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Summary
The cellular and molecular mechanisms underlying the formation of distinct central, effector, and
exhausted CD8+ T-cell memory subsets were first described in the setting of acute and chronic viral
diseases. The role of these T-cell memory subsets are now being illuminated as relevant to the tumor-
bearing state. The generation and persistence of productive CD8+ T-cell memory subsets is
determined, in part, by antigen clearance, costimulation, responsiveness to homeostatic cytokines,
and CD4+ T-helper cells. By contrast, chronic exposure to antigen, negative costimulation, and
immunomodulation by CD4+ T regulatory cells corrupt productive CD8+ T memory formation. It
has become clear from human and mouse studies that the mere generation of CD8+ T-cell memory
is not a ‘surrogate marker’ for cancer vaccine efficacy. Some current cancer vaccine strategies may
fail because they amplify, rather than correct or reset, the corrupted CD8+ memory population. Thus,
much of the present effort in the development of vaccines for cancer and chronic infectious diseases
is aimed at creating effective memory responses. Therapeutic vaccines for cancer and chronic
infectious diseases may achieve consistent efficacy by ablation of the dysfunctional immune state
and the provision of newly generated, non-corrupted memory cells by adoptive cell transfer.

Introduction
‘All happy families resemble one another, each unhappy family is unhappy in its own way.’ –
Leo Tolstoy

For over a century, the prospect of employing a patient's immune system to treat cancer has
been the source of much hope and promise, yet at the same time frustration and dismay (1).
There has been a significant investment in both time and resources towards developing T-cell
cancer vaccines, driven largely by the success of vaccination strategies against some viral and
bacterial pathogens (2,3) and the ability to molecularly define major histocompatibility
complex class I- and class II-restricted epitopes expressed on the surface of cancer cells
(4-6). Despite much effort, vaccination approaches to date can at best induce objective cancer
regressions consistent with standard oncologic criteria (7) in only a small minority of patients
with solid cancers (5,8). This outcome appears to be in contrast to what can occur in vaccination
strategies against certain hematologic malignancies, such as B-cell lymphoma (9). In some
instances, failure of consistent clinical responses has occurred despite impressive immunologic
responses, particularly those elicited using anchor-modified epitopes as immunogens (10-16).
When combined with results from recent animal studies (17,18), these findings offer the
somewhat surprising conclusion that generation of a large in vivo population of tumor-reactive
CD8+ T cells alone is insufficient to mediate clinically significant tumor regression. Is there
any hope, then, that cancer vaccines can be made to work?
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Adoptive cell transfer (ACT) (19,20), the infusion of ex vivo expanded tumor-reactive immune
cells to patients with cancer, offers a powerful proof of principle that self/tumor-reactive CD8
+ T cells can mediate objective cancer regression (21,22). Significantly, the reactivity
contained in the tumor infiltrating lymphocyte population expanded and transferred to patients
in these protocols is entirely autologous; thus, there is a latent pool of tumor-reactive T cells
present in patients with cancer capable of mediating tumor regression if properly activated
(23,24). Why have modern cancer vaccines failed to live up to their expectations thus far?
Borrowing from Tolstoy's analogy, does each vaccine have its own idiosyncratic reason for
failure? Alternatively, are there a limited number of overarching immunological principles
governing why cancer vaccines are inconsistent, by any measure, in their ability to benefit
patients with cancer? In this review, we address the failure of cancer vaccines, as currently
formulated and employed, to mediate reproducible, objective clinical responses against solid
cancers. We begin by briefly outlining the state of the art regarding the formation and function
of T-cell memory in the settings of acute and chronic viral infections. Chronic viral infections,
in particular, may model many of the immunologic impasses that have limited the success of
cancer vaccines to date as both settings induce corrupted CD8+ T-cell memory populations.
We next assess what specific factors may limit modern cancer vaccines and conclude by
suggesting how immunotherapists might employ these factors to improve future vaccine
efforts.

