood CD8" T cells, expressing PD-1, BTLA,
along with other coregulatory receptors, are not
exhausted. Instead, these cells are highly acti-
vated effector-memory cells T cells that can be
stimulated  through  immunotherapy [59].
Nevertheless, these observations have been pri-
marily achieved in melanomas. In other cancers,
the reduced proliferative and effector capacities
persist, even after stimulation, and immunothera-
peutic strategies have failed to induce potent anti-
tumoral responses [53, 57, 62, 63].

Some of the phenotypic, functional, and
molecular changes that occur in T cells during
chronic infections are exhibited in TILs as well
as peripheral blood T cells from several cancer
types. The initial aim of tumor immunotherapy
was to prevent anergy and tolerance towards
tumor antigens. However, the efficacy of this
strategy is potentially limited by T cell exhaus-
tion [10]. Interestingly, Hailemichael et al.
showed that in mice vaccinated with gp100 mela-
noma peptide, the persisting tumor antigen at
vaccination sites induces the sequestration of
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CD8* T cells, resulting in the dysfunction and
death of these cells [63].

PD-1 blockage results in the recovery of T cell
effector functions in vitro and in animal models
in several tumors, thus significantly enhancing
antitumor immunity [30, 31, 49, 64]. This knowl-
edge has been translated into several clinical tri-
als [34, 65]. Recently, Brahmer et al. showed that
the antibody-mediated blockade of PD-L1
induced durable tumor regression along with pro-
longed disease stabilization in patients with
selected advanced cancers, including non-small
cell lung cancer [65]. Thus, understanding T cell
exhaustion in cancer will contribute to the
advancement of tumor immunotherapy.

A Particular Case: T Cell
Exhaustion in Lung Cancer
Patients

5.5.1

Lung cancer is the leading cause of cancer-related
mortality in developed countries and the second
leading cause of death in countries with emerging
economies. Lung cancer is one of the most com-
monly diagnosed cancers worldwide, represent-
ing 13 % of all cancer cases and approximately
18 % of all cancer deaths [66]. Some reports
show that the presence of TILs with memory
phenotype in lung cancer is predictive of a favor-
able clinical outcome [67-69]. Also, it has been
shown that CD8* T cell subpopulation is
decreased in the pleural compartment with
respect to peripheral blood from lung cancer
patients, whereas the CD4* T cell subpopulation
is increased [70, 71].

Both in TIL and in the pleural compartment,
CD8* T cells are functionally impaired and are
poorly responsive or unresponsive to several T
cell-activating stimuli, even though memory cells
infiltrate lung tumors. CD8* T cells present low
proliferation rate, diminished production of some
Thl cytokines, and reduced cytotoxic potential
[70, 72-74]. Pleural effusion CD8* T cells from
lung cancer patients express cell markers associ-
ated with a memory phenotype (CD45RA-
CD45RO*CD27*Granzyme A'*YPerforin-),
similar to those markers found in CD8* T cells

from chronic viral infections [24], which sug-
gests that CD8* T cells are exhausted.

Recently, pleural effusion CD8* T cells,
derived from lung cancer patients, have been
shown to be susceptible to AICD. This phenome-
non is preferentially observed in memory as well
as terminally differentiated CD8* T cells. AICD
is associated with upregulation of FasL and
TRAIL molecules. Interestingly, CD4* T cells
from malignant pleural effusions are not prone
to AICD [75]. Thus, chronic stimulation by the
lung tumor mass may sensitize CD8* T cells to
AICD, as it has been shown in TILs from vari-
ous types of human cancers [75]. Nevertheless,
evaluation of exhaustion in lung tumor-specific
CD8* T cells has not been possible, since lung
tumor-associated antigens are not shared among
all lung cancer patients [62].

