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MEMORY CD8 T-CELL DIFFERENTIATION DURING
ACUTE VIRAL INFECTION
During a CD8 T-cell response to infection, there are three
characteristic phases: a period of initial activation and expansion, a contraction or death phase, and the establishment and
maintenance of memory (Fig. 1A) (60). The analysis of CD8
T-cell responses has been greatly facilitated by the recent introduction of major histocompatibility complex (MHC) tetramer technology that allows accurate enumeration and phenotypic characterization of antigen-specific T cells by flow
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cytometry (5, 85). It has been estimated that, in the naïve CD8
T-cell pool in the mouse, T cells specific for a given peptide/
MHC complex exist at a frequency of ⬃1/105 T cells (17), with
similar estimates for humans (8). During the initial phase of a
CD8 T-cell response to infection, this population, which corresponds to ⬃102 cells/spleen in the mouse, can expand to
greater than 107 cells/spleen (17, 85). Robust CD8 T-cell responses have also been observed for humans during the acute
phase of viral infections (22). This 104- to 105-fold expansion
indicates that, at the peak of proliferation, antigen-specific
CD8 T cells can divide approximately every 6 to 8 h (85). Along
with this dramatic proliferation, CD8 T cells also undergo
activation and differentiation. These cells acquire antiviral effector functions, including the ability to rapidly produce cytokines, such as gamma interferon (IFN-␥) and tumor necrosis
factor alpha (TNF-␣). Upon antigenic stimulation, they upregulate the expression of cytotoxic granule proteins, such as
granzymes and perforin, and become cytolytic, and they gain
the ability to enter nonlymphoid tissues (9, 25, 47, 58, 60, 88,
130). In addition to changes in the expression of these effector
molecules, the overall pattern of gene expression is dramatically altered during this activation phase, and a complex pattern of genetic regulation accompanies T-cell activation and
expansion (58). One of the more interesting recent observations is that the key components of this activation and expansion can be initiated by brief exposure to antigen. CD8 T-cell
stimulation for as little as 24 h resulted in activation and
expansion of naïve CD8 T cells, and the proliferation and
differentiation of these T cells into effector T cells proceeded
without the need for additional antigen (57, 81, 124, 134). An
important finding of these studies was that, once the parental
naïve CD8 T cell was sufficiently activated, the program of
proliferation and differentiation passed on to the daughter
cells proceeded without further antigenic stimulation. Thus, a
T-cell autonomous program of differentiation and expansion
can be initiated following brief antigenic stimulation, and this
differentiation program can proceed in an antigen-independent manner, resulting in the acquisition of effector properties
and subsequently the formation of memory T cells (57, 81, 124,
134). It will be important to determine whether there is a
minimal period of antigenic stimulation that leads to the induction of this developmental program and how further exposure to antigen and other signals, including costimulation, cytokines, and CD4 help, modify the CD8 T-cell activation and
functional development.
During the 2 to 3 weeks following the peak of CD8 T-cell
expansion, the majority (90 to 95%) of the activated effector

Memory CD8 T cells are an important component of protective immunity against viral infections, and understanding
their development will aid in the design of optimal vaccines.
Recent work has shed light on the complex differentiation
process that occurs during a CD8 T-cell response to viral
infection. Dramatic cellular changes occur as T cells transition
through the three characteristic phases of an antiviral response, initial activation and expansion, the death phase, and
the formation of memory T cells. Each of these three phases of
the T-cell response is accompanied by extensive transcriptional
and functional changes that result in naïve T cells expanding
and gaining effector functions, survival of 5 to 10% of the
effectors through the death phase, and the gradual acquisition
of memory properties by the surviving virus-specific T cells.
This review will discuss our current understanding of how
functional and protective CD8 T-cell responses are generated
and maintained following different types of infections.
Viral infections can be largely divided into two types: (i)
acute infections, where virus is eliminated; and (ii) chronic
infections, where virus persists. This second type of infection
may be further classified into latent infections and those in
which there is persistent viral replication. While acute infections usually result in effective antiviral immune responses,
chronic infections can be associated with suboptimal T-cell
function. We will first focus on acute infections and on recent
work that has led to our current understanding of the CD8
T-cell differentiation program that occurs when antigen is
eliminated following initial infection and then discuss how
CD8 T-cell responses can be altered and impaired during
chronic infections when virus persists.
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FIG. 1. (A) The dynamics of a CD8 T-cell response to acute infection. A CD8 T-cell response to an acute viral infection undergoes an
expansion phase, culminating in the generation of effector CD8 T cells and viral clearance. The expansion phase is followed by a death phase, when
90 to 95% of the effector T cells die. The surviving 5 to 10% of the effector CD8 T-cell pool further differentiates and generates a memory T-cell
population that is maintained long term in the absence of antigen. (B) Memory CD8 T-cell generation is linear and progressive. Antigenic
stimulation causes naïve CD8 T cells to proliferate and acquire effector functions. The effector T cells that survive the death phase further
differentiate, giving rise to memory T cells that continue to differentiate in the absence of antigen and acquire the ability to persist in the absence
of antigen via homeostatic turnover. (C) Memory CD8 T-cell properties that change during the naïve 3 effector 3 memory transition are listed.
(D) Phenotypic changes that occur during the naïve 3 effector 3 memory transition are listed, including differences between the effector memory
(TEM) and central memory (TCM) subsets of memory CD8 T cells. Int, intermediate.