Generation and character of CD8+ memory T cells
Much of our current knowledge on the development and character of CD8+ T-cell memory
has come from the study of acute viral infections. The dynamic response of antigen specific
CD8+ T cells to an acute viral infection has now been resolved at cellular, molecular, and gene-
expression levels in mice (25-27) and to a more limited extent in humans (28-30). While it is
possible – and even likely – that a productive immune response against cancer will have unique
attributes given the self nature of many tumor-associated antigens targeted in cancer vaccine
protocols (4,8,31), it is instructive to analyze key aspects of an antiviral T-cell response.

In brief, a productive encounter of naïve CD8+ T cells to antigen stimulation follows a
prototypical, tri-phasic response: (i) an initial activation phase characterized by a multi-log
clonal expansion of antigen-specific cells and concurrent acquisition of peripheral tissue-
homing capabilities, effector cytokine release, and cytolytic activity; (ii) a death phase
characterized by a rapid, apoptosis-induced contraction of antigen-specific effector T cells;
and (iii) formation of a persistent population of antigen-experienced cells that represent
immunologic memory (Fig. 1A). An analogous response has also been observed among self/
tumor-reactive CD8+ T cells activated in vivo with a recombinant viral vaccine and exogenous
common g chain (gc) cytokine support (18,32). This finding demonstrates that the study of
responses to an acute viral infection may be predictive of some aspects of the biology of self/
tumor-reactive CD8+ T cells.

Several key features distinguish the persistent antigen specific cells of the third phase of the
immune response described above. These features include an increased precursor frequency
compared with naive hosts (33,34), the capacity for antigen-independent self-renewal (35)
through homeostatic proliferation in response to interleukin-7 (IL-7), IL-15, and possibly IL-21
(36-42), and the rapid acquisition of effector functions and clonal proliferation upon antigen
re-challenge (43,44). These attributes, which collectively constitute the hallmarks of
immunologic memory, provide the host with long-lived protection from future pathogen
encounters.

Several groups have recently demonstrated the critical importance of CD4+ T-cell help (Th)
in the induction and maintenance of antigen-specific memory CD8+ T cells. In the absence of
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Th, memory CD8+ T cells exhibit impaired functionality, persistence, and most importantly
ability to efficiently control a secondary pathogen or tumor challenge (45-47). Whether Th
initiates a programming of antigen specific CD8+ T cells during priming (46), contributes to
the maintenance of memory CD8+ T cells after the primary response (48,49), or both is an
active area of exploration. Conversely, another subset of CD4+ T cells, the CD4+
CD25highFOXP3+ T-regulatory cells (Treg) (50), have been shown to negatively regulate
both the quality and quantity of memory CD8+ Th cells (51,52).

CD8+ memory T cells are heterogeneous in phenotype, function, and
protective capacity

Analogous to memory B lymphocytes (53), memory CD8+ T cells are heterogeneous with
respect to phenotypic markers, effector functions, and tissue-homing capabilities. One mode
of classifying memory T cells is to divide the populations into two broad categories, termed
central memory T cells (TCM) and effector memory T cells (TEM). In this classification
schema, first proposed by Sallusto et al. (54), TCM are antigen-experienced cells that
constitutively express CD62L and CCR7, two surface molecules necessary for cellular
extravasation in high endothelial venules and migration to T-cell zones of peripheral lymph
nodes (Fig. 2). By contrast, TEM are antigen-experienced T cells that have significantly
downregulated these markers and hence have a propensity to populate peripheral tissues, such
as the liver and lung, as well as inflammatory sites (44,55). Based on these findings, a division
of labor among memory T cells was proposed: TEM function as sentinels for immediate
protection from a peripheral challenge, while TCM provide protection from a systemic
challenge and can generate a second wave of effector cells (54). In addition to the ability of
TCM to preferentially migrate to secondary lymph nodes, the capacity to secrete IL-2 has been
associated with CD8+ TCM but not with TEM cells (44,54,56,57). Whether TCM and TEM
differ with respect to other important effector functions, such as immediate cytolytic activity,
has been debated (44,54,56-60).