Here, it is shown PD-1 expression on CD8*
and CD4* T cells from pleural effusions and
peripheral blood of lung cancer patients who
were admitted to the National Institute of
Respiratory Diseases “Ismael Cosio Villegas.”
Pleural fluid was obtained by thoracocentesis
used for routine diagnostic procedures. Diagnosis
was established by histological examination of
pleural biopsy or cytological observation of
malignant cells in pleural effusion. None of the
patients received any type of anticancer therapy
before the study or had clinical signs of acute or
chronic infection, which might interfere with the
PD-1 analysis. For comparison, two groups of
patients with acute (pneumonias) and chronic
(tuberculosis) infections that presented pleural
effusion were included. In lung cancer patients,
PD-1 was expressed on average at about 40 % of
pleural effusion CD8* T cells, which was signifi-
cantly higher compared to percentages of
PD-1*CD8* T cells from pleural effusions sec-
ondary to acute or chronic tuberculosis infec-
tions. Also, PD-1 was expressed in more than
30 % of peripheral blood CD8* T cells from lung
cancer patients; in contrast, approximately 23 %
of peripheral blood CD8* T cells from healthy
subjects expressed PD-1 (Fig. 5.3). With respect
to CD4* T cells, the percentages of PD-1* cells
were significantly higher in malignant effusions
compared to tuberculosis and acute effusions
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Fig. 5.3 Determination of PD-1 on CD4* and CD8* T
cells. Pleural effusion (PE) and peripheral blood (PB) of
lung cancer patients (n=23), patients with acute diseases
(non-chronic n=_8), patients with tuberculosis (7B, n=9),
and PB from healthy donors (HD, n=9) were evaluated.
For PD-1 membrane staining, peripheral blood mononu-
clear cells (PBMCs) or pleural effusion mononuclear cells
(PEMCs) were incubated with anti-CD4 PE or anti-CD8-
PECy5 monoclonal antibodies (mAbs), in addition to

(Fig. 5.3). Similar percentages of PD-1*CD4* T
cells were found in peripheral blood, between
lung cancer patients and healthy donors. Thus, a
greater percentage of CD8" and CD4* T cells
from the pleural compartment are PD-1*, which
is a consequence of the underlying pathology,
rather than the anatomical compartment.
Recently, Zhang et al. reported that tumor-
infiltrating CD8* T cells derived from patients
with non-small cell lung carcinoma express
increased levels of PD-1 [76]. These CD8* T
cells are impaired in cytokine production as well
as proliferative potential. Blockade of the PD-1/
PD-L1 pathway by anti-PD-L1 antibody partially
restores cytokine production and cell prolifera-
tion. However, PD-1 expression cannot be con-
sidered as the sole marker of T cell exhaustion;
additionally, TIM-3 has been shown to mark
exhausted CD8* T cells [38]. In a study by Gao
et al., TIM-3 was found to be highly upregulated
on both CD4* and CD8" T cells from lung tumor
tissues, but almost undetectable on T cells from

FITC-conjugated anti-PD-1 or isotype control mAb. Cells
were washed, fixed with 1 % paraformaldehyde, and ana-
lyzed using flow cytometry. FSC vs. SSC dot-plot graphs
were done for cellular debris and necrotic cell exclusion.
From a lymphocyte gate containing 50,000 lymphocytes,
CD4* or CD8* cells were gated from a CD4* or CD8* vs.
SSC dot-plot graph. For the analysis of PD-1 expressions,
and to rule out nonspecific antibody binding and autofluo-
rescence, quadrants were set according to isotype control

peripheral blood. However, TIM-3 expression on
CD8* T cells was not associated with any clinical
pathological parameter in lung cancer patients
(e.g., tumor size, lymph node metastasis, and
tumor stage) [77].

In this chapter, TIM-3 expression on
CD4* and CD8* T cells derived from pleu-
ral effusion of lung cancer patients is shown
(Fig. 5.4). Percentages of TIM-3* cells were
significantly higher in pleural effusion CD8*
T cells in comparison with CD4* T cells from
the same cancer patients (Figs. 5.4 and 5.5).
Interestingly, pleural effusion CD8* T cells
from cancer patients showed higher percent-
ages of TIM-3* cells compared to those from
the nonmalignant group (tuberculosis). Hence,
TIM-3 is likely to be upregulated in response
to tumor-derived environmental factors absent
in pleural effusions from patients with tuber-
culosis. Nevertheless, in contrast with results
reported by Gao et al., who found that in lung
tumor tissues the majority of TIM-3*TILs are
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TIM-3 expression on T cells. PEMCs were plotted first on
SSC vs. FSC with selection of the lymphocyte population.
Gated cells were then plotted on CD3 (PE-Texas Red) vs.
FSC and further gated on CD4 (Alexa 700) vs. CDS cells
(APC-Cy7). CD4* (lower row) or CD8* (upper row) cells