CD8 T cells die by apoptosis (10, 60, 85). The remaining
antigen-specific CD8 T cells eventually populate a pool of
long-lived memory T cells. However, additional changes in
phenotype, function, and gene expression accompany this tran-

sition (43, 44, 58, 130). Importantly, the cells that survive the
death phase are not simply preformed memory CD8 T cells
constituting a minor population within the effector pool (58).
Rather, a small proportion of T cells with full effector qualities
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phenotype but retain the potential to rapidly produce IFN-␥
and TNF-␣ and to quickly reacquire cytotoxic activity when
exposed to antigen (11, 20a, 28, 58, 60, 85, 130). This capacity
to rapidly perform effector functions upon restimulation is one
property that distinguishes naïve and memory CD8 T cells and
confers on memory CD8 T cells a greater ability to mediate
protective immunity. Several important CD8 T-cell properties
undergo significant changes during the E3M transition. First,
the ability to produce IL-2 is low in effectors but increases
progressively during memory CD8 T-cell differentiation (129,
130). Second, proliferative potential in response to either antigen or homeostatic signals gradually increases as CD8 T cells
differentiate into memory T cells (58, 130). The ability to
undergo homeostatic turnover in response to the cytokines
IL-7 and IL-15 is a property that is acquired by fully differentiated memory CD8 T cells but not by early-transitional memory CD8 T cells. Third, the ability to efficiently home to lymph
nodes via high endothelial venules is lost as naïve CD8 T cells
downregulate expression of CD62 ligand (CD62L) and CCR7
and become effector T cells. Reciprocally, effector CD8 T cells
acquire the ability to preferentially localize to nonlymphoid
organs, and this property is maintained to some extent early
into the memory pool when the memory CD8 T cells remain
CD62LLo and CCR7Lo (128, 130). As these memory T cells
gradually reacquire CD62L and CCR7, however, they regain
the ability to localize to central lymphoid organs (130).
MEMORY CD8 T-CELL SUBSETS
Molecules involved in homing to lymphoid tissue have received significant recent attention, since they can be used to
subdivide T-cell populations (6, 23, 26, 35, 48, 76, 90, 97, 111,
115, 119). The CD62LHiCCR7Hi population of memory CD8 T
cells is found in the spleen, blood, and lymph nodes, while the
CD62LLoCCR7Lo subset is also found in the spleen and blood
but not in lymph nodes. Rather, the CD62LLoCCR7Lo population is enriched in nonlymphoid locations (72, 135). Initial
studies suggested that CD62LLoCCR7Lo memory T cells were
more efficient producers of IFN-␥ and TNF-␣ following stimulation than the CD62LHiCCR7Hi subset, while it was predominantly the CD62LHiCCR7Hi memory T cells that had the
capacity to synthesize IL-2 (97). Together with their homing
properties, these characteristics led to the designation of the
CD62LHiCCR7Hi subset as central memory T cells (TCM) and
the CD62LLoCCR7Lo subset as effector memory T cells (TEM)
(97). A model was proposed in which TEM were present at
peripheral sites and provided a first line of defense against
infection, while TCM present in lymphoid tissues generated a
second wave of effector T cells (97). These original functional
studies were performed by using predominantly polyclonal
stimulation of human peripheral blood mononuclear cells
(PBMC). Recent studies of both mice (117, 130) and humans
(91) have demonstrated that, following restimulation with cognate antigen, both subsets are equally good at rapidly producing IFN-␥ and TNF-␣ but that IL-2 production remains a
property of TCM. Moreover, when compared directly on a per
cell basis, it was the population of CD62LHiCCR7Hi TCM that
conferred the more effective protective immunity following
either systemic or peripheral challenge (130). The increased
proliferative capacity of TCM compared to that of TEM was an