The question of which of these two T-cell memory populations, if either, should be targeted
in future vaccine trials is a subject of considerable interest, and it is now beginning to be
addressed in vivo in animal models. In both mice and non-human primates, CD8+ TCM have
been shown to be superior mediators of host protection against viral and bacterial challenge
compared to TEM cells (44,61,62). Wherry et al. (44) reached similar conclusions on the
superiority of antigen-specific TCM cells whether the antigen challenge came from peripheral
or systemic sites, thereby challenging the division of labor paradigm. Consistent with these
findings, our group (63) has recently shown that adoptively transferred self/tumor-reactive
CD8+ TCM are superior mediators of therapeutic antitumor immunity to an established cancer
compared with TEM cells when given in combination with a systemically administered tumor-
antigen vaccine.

The enhanced ability of TCM cells to confer host protection and tumor treatment has been
correlated with their greater proliferative capacity upon antigen-reencounter compared with
TEM cells (44,63,64). Ultimately, this potential allows for generation of a larger absolute
number of terminally differentiated effector T cells (TEFF) that can infiltrate peripheral sites
to mediate antigen clearance. In addition to enhanced proliferative capacity, we have also
shown that TCM engage in more effective interactions with antigen-presenting cells (APCs)
expressing cognate antigen compared with TEM because of their preferential homing to
secondary lymphoid tissues (63). The superiority of CD8+ TCM to TEM has not been
uniformly observed in all models (57,65,66). However, these results may be due to a relative
early antigen re-challenge; it has recently been shown that the proliferative capacity of memory
CD8+ T cells following antigen clearance progressively increases with time both in the TCM
and TEM subpopulations, but is most prominent among TCM cells (64).
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These data suggest that TCM may be more potent on a per cell basis in mediating antigen
clearance compared with TEM cells. Therefore, the generation of TCM should be an important
immunologic end-point to consider in future preventative and therapeutic vaccine trials. Future
studies are needed to confirm results directly comparing the therapeutic efficacy of TCM to
TEM, particularly in settings of an established disease such as chronic viral hepatitis, human
immunodeficiency virus (HIV), tuberculosis, and cancer. Likewise, additional correlations in
non-human primate models and humans will also be necessary to elucidate which T cell
memory subset is most advantageous for conferring protection or treatment against different
pathogens and cancers.

Chronic antigen stimulation induces corrupted memory CD8+ T cells
Key aspects of CD8+ T-cell memory formation and function can either be altered or impaired
in settings of persistent antigen stimulation, such as chronic viral infections (67) and the tumor-
bearing state (23,68-70). These changes affect the cell's acquisition and magnitude of effector
functions, capacity for antigen-independent cytokine-mediated homeostatic proliferation,
intrinsic proliferative capacity, and ultimately the ability to confer host protection. In mice, it
has been clearly demonstrated that chronic viral infection can convert an otherwise effective
antiviral CD8+ T cell response to an ineffective or inefficient response (71-75) (Fig. 1B). This
conversion is associated with a step-wise impairment, or ‘exhaustion’, in the effector functions
and proliferative capacity of responding antigen-specific CD8+ T-cells (Fig. 2). In general,
this loss occurs in a predictable and hierarchical manner.

These findings are not restricted solely to chronic viral infections. We have recently shown
that repeated in vitro stimulation of CD8+ T cells that recognize a class I-restricted epitope
derived from the shared self/melanoma antigen, gp100 (17), was also associated with a
progressive alteration in effector functions and proliferative capacity (76). Significantly, these
alterations correlated with the conversion of a curative in vivo antitumor response to a non-
curative response. Similar findings have been observed in other murine tumor models (68,
77). Collectively, these findings may help explain two seeming paradoxes in modern tumor
immunotherapy: the failure of vigorous vaccination regimens to mediate cancer regression
despite significant increases in the tumor-reactive precursor frequency (10) and the inability
of highly in vitro reactive and cytolytic tumor-specific CD8+ T-cell clones to mediate cancer
regression when adoptively transferred (78-80).