Tuberculosis

Cancer

CD8+ cells

CD4+ cells

0

were plotted on PD-1 (FITC) vs. TIM-3 (APC) 5 % con-
tour outlier plots; quadrants were set according to isotype
controls. Immunostaining was done as indicated in
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cer or tuberculosis are shown
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PD-1* [77], in the pleural compartment, most
PD-1*CD8* T cells did not coexpress TIM-3
(Figs. 5.4 and 5.5). Thus, PD-1*CD8* T cells
might be activated in a microenvironment that
does not provide the sufficient signals to fully
differentiate into effector T cells. Because
PD-1 was not coexpressed in TIM-3* CD8* T
cells (Fig. 5.5), further studies are required to
define whether this subset belongs to a popula-

tion of exhausted CD8* T cells. Nevertheless,
TIM-3 expression is likely responsible for
the absence of CD8* T cell responses in lung
cancer patients.

Interestingly, the administration of PD-1 anti-
body as a blocking agent against PD-1 pathway
has shown durable partial tumor regression in
patients with lung cancer, which was long thought
to be a “non-immunogenic” tumor [65]. Thus,
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reactivation of immune responses in lung cancer
patients, via blocking PD-1, TIM-3, or other reg-
ulatory pathways, in combination with other ther-
apeutic modalities, such as radiotherapy or
chemotherapy, will provide major clinical bene-
fits to lung cancer patients.

5.6 Concluding Remarks

T cell exhaustion is a stage of T cell differentia-
tion where T cells show poor effector functions,
sustained coregulatory receptor expression, as
well as a transcriptional state distinct from mem-
ory, effector, and even anergic T cells. From a
temporal perspective, T cell anergy possibly
occurs during the early stages of tumor progres-
sion, whereas T cell exhaustion might play a cru-
cial role in T cell dysfunction during the late
stages of cancer. Several types of cancer have
been shown to induce T cell exhaustion; this phe-
nomenon is attributed to the tumor microenviron-
ment, which has been shown to provide and
maintain the required conditions for T cell
exhaustion. Among other conditions, tumor mass
is a source of antigens that chronically stimulate
infiltrating T cells. In most cancers, tumor cells
expressing PD-L1 have been associated with a
negative disease outcome. Many tumors also
secrete IL-10 and TGF-f, immunosuppressive
cytokines that are associated with exhaustion in
chronic viral infections.

The reduced functions of T cell observed
in vitro, the correlation of the clinical prog-
nosis of cancer patients with the expression
PD-L1 in tumor cells, and the limited success
of T cell-based immunotherapy provide evi-
dence that T cell exhaustion plays an important
role as a tumor evasion mechanism from the
host immune system. However, caution must
be taken with studies defining T cell exhaus-
tion based only on the marker PD-1; thus, it is
necessary to evaluate several cell surface and
functional markers to define whether T cells are
exhausted rather than activated. Baitsch et al.
first showed that tumor-specific CD8* T cells
from melanoma patients share similarities with
chronic exhaustion observed in viral infections

[52]. Nevertheless, it is not clear whether
exhausted T cells share similar molecular and
genetic patterns in patients with chronic infec-
tions and other types of cancer.

Understanding the mechanisms of tumor-
induced T cell exhaustion will conduce to the
development of vaccine-induced T cells aimed at
promoting tumor rejection. Preliminary clinical
findings with blockers of immune-regulatory
pathways, such as the PD-1/PD-L1 pathway, sug-
gest that this strategy is promising for enhancing
antitumor immunity with the potential to produce
long-lasting clinical responses.
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