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undergoes additional differentiation before entering the memory compartment (58). Indeed, recent work has identified a
population of effector cells that expresses high levels of CD127,
the interleukin 7 receptor alpha (IL-7R␣) chain, as the precursors of memory CD8 T cells (59). This population of
CD127Hi effector CD8 T cells, which constitutes ⬃5 to 10% of
the effector pool, preferentially survives and differentiates
from effector CD8 T cells with an activated phenotype, high
levels of granzyme B, and low levels of Bcl-2 into memory CD8
T cells characterized by a resting phenotype, low granzyme B
expression, and high levels of Bcl-2 (59). In contrast, the
CD127Lo population of effector CD8 T cells largely disappears
during the transition from the effector phase to the memory
phase of the response.
Following the effector and death phases, a memory CD8
T-cell population is established and maintained in the absence
of antigen (60, 69, 86). A characteristic feature of the memory
phase, in contrast to the effector phase when CD8 T-cell numbers are increasing and the death phase when CD8 T-cell
numbers are decreasing, is that essentially constant CD8 T-cell
numbers are maintained over long periods of time (69, 85).
This homeostasis of the memory CD8 T-cell pool is achieved
by the slow but steady division of memory CD8 T cells and is
termed homeostatic turnover. An important component of this
homeostatic turnover is that there is no net increase in CD8
T-cell numbers, resulting in maintenance of the memory CD8
T-cell pool at a constant size. The cytokines IL-7 and IL-15 are
primarily responsible for this homeostatic turnover of memory
CD8 T cells (14, 41, 64, 100, 101, 109). In particular, in the
absence of IL-15 signals, memory CD8 T cells can be generated,
but these cells fail to undergo homeostatic division, and their
numbers decline over time (14). In comparison, IL-7 signals during the memory phase appear more important for memory CD8
T-cell survival (41, 100). The ability to persist long term in the
absence of antigen is a defining property of memory T cells. The
acquisition of responsiveness to homeostatic signals (IL-7 and
IL-15) during the transition from effector to memory cells is one
of the key changes that results in the formation of long-lived,
antigen-independent memory CD8 T cells.
Several recent studies of mice using both gene expression
profiling and functional characterization have demonstrated
that memory CD8 T-cell development is a gradual process (58,
59, 130). The essence of these studies is that CD8 T-cell differentiation following an acute infection or vaccination is linear and progressive (Fig. 1B). Upon initial activation, naïve
CD8 T cells become activated and expand and differentiate
into effector T cells. While memory CD8 T-cell precursors are
present within the effector pool, as discussed above, these cells
have not yet acquired memory CD8 T-cell properties (58, 59).
Rather, CD8 T cells that survive the death phase continue to
differentiate, gradually losing some effector qualities while acquiring memory CD8 T-cell characteristics (58, 59, 130). Figures 1C and D illustrate some of the properties and phenotypic
markers that change during the naïve (N) to effector (E) to
memory (M) transition (N3E3M). First, while naïve cells
have a low potential to perform effector functions, effector
CD8 T cells have acquired the ability to rapidly lyse infected
cells and secrete antiviral cytokines in response to antigenic
stimulation (9, 25, 47, 58, 60, 88, 130). As effector T cells
differentiate into memory cells (E3 M), they acquire a resting
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ALTERATIONS IN CD8 T-CELL RESPONSES DURING
CHRONIC VIRAL INFECTION: HIERARCHICAL LOSS
OF EFFECTOR FUNCTIONS
The memory CD8 T-cell differentiation pathway discussed
above is likely the paradigm for most acute infections. It is
possible, however, that under certain conditions (76), espe-