Chronically stimulated memory CD8+ T cells are functionally corrupted
In mice, the inability to secrete IL-2 represents a sentinel event associated with the impairment
in effector functions of chronically stimulated viral- and tumor-reactive CD8+ T cells
(72-74,76). Similarly, impairment in the ability to secrete tumor necrosis factor-a (72-74) and
loss of cytolytic activity (72-74,81) have also been shown to be comparatively early events.
By contrast, the ability to secrete interferon-g remains intact until late effector cells are
generated (72-74,76,77,82). Analogous progressive impairments in CD8+ function have been
observed in humans during chronic viral infections, such as HIV, Epstein–Barr virus, and
cytomegalovirus (81,83-87).

In addition to impairments in cytokine release and cytolytic function, memory CD8+ T cells
generated in the settings of chronic or repetitive antigen stimulation can enter into a state of
replicative senescence. This state is characterized by a decreased ability to dilute
carboxyfluorescein diacetate succinamidyl ester upon antigen or anti-CD3/anti-CD28
stimulation (76,88,89), a decrease in telomere length (87), and an increase in surface expression
for the natural killer-like receptors CD57 and KLRG-1 (Fig. 2) (83,86). As discussed
previously, the enhanced proliferative capacity of TCM over TEM is a major contributing
factor in the superior ability of TCM to confer host protection. It is therefore likely that an
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impaired proliferative response of CD8+ T cells will compromise their ability to protect the
host from a pathogen challenge or cancer. This impairment has recently been demonstrated in
mice, where the reduced proliferative capacity of antigen-specific CD8+ T cells was associated
with the reduced efficacy of therapeutic vaccination against a chronic viral infection (88).

Finally, chronic antigen exposure can skew the normal pattern of immunodominance, the
hierarchy of the CD8+ T-cell response to a highly restricted number of possible epitopes (71,
72,82,90). As a result, formerly minor reactivities come to dominate the CD8+ T-cell response,
while responses that are dominant in the acute setting may be minimized or deleted altogether.
Changes in immunodominance may have implications for the efficiency of pathogen clearance
(72,82,90). Ultimately, changes in immunodominance can culminate with the physical deletion
of chronically stimulated antigen-specific CD8+ T cells (72-74).

Cells that have entered a terminally differentiated state of exhaustion during a chronic viral
infection are likely to have counterparts in tumor immunotherapy. First, in adoptive
immunotherapies in mice and humans, we have found that cells capable of undergoing vigorous
in vivo expansion confer superior antitumor treatment compared with cells that expand less
robustly (21,63,76). Second, it has recently been shown that telomere length positively
correlates with long-term persistence and ultimately tumor regression induced by adoptively
transferred tumor-reactive CD8+ T cells (91,92). Thus, the proliferative capacity of tumor-
reactive CD8+ T cells is critical to their ability to mount an optimal in vivo antitumor response.
Whether the tumor-bearing state can alter patterns of immunodominance through the chronic
stimulation of responding CD8+ T cells has yet to be determined.

Phenotypic alterations in chronically stimulated memory CD8+ T cells
Beyond functional changes, repetitively stimulated CD8+ T cells exhibit progressive changes
in surface phenotype (72,74,76,82,89,93,94) (Fig. 2). For example, whereas memory CD8+ T
cells produced from an acute viral infection will become enriched in an antigen-experienced
CD62LhighCCR7+TCM population with time (44,64), these markers are progressively
downregulated during a chronic viral infection or repetitive vaccination (72,76,82,89,94).
Thus, chronic antigen exposure can drive the selective production of TEM and TEFF cells over
TCM cells (Fig. 1A,B). This results in the re-partitioning of memory CD8+ T cells to peripheral
tissues, away from central lymphoid organs (72,74). As previously noted, TEM cells may
confer less protective and therapeutic immunity compared with TCM cells, regardless of
whether the antigen challenge is to a peripheral or systemic site (44).