cially chronic infections where antigen persists (1, 6, 26, 133),
one may see a different pattern of memory T-cell differentiation. When compared directly, several aspects of a normal CD8
T-cell response are altered during a chronic infection. First,
the pattern of immunodominance, the hierarchy between responses that are high frequency, or immunodominant, and
those of lower magnitude, or subdominant, can be dramatically
skewed. For example, during chronic LCMV infection of mice,
subdominant specificities often come to predominate the
LCMV-specific CD8 T-cell response (37, 122, 129, 138). A
similar pattern of inverted immunodominance has been observed during persisting mouse hepatitis virus infection (16)
and simian immunodeficiency virus (SIV) infection of macaques (33). Second, the tissue distribution of antigen-specific
CD8 T cells can differ from that observed following acute
infections, with a large number of virus-specific CD8 T cells
present in nonlymphoid tissues (50, 83, 129), driven by antigen
localized in these compartments or differences in the expression of homing molecules expressed by the CD8 T-cell populations generated during chronic infection compared to those
generated during acute infection. Third, chronic infections can
result in severely impaired T-cell function (functional exhaustion) and/or the physical elimination of responding T cells
(deletion). Murine models of CD8 T-cell responses to persisting viruses, including LCMV (37, 38, 67, 129, 138, 139), murine
gammaherpesvirus (24, 74, 120), mouse hepatitis virus (16),
and polyomavirus (84), have been useful for investigating the
altered patterns of effector functions and T-cell persistence
during chronic infections. The impact of persisting infection or
antigen on normal CD8 T-cell differentiation, however, is not
restricted to these murine models, since similar functional exhaustion and deletion have been observed in primate models
of SIV infection (125, 136), during human infections with human immunodeficiency virus (HIV) (40, 53, 66, 73, 103), hepatitis B virus (HBV) (99), hepatitis C virus (HCV) (46, 70, 118,
127), or human T lymphotropic virus (HTLV) (45), and during
malignant melanoma (71).
One of the key properties of memory CD8 T cells generated
following acute infection is that they maintain the ability to
reactivate antiviral effector functions upon antigenic stimulation (e.g., cytokine production). In contrast, during chronic
LCMV infection there is a hierarchical loss of the ability to
perform effector functions, starting during the effector phase
and becoming progressively more severe as the infection
progresses (129). This exhaustion of effector functions can be
characterized by several stages (Fig. 2). First, functional CD8
T-cell populations, resembling the memory CD8 T cells that
develop following acute infections, can coexist with persisting
virus if viral antigen expression is low or antigen encounter by
T cells is infrequent, which may be the case when antigen is
anatomically separated from the immune system or during
some latent infections (2, 18, 36, 94). In other circumstances
when virus persists, virus-specific CD8 T cells may become
partially exhausted, a state characterized by the loss of a subset
of effector functions. IL-2 production appears most sensitive to
inactivation, followed by TNF-␣ synthesis, while IFN-␥ production appears more resistant to this early functional loss
(129). This second stage, partial exhaustion I, may occur during
early periods of chronic infection or when the antigen load is
not exceptionally high and is characterized by CD8 T cells that
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important component of this enhanced protective immunity
mediated by TCM because it resulted in a larger pool of secondary
effectors derived from TCM than from TEM (130). It remains
possible that in some inflammatory environments, such as the
intestinal mucosa, a different pattern of effector functions by
memory CD8 T cells may be observed (77) and that the presence
of tissue-resident memory T cells may provide an advantage for
protective immunity from some localized infections. It will be
important to test this possibility directly using models of local
infection. However, since protection from virulent infections will
almost certainly require significant T-cell expansion, the advantage of TCM in proliferative potential and protective immunity
indicates that the optimal induction and maintenance of this TCM
subset, as well as tissue-resident memory T cells, should be an