In addition to differences in tissue homing phenotype, chronically stimulated CD8+ T cells
downregulate other surface molecules, such as IL-7Ra and the IL-2/IL-15Rb chain (76,85,
93). This downregulation impairs the responsiveness of memory CD8+ T cells to pro-survival/
homeostatic signals delivered by IL-7 and IL-15 (Fig. 2).

Chronic exposure to antigen also induces the progressive downregulation of CD27 and CD28,
two costimulatory molecule receptors that serve to augment T-cell receptor (TCR)-induced
activation, proliferation, and memory formation (87,94,95). At the same time, upregulation of
the inhibitory costimulatory molecule PD_1 (programmed death-1) occurs (75). Emerging
findings from Barber et al. (75) suggest that the expression of PD_1 but not cytotoxic T-
lymphocyte antigen-4 (CTLA-4) on exhausted T cells contributes to the functional impairments
that characterize T cells in this state. In a model of chronic viral disease, the blockade of the
PD-1 / PDL-1 inhibitory signals promoted improvements in both proliferation and effector
functions of exhausted T cells. It is unclear, however, whether exhausted T cells restored with
PDL-1 blockade are as functionally ‘fit’ as memory cells generated in response to an acute
viral infection.
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Current therapeutic cancer vaccines amplify corruptedand senescent CD8+
memory

Current regimens for the administration of T-cell cancer vaccines have been selected because
of their ability to induce strong T-cell expansion in vivo. However, it is now clear that the
generation of large quantities of memory T cells alone is not sufficient to consistently induce
objective tumor responses in patients (10,11,13-16). Current cancer vaccines can have
pleiotropic effects on CD8+ T cells depending on the T cell's avidity and state of differentiation.
Naturally occurring selftumor-reactive CD8+ T cells with low avidity are generally found in
a naive or low differentiated state, because the intensity of antigen experience in the tumor-
bearing host is low or absent (antigenic ‘ignorance’) (70,96). Early and reiterative boosting
with high doses of immunogen induce this relatively naý[unk]ve CD8+ T-cell population to
strongly proliferate and differentiate into TEM, TEFF, and ultimately exhausted T cells (94).
By contrast, highly avid T cells that have experienced chronic stimulation become senescent
in the tumor-bearing host (Fig. 1C) might undergo activation-induced death due to over-
stimulation (70,97). Thus, current therapeutic cancer vaccines may fail because they amplify
rather than correct the corrupted CD8+ T-cell memory population formed during states of
chronic antigen exposure.

Selective generation of TCM, which has been shown in both viral and tumor models to confer
superior protective and therapeutic immunity compared to TEM/EFF, might be a critical key
for improving cancer immunotherapies and vaccines. We and others (55,56,58,98-101) have
now begun to elucidate the conditions that enable the differentiation of TCM. The transcription
factors that dictate the memory program are being identified (102-105). Although the selective
generation of TCM in vivo may be desirable, vaccinologists have not yet achieved this goal.
Initial antigen signal strength (98), strength and quality of costimulation (99,101), the presence
of cytokines, such as IL-15 (55,56,58), and the precursor frequency of naive antigen-specific
cells (100) each may influence the relative ratio of TCM to TEM cells generated in response
to infection or vaccination. Questions remain whether immunotherapists can generate highly
avid TCM in vivo by modifying vaccine regimens in the setting of chronic antigen stimulation,
where highly avid self/tumor-reactive CD8+ T cells might become senescent or exhausted
(23,69,70) (Fig. 1B). The stimuli required for the reversion of senescent cells into less
differentiated/central memory state in vivo or in vitro have not yet been identified. Indeed,
such dedifferentiation may be non-physiologic. At the same time, less differentiated T cells,
characterized by low avidity TCR, might not be the optimal target for vaccination. A more
plausible approach might be the transduction of high affinity self/tumor-specific TCRs into
naive CD8+ T cells followed by their expansion and selective differentiation into TCM in vitro
prior to adoptive transfer.