important consideration for vaccine design.
There has been considerable recent interest in understanding the lineage relationship between memory CD8 T-cell subsets (12, 26, 76, 89, 97, 111). Over time there is a conversion of
the memory CD8 T-cell pool from CD62LLoCCR7Lo to
CD62LHiCCR7Hi (92, 113, 130), and this conversion correlates
with enhanced protective immunity, IL-2 production, and homeostatic turnover resulting in long-term antigen-independent
maintenance (130). Two models are possible to account for
memory T-cell subsets and the changes that occur over time.
First, these subsets may arise as distinct lineages during priming and one, the CD62LHiCCR7Hi subset, persists while the
other, the CD62LLoCCR7Lo subset, does not. A second model
is that these are related subsets and that over time one converts
directly into the other. It has been difficult to address memory
T-cell lineage development in vivo in humans since one cannot
distinguish the loss of one subset and the outgrowth of another
from direct conversion of one cell type to another. To address
this question directly using labeled cells that could be tracked
in vivo, we recently investigated memory CD8 T-cell differentiation in vivo following viral or bacterial infection of mice.
Following acute infection with lymphocytic choriomeningitis
virus (LCMV) or Listeria monocytogenes, an obligate intracellular bacterium, the phenotypic and functional changes that
occurred within the memory compartment were, in fact, the
result of differentiation of CD62LLoCCR7Lo memory CD8 T
cells directly into CD62LHiCCR7Hi cells (130). Importantly,
this conversion of transitory CD62LLoCCR7Lo memory CD8 T
cells to the self-renewing CD62LHiCCR7Hi population occurs
in the memory pool in the absence of antigen (130). Thus,
memory CD8 T-cell subsets do not arise as separate lineages
during priming in vivo but rather are related cell types along a
continuum of differentiation. The ultimate result of this linear
differentiation is the formation of a cell type (CD62LHiCCR7Hi
memory CD8 T cells) that can rapidly respond to antigen during
secondary infections and that has acquired the stem cell-like
property of self-renewal via homeostatic turnover necessary for
long-term antigen-independent maintenance.
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are either IFN-␥⫹TNF-␣⫹IL-2⫺ or IFN-␥⫹TNF-␣⫺IL-2⫺ following antigenic stimulation (129). Ex vivo cell-mediated cytotoxicity and perforin expression can also be impaired at a stage
when IFN-␥ production remains relatively intact but TNF-␣
production is compromised (7, 129). The third stage, partial
exhaustion II, exists when functions more resistant to loss, such
as IFN-␥ production, begin to be impaired. At this point, no
TNF-␣- or IL-2-producing cells are found and only a fraction
of the CD8 T cells identified by using MHC/peptide tetramers
can make IFN-␥, while the remainder have become functionally inert, unable to synthesize IL-2, TNF-␣, or IFN-␥ (37, 79,
129, 138). Finally, cells may enter a state of full functional
exhaustion, the complete loss of all effector functions. Cells in
this state are incapable of ex vivo cytotoxicity and IL-2 and
TNF-␣ production and have now also completely lost the ability to synthesize IFN-␥ in response to peptide stimulation (37,
70, 71, 129, 138). In addition, CD8 T cells in this state express
activation markers suggesting frequent T-cell receptor (TCR)
stimulation in vivo (138). If antigen load in the form of peptide/
MHC complexes presented in vivo is high, epitope-specific
CD8 T cells can be physically deleted. During chronic LCMV
infection, this is the case for two dominant responses (Db/
NP396 and Kb/GP34) (37, 122, 129, 138, 139). These stages of
functional exhaustion likely represent a continuum of inactivation, with loss of function becoming progressively worse as
either viral load or the duration of infection increases. It will be
important to determine how reversible these defects are in
response to control of infection and therapeutic intervention.
In addition to the impairment of effector functions, antigendriven proliferation appears to be negatively impacted by
chronic infection. The proliferative potential of HIV-specific
CD8 T cells is substantially lower in patients with progressive
disease (and high viral loads) than in long-term nonprogressors
(82), and this low proliferative potential correlates with phenotypic markers such as CD7 and CD57 during human chronic
viral infections (1, 20). Importantly, while these cells appear to

retain the capacity to synthesize IFN-␥, their lack of proliferation is associated with a defect in perforin expression (82).
These results suggest that the impairment of proliferative potential may occur at an early stage during the hierarchical loss
of effector functions. Given the importance of proliferative
potential for protective immunity discussed above, the reduced
ability of virus-specific CD8 T cells to proliferate to antigen
during chronic infections may have important consequences
during viral rebound or when the individual is exposed to
related strains of the same virus. Indeed, superinfection of
HIV-infected patients with new strains of HIV has been reported (3, 55), suggesting that the level of immunity present in
some chronically infected individuals is not sufficient to protect
from virulent challenge. It will be important to analyze the
level of responsiveness of the virus-specific T-cell populations
prior to superinfection in these cases to determine what factors
may contribute to ineffective immunity.
One of the more complex and controversial issues regarding
the development and maintenance of CD8 T-cell responses
during chronic infections is the relationship between virus levels and CD8 T-cell functions. As highlighted in Fig. 2, a diverse
range of functional phenotypes can arise during persisting infections. There are at least four major factors that need to be
considered when evaluating how antigen levels impact CD8
T-cell function during a persistent infection: (i) the replication
pattern of different viruses (e.g., latent versus persistently replicating), (ii) viral tropism, (iii) the stimulatory capacity of
individual epitopes, and (iv) CD4 T-cell help.
(i) Viral replication patterns in vivo range from acute infections (where virus is eliminated), to latent infections that undergo periodic reactivation (e.g., herpes simplex virus [HSV],
varicella-zoster virus [VZV], and Epstein-Barr virus [EBV]),
to “smoldering” chronic infections such as cytomegalovirus
(CMV), to chronic infections with high viremia (e.g., HCV,
HBV, and HIV/AIDS). These types of infection are summarized in Table 1 with the possible effects on the development of
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FIG. 2. Model for hierarchical exhaustion of CD8 T-cell functions during chronic viral infections. Persisting virus can result in various levels
of CD8 T-cell function during chronic infections. If the level or frequency of antigenic stimulation of T cells is low and CD4 help is sufficient,
functional CD8 T cells can coexist with persisting virus. However, as the level or frequency of antigenic stimulation increases and/or CD4 help
decreases, virus-specific CD8 T cells progressively lose functional properties. Partial exhaustion I is the stage when CD8 T cells have lost the
capacity to produce IL-2 and when TNF-␣ production begins to be impaired. Ex vivo lytic capacity may also be reduced at this stage. Partial
exhaustion II occurs when CD8 T cells begin to lose the ability to synthesize IFN-␥ and fail to produce IL-2 or TNF-␣ following antigenic
stimulation. Full exhaustion, a state when CD8 T cells lack all effector functions (IFN-␥, TNF-␣, IL-2, and ex vivo lytic activity) following antigenic
stimulation, can occur when the antigen load is high and/or CD4 help is low. Finally, physical deletion of antigen-specific T cells can occur if epitope
presentation to T cells is high and/or sustained. T-cell proliferative potential in response to antigenic stimulation also likely decreases during the
outlined stages of functional exhaustion as other functions are impaired. This hierarchical loss of function is dramatically influenced by the level
and/or duration of antigenic stimulation experienced by T cells during chronic infections. Further, the stage of exhaustion is also related to CD4
help, since the absence of CD4 help results in more extreme loss of function by CD8 T cells during chronic infections.
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TABLE 1. Effects of different types of infection on the development of functional CD8 T cells
Type of infection