Induction of corrupted memory T cells might also be the consequence of immunization in the
absence of T-cell help typical of class I epitope vaccines. Viral studies have revealed the
requirement of Th for the generation and maintenance of functional CD8+ T-cell memory
(45-47). Consistent with the viral findings, cotransfer of Th in a ACT-based immunotherapy
model resulted in long-term maintenance of self/tumor-reactive CD8+ T-cell effector function
and tumor regression (49). In patients, co-immunization with class II-restricted epitopes has
been utilized with the aim of helping CD8+ T-cell antitumor responses (106). However, this
strategy has been unsuccessful to date; coimmunization with class II epitopes impaired self/
tumor-specific CD8+ T-cell responses (106). These surprising findings may indicate that Treg
rather than Th are preferentially activated by immunization with self/tumor class II peptides
or that the influence of Treg is dominant over Th. Alternatively, provision of exogenous c
cytokines, such as IL-2, IL-7, IL-15, and IL-21, may supplant the requirement for Th to expand
antigen-specific CD8+ T cells following a primary response (17,46,56,107-109). While
exogenous IL-2 induces Treg activation and expansion in vivo (110,111), IL-7, IL-15, and
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possibly IL-21 are emerging as possible vaccine adjuvants with the potential to selectively
drive CD8+ T-cell responses over Treg responses (112). Finally, the functionality of helpless
CD8+ memory T cells might be enhanced by PDL-1 blockade (75).

Generation of functional memory T cells is impaired in the tumor-bearing host
To support its own proliferation and ability to metastasize, tumor cells can negatively affect
the immune environment (113-115). A full elucidation of the mechanisms employed by tumors
to corrupt host immunity is beyond the scope of the present article, but significant new studies
indicate that the tumor's role in evading host immunity is more active than passive (113-115,
129). One mechanism, particularly relevant to the formation of T-cell memory, involves the
indirect induction of Treg through conversion of immature myeloid dendritic cells (DCs) by
tumor cells into transforming growth factor-b (TGF-b)-secreting APCs (116). Treg have been
shown to negatively regulate the numbers and the functionality of memory CD8+ T cells
(50-52). In addition, Treg are capable of suppressing the antitumor activity of self/tumor-
reactive T cells (49,117-120). Furthermore, the presence of Treg in the tumor bed has been
associated with poor survival in patients with ovarian cancer (121,122). Selective depletion of
Treg may offer a way of resetting the dysfunctional immunity characterizing the tumor-bearing
state and augmenting the generation and function of vaccine-elicited CD8+ memory T cells to
cancer (49,108,123,124). Alternatively, Toll-like receptor (TLR) agonists might be used to
reverse T-cell inhibition by Treg (125,126).

Removal of Treg cells alone may be not sufficient for optimal antitumor T-cell memory
response. The magnitude, duration, and persistence of T-cell responses might be also be
negatively influenced by the presence of cellular competitors acting as ‘sinks’ for activating
and homeostatic cytokines (108,124,127). In particular, reduced access to IL-7 and IL-15, two
critical cytokines for memory formation and maintenance, has been recently linked to an
impairment of antitumor effector function and persistence of self/tumor-reactive CD8+ T cells
(108,124). Elimination of both cellular cytokine sinks and Treg by nonspecific modalities such
as systemic chemotherapy and/or total body irradiation followed by immunization of
adoptively transferred T cells could be an effective strategy to reprogram T-cell memory in the
absence of the negative regulatory effects of the host immune cells (108,128,130).