Acute
Latent
Smoldering
Chronic with viremia
a

Characteristics

CD8 T-cell differentiation

Referencesa

Virus cleared; T cells experience rest
from antigen
Periodic reactivation; cycles of T-cell rest
and restimulation
Ongoing low-level viral replication; T-cell
stimulation with infrequent rest
Persisting high-level viral replication;
continuous TCR stimulation, no rest

Functional memory CD8 T cells with long-term
T-cell persistence
Functional CD8 T cells often at high frequency
with long-term T-cell persistence
Some impaired effector functions depending on
frequency of TCR stimulation
Functional exhaustion and deletion

30, 31, 49, 68, 123
21, 95
39, 51, 98, 112
7, 26, 27, 62, 70,
73, 80, 118

Not an exhaustive list.

LCMV NP396 epitope induces deletion of Db/NP396-specific
CD8 T cells and is present at higher levels in vivo than the
GP33 epitope that induces functional exhaustion (129). A related issue is epitope mutation. Numerous reports have demonstrated that HIV, SIV, and HCV CD8 T-cell epitopes can be
mutated in response to selective pressure by CD8 T-cell responses (34, 87, 137). Even mutations that reduce the affinity of
MHC binding, TCR interaction, or the efficiency of generation
rather than abolish epitope production may considerably reduce T-cell stimulation. Therefore, because of either their inherent potency or as a result of mutation, the stimulatory
capacity of different epitopes presented during chronic infection will impact the properties of T cells responding to individual epitopes. As a result, during the same infection a range
of functional properties is possible for T cells specific for different epitopes.
(iii) The level of viral replication during different types of
infections is likely a major factor influencing CD8 T-cell function, but this factor alone is not always sufficient to explain the
range of functional properties observed. Viral tropism (e.g.,
CD4 T cells, macrophages, hepatocytes), the anatomical location of viral replication (e.g., lymphoid tissue versus liver versus intestinal mucosa), and the amount of progeny virus produced per infected cell will all influence the apparent
relationship between viral load and T-cell exhaustion. For example, if two viral infections each result in a virus level in
serum of 106 viral RNA copies/ml but one virus replicates only
in restricted cell types or locations while the other replicates
systemically and in many cell types, the second is likely to result
in substantially more T-cell stimulation. In such a simplified
example, the impact on T-cell function would likely be very
different in these two situations, despite the apparently similar
antigen burden (viremia). In addition, the local microenvironment of viral replication and the type of cell infected may also
impact T-cell responses. While HIV replicates in lymphoid
tissue and in cells that can act as professional antigen-producing cells (APC) if appropriately activated, the toleragenic environment of the liver (29, 65) may have important consequences for T-cell responses to hepatatropic viruses such as
HBV and HCV.
(iv) The importance of CD4 help for the maintenance of
CD8 T-cell functions during chronic infections has long been
appreciated (78). Many chronic infections are more severe in
the absence of adequate CD4 T-cell help, and the quality of the
CD8 T-cell response is often substantially worse. Loss of CD4
T cells results in a failure to control chronic LCMV infection
and the complete functional inactivation of LCMV-specific
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functional CD8 T cells. Acute infections with viruses such as
influenza virus and vaccinia virus do not result in viral persistence and induce functional memory T cells that develop and
persist in the absence of antigen (30, 31, 49, 68, 123). The first
set of persisting viruses listed in Table 1 are those that cause
latent infections. After the initial infection, lack of antigen
synthesis and/or inefficient antigen presentation during latency
likely results in a minimal capacity for prolonged CD8 T-cell
stimulation. From the standpoint of the T cell, the key feature
of these infections is that there are periods of rest from antigen. In fact, repeated periods of rest from antigen and antigen
reexposure upon reactivation from latency may provide effective T-cell boosts and play a role in maintaining robust and
functional virus-specific T cells, as is often observed for EBV
(21, 95). It will be interesting to investigate how this intermittent antigen exposure followed by rest impacts memory CD8
T-cell differentiation compared to that for a single exposure to
antigen during an acute infection. Next, other persisting viruses
may cause more of a smoldering infection, with pockets of
ongoing viral replication. The periods of rest between antigenic stimulation are likely to be less frequent or of shorter
duration and may depend on the location of viral replication
(see below). CMV infection may represent an example of such
a smoldering infection (105). CMV-specific CD8 T cells have
been reported to fail to produce IL-2 and occasionally even
TNF-␣ and IFN-␥ upon TCR stimulation (39, 98), suggesting
that the level of persisting antigen exposure during this infection may lead to a state of partial functional impairment. Finally, chronic infections with viremia are likely to lead to T-cell
dysfunction (Table 1). The nearly complete loss of effector
CD8 T-cell functions that has been described during chronic
LCMV infection of mice (37, 129, 138) has also been reported
in some HIV (40, 66, 102), HCV (46, 70) and tumor-bearing
patients (71). This classification of viral infections into those
that cause acute, latent, smoldering, or high-level viral replication may provide a useful framework in which to further
explore the relationship between antigen levels and T-cell responses, in particular the level of T-cell rest from antigenic
stimulation, during persistent infections.
(ii) A second consideration regarding antigen levels and
CD8 T-cell function during chronic infection is that, at similar
viral loads, not all T-cell populations experience the same level
of stimulation. For example, in the LCMV system some
epitope-specific CD8 T-cell populations are driven to deletion
while others become only partially exhausted during the same
infection, and this appears to be a function of the level of
individual epitopes presented in vivo (129). For example, the
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CHALLENGES FOR PREVENTIVE AND THERAPEUTIC
VACCINES
Understanding CD8 T-cell differentiation following acute
and chronic infection has important implications for vaccine
design. First, the high potential of memory CD8 T cells
(CD62LHiCCR7HiCD127Hi) for antigen-driven proliferation is
associated with robust protective immunity (130). Thus, for
many if not most vaccines, inducing memory T cells with high
proliferative potential should be an important goal. In some
circumstances, the presence of tissue-resident memory CD8 T
cells (CD62LLoCCR7Lo) may mediate important local viral
control at the site of infection, and the presence of both memory T-cell subsets may enhance the level of protection in these
circumstances. However, the need for large numbers of secondary effector cells to control most virulent infections suggests
that, since the proliferative capacity of the CD62LLoCCR7Lo
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FIG. 3. CD4 help for CD8 T-cell responses during acute viral infections. In the presence of adequate CD4 help during acute infection,
efficient effector CD8 T-cell responses are generated and subsequently
form memory CD8 T cells that can persist long term. Upon reinfection,
these “helped” memory CD8 T cells undergo efficient recall responses
generating a large pool of secondary effector T cells. In the absence of
CD4 help during primary infection, CD8 T cells still generate a population of effector T cells, and these effectors can populate a memory
T-cell pool. However, these “unhelped” CD8 T cells respond poorly to
restimulation with antigen and generate a suboptimal population of
secondary effectors following reinfection compared to that of helped
CD8 T cells. It will be important to determine whether memory CD8
T-cell differentiation occurs normally in unhelped CD8 T cells. In
addition, the importance of long-term maintenance of CD4 responses
during chronic infections has long been appreciated, but precisely how
CD4 T cells help ongoing CD8 T-cell responses during persisting
infections is not well understood.

TEM cells is lower than that of CD62LHiCCR7HiCD127Hi TCM,
the presence of TCM will be important for effective protective immunity. In addition, the proliferative advantage of
CD62LHiCCR7HiCD127Hi memory CD8 T cells indicates that
when evaluating priming and boosting strategies perhaps one
should wait until a sufficient number of memory cells have
acquired this memory T-cell phenotype before giving the
booster immunization. The optimal time interval between the
first and second immunization is likely to vary depending on
the strength of the primary vaccination (i.e., the duration of the
memory T-cell differentiation). Since this differentiation process is slower following high-dose infection than following lowdose infection (130), we would predict that stronger vaccines
will require a longer interval between the primer and booster
vaccinations than weaker vaccines. A kinetic analysis of the
rate of CD62LLoCCR7LoCD127Lo 3 CD62LHiCCR7HiCD127Hi
conversion in the blood after vaccination may allow one to
design optimal boosting regimens tailored for individual T-cell
vaccines.
The ability to evaluate the differentiation state of virusspecific CD8 T cells may be particularly useful for designing
therapeutic vaccination strategies. For example, the type of
therapeutic vaccine administered may depend on the stage of
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CD8 T cells (13, 78, 138). Elimination of CD4 T cells also leads
to the impaired long-term control of murine gammaherpesvirus infection (24). For humans, loss of CD4 T cells during
HIV infection often precedes or is associated with CD8 T-cell
dysfunction and AIDS progression (4, 33). Such CD4 deficiency also correlates with CD8 T-cell exhaustion during EBVrelated non-Hodgkin’s lymphoma (NHL) (121). Interestingly,
in the LCMV system deficiency in costimulatory molecules
(CD28⫺/⫺, CD40L⫺/⫺, and 41BBL⫺/⫺) can also result in more
severe chronic infection and greater CD8 T-cell exhaustion
(108, 110, 131, 132), which could reflect CD8 intrinsic defects
but may also underscore the importance of optimal CD4 T-cell
function during chronic infections. It will be important to determine whether this critical role of CD4 T cells reflects help
mediated by the release of cytokines such as IL-2 (106) and/or
the conditioning of APC (15, 96, 102) or CD4 T-cell antiviral
effects, either directly or via help for antibody production.
CD4 T cells also appear to play an important role in the
optimal priming of CD8 T cells during acute infections (19, 54,
104, 107). The common finding of these recent reports was that
the secondary expansion of memory CD8 T cells following
restimulation was dramatically reduced if the CD8 T cells were
originally primed in the absence of CD4 T cells (Fig. 3). These
studies using acute infections of mice suggest that, as long as
CD4 T cells were present during the initial priming, then CD4
help was dispensable during secondary challenge. However,
recent studies with chimpanzees have demonstrated that optimal-recall CD8 T-cell responses following HCV infection may
depend on the presence of CD4 T cells at the time of HCV
challenge, even when the virus-specific CD8 T cells were originally primed in the presence of CD4 help (42). CD4 T-cell
responses are likely important for optimal generation of memory CD8 T cells following acute infections and for sustained
CD8 T-cell responses during chronic infections. However, the
HCV experiments suggest that CD4 T-cell help may also be
critical at the time of challenge with virulent infections. Together, these studies provide evidence that in the absence of
signals from CD4 T cells the differentiation program of CD8 T
cells may be altered. It will be important to determine the
impact of CD4 deficiency on not only the generation of functional effector CD8 T cells but also on memory CD8 T-cell differentiation, including the transition from TEM3TCM (Fig. 3).
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exhaustion of the target T cells during chronic infection. It is
unlikely that a vaccine designed to elicit a response to an
epitope that induces deletion will be successful. Similarly, providing more antigen to CD8 T cells that are continuously
stimulated in vivo and functionally impaired may, in fact,
worsen the exhaustion. Indeed, with a recent notable exception
(75), therapeutic vaccination has rarely provided benefit when
the antigen load is high (32, 56, 61, 126), and most positive
results have been achieved when viral replication is suppressed
either by drug treatment or latency (52, 63, 93, 114). As with
preventive vaccination, the proliferative potential of responding T cells will be an important factor determining the outcome
of therapeutic vaccinations (116). Therefore, evaluating the
functional status of T cells during chronic infection and understanding the nature of the defects in these partially or fully
exhausted T cells should allow therapeutic approaches to be
tailored to overcome these deficiencies. For example, proliferative potential may be enhanced by lowering viral load with
drug therapy (i.e., providing rest from antigen) prior to therapeutic vaccination. Additionally, therapeutic approaches that
provide signals that will restore function and facilitate T-cell
survival may be used to overcome other T-cell defects during
chronic infections. In this regard it will be important to evaluate the impact of prosurvival cytokines such as IL-2, IL-7, and
IL-15 and the role of inhibitory and costimulatory signals in
combination with therapeutic vaccination.
Chronic infections can result in ineffective T-cell responses,
and therapeutic boosting of these responses holds promise to
reduce disease or eradicate persisting infection. This will be a
challenging goal, given the functional defects often observed
within the target T-cell populations. However, future studies
investigating the nature of the defects in these T cells and the
signals that can be used to overcome inefficient effector functions and weak proliferative potential should provide opportunities to alter the course of human chronic viral infections.
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