Conclusion
CD8+ T-cell memory is heterogeneous and is characterized by a collection of cells with unique
functions, phenotypes, and anatomic localization. It may be instructive to compare the memory
T-cell subsets found in the tumor-bearing state with those existing during chronic infectious
disease states. Chronic exposure to antigen drives T cells to a state of senescence and exhaustion
without the formation of TCM. Dysfunctional immunity, enforced by Treg and alterations of
the cytokine environment, further characterize both the tumor-bearing and chronic
inflammatory states. Together, these factors may contribute to the relative ineffectiveness of
therapeutic vaccines for solid tumors and chronic infectious diseases and represent an
enormous hurdle for active immunotherapies. Therapeutic vaccines for cancer and chronic
infectious diseases may achieve more consistent efficacy by resetting the dysfunctional and
corrupted immune state. Effective immunotherapies may be accomplished through a
reprogramming of the CD8+ T cell memory compartment by blockade of negative signals,
such as those delivered by PD_1, or through the provision of newly generated, non-corrupted
effector and memory T cells into an ablated host with ACT.
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Figure 1.
Comparison of normal and corrupted CD8+ T-cell memory formation. CD8+ T-cell memory
formation in the settings of an acute viral infection (A), chronic viral infection (B), and the
tumor-bearing state (C) begins when a population of naive, antigen (Ag)-specific CD8+ T cells
(blue cells) are stimulated to divide by exposure to cognate Ag. A productive encounter with
cognate Ag induces a multi-log clonal expansion of this naïve precursor pool. As these cells
divide, they acquire the phenotypic and functional attributes of terminally differentiated
effector T cells (TEFF) (red cells) cells that allow these cells to clear the stimulating Ag. At
the conclusion of the 1o response, the majority (∼90%) of responding CD8+ T cells die by
apoptosis; a limited subset of TEFF cells (∼10%, green cells) advance to form a stable pool of
memory CD8+ T cells. The memory pool is heterogeneous and can be divided into self-
renewing central memory T cells (TCM) (aquamarine cells) and effector memory T cells
(TEM) cells (yellow cells). Whether TEM convert to TCM with time is the current subject of
controversy. Under normal conditions, both pools of memory T cells contribute to host
protection from future pathogen challenge. In the settings of a chronic viral infection or the
tumor-bearing state, the normal pattern of CD8 + memory T-cell production can be altered.
With time, memory cells are driven to a highly differentiated or ‘exhausted’ phenotypic and
functional state (purple cells), culminating in some cases in the deletion of responding cells.
Ultimately, the memory CD8+ T cells generated under these conditions are unable to efficiently
clear the challenging Ag, resulting in uncontrolled disease.
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Figure 2.
Phenotypic and functional changes in CD8+ T cells induced by chronic antigen stimulation.
Chronic or repetitive antigen stimulation, such as that induced by chronic viral infections, the
tumor-bearing state, and aggressive prime-boost regimens, drives naive CD8+ T cells to a
terminally differentiated effector state (red cells) and ultimately to exhaustion (purple cells).
The phenotypic changes characterizing this process are illustrated as low expression (+),
intermediate expression (++), and high expression (+++) of various cell surface markers.
Together with a shortening of the telomere length, CD8+ T cells progressively lose their
proliferative potential and become exhausted and/or undergo apoptosis. In addition, CD8+ T
cells lose the ability to secrete IL-2 and to respond to homeostatic cytokines such as IL-7 and
IL-15. By contrast, effector functions and lytic capability are progressively gained with
stimulation, peaking at the effector state but later becoming impaired in exhausted cells.
Whether effector memory T cells (TEM) may revert to central memory T cells (TCM)
following antigen clearance (not shown) is a current subject of controversy.
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