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Summary
Following infection or vaccination, naïve CD8 T
cells that receive the appropriate integration of
antigenic, co-stimulatory and inflammatory signals
undergo a programmed series of biological
changes that ultimately results in the generation of
memory cells. Memory CD8 T cells, in contrast to
naïve cells, more effectively limit or prevent pathogen re-infection because of both qualitative and
quantitative changes that occur following their
induction. Unlike vaccination strategies aimed at
generating antibody production, the ability to generate protective memory CD8 T cells has proven
more complicated and problematic. However,
recent experimental results have revealed important principles regarding the molecular and genetic
basis for memory CD8 T cell formation, as well as
identified ways to manipulate their development
through vaccination, resulting in potential new
avenues to enhance protective immunity.

Introduction
Manipulation of the immune system through vaccination
to confer protection against human disease is considered
one of public health’s greatest accomplishments (Andre,
2003). Although current vaccination methods have been
successful at preventing a variety of human diseases, a
number of major hurdles remain (Sallusto et al., 2010).
Specifically, attempts at vaccinating against malaria,
AIDS and tuberculosis (TB) have been more problematic,
largely because the pathogens responsible for causing
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these diseases are perhaps highly resistant to the
humoral arm of the adaptive immune system (Seder and
Hill, 2000). Thus, vaccination strategies/methods that
result in host protection against these diseases will likely
require the generation of quality memory T cells, including
CD8 T cells.
CD8 T cells possess the unique ability to specifically
recognize cells infected with intracellular pathogens,
ranging from small viruses to large, complex intracellular
bacteria and protozoans. In contrast to vaccination strategies that drive the production of high-affinity antibody,
the ability to generate large numbers of quality CD8 T
cells appears to be much more problematic, especially in
humans. However, recent studies have strengthened
our understanding of the many factors that contribute to
memory CD8 T cell formation. Specifically, this has led to
new ideas concerning the generation of memory CD8
T cells through vaccination, including new methods of
prime-boost vaccination strategies, how inflammation
regulates memory formation and how subsequent
antigenic stimulations impact ensuing memory cell
populations.
Activation of naïve CD8 T cells
Following infection or vaccination, specialized antigen
(Ag)-presenting cells known as dendritic cells (DCs) take
up foreign antigen, migrate to secondary lymphoid tissues
and directly- or cross-present these antigenic peptides
on major histocompatibility class I (MHC-I) molecules to
naïve CD8 T cells. In addition to their exceptional phagocytic capacity, these cells express a variety of pattern
recognitions receptors (PAMPs), such as toll-like receptors (TLRs), which interact with a number of molecules
commonly expressed on or within foreign pathogens.
Once properly stimulated by PAMPs, DCs undergo maturation that results in enhanced presentation of antigen,
expression of co-stimulatory molecules and production of
pro-inflammatory cytokines (Heath et al., 2004). Collectively, these professional Ag-presenting cells provide the
necessary signals (commonly referred to as Signals 1, 2,
3) required to efficiently activate a naïve CD8 T cell,
resulting in proliferative expansion and generation of
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effector CD8 T cells, contraction, and formation of longlived memory cells (Fig. 1). Furthermore, the overall
balance and integration of these individual signals in vivo
influences the CD8 T cell response following activation
and impacts both the rate and magnitude of memory CD8
T cell generation (Mescher et al., 2006).
Presentation of peptide on MHC-I provides ‘Signal 1’ to
the naïve CD8 T cell. Appropriate stimulation of the T cell
receptor (TCR) results in a dynamic, rapid and robust
activation of signalling pathways resulting in formation of
an immunological synapse between the T cell and DC
(Dustin, 2004). In vivo, this interaction is thought to last as
long as 18–24 h (Mempel et al., 2004). However, it is
during this time frame that biochemical communication
between the two immune cells governs both the magnitude and functional quality of the ensuing CD8 T cell
response. Efficient signalling through the TCR is dependent on both the amount of antigen available in vivo and
the overall strength (affinity) of the TCR interaction with
peptide presented by MHC-I. Indeed, large amounts of
high-affinity antigenic peptides drive extensive CD8 T cell
proliferation following vaccination (Wherry et al., 1999;
Zehn et al., 2009). However, antigen alone in the absence
of co-stimulation is thought to drive naïve CD8 T cells
towards a state of anergy and/or deletion (Mescher et al.,
2006). Thus, appropriate engagement of both the TCR

and co-stimulatory molecules (‘Signal 2’) such as CD28,
CD27 and OX-40 on CD8 T cells by DCs (via CD80/86,
CD70 and OX-40L, respectively) regulate the potential of
a naïve CD8 T cell to become either activated or anergic.
Ever increasing amounts of data are being generated
demonstrating a critical role for ‘Signal 3’ in shaping the
overall magnitude of the primary CD8 T cell response and
formation of memory (Harty and Badovinac, 2008). Specifically, the cytokines IL-12 and type I interferons (IFNa
and b) appear to be critical regulators of the CD8 T cell
response and the absence of these cytokines impacts
CD8 T cell activation and expansion (Curtsinger et al.,
2003; 2005; Aichele et al., 2006; Haring et al., 2006;
Pearce and Shen, 2007). However, the individual requirement for these cytokines is highly pathogen-dependent
(Thompson et al., 2006). IL-2 also plays a role shaping
the overall CD8 T cell response and has been shown to
promote the generation of effector cells following the initial
activation of naïve CD8 T cells (Kalia et al., 2010; Obar
et al., 2010; Pipkin et al., 2010). In addition, IL-2 is also
essential for the generation of primary memory CD8 T
cells capable of re-expansion following secondary challenge (Williams et al., 2006). Other cytokines such as
TNFa, IL-21 and IFNg have also been shown to impact
specific facets of the CD8 T cell response. Therefore, the
overall cytokine milieu present during naïve CD8 T cell

Fig. 1. Activation of CD8 T cells by dendritic cells results in formation of long-lived memory cells.
A. Following maturation and acquisition of antigen, dendritic cells provide the necessary ligands required to activate naïve CD8 T cells. This
includes Signal 1 [peptide-MHC class I complex (pMHC-I):TCR], Signal 2 (co-stimulatory molecules such as CD80/86:CD28) and Signal 3
(cytokines such as IL-12, IFNa and IFNb).
B. Once activated, naïve CD8 T cells undergo rapid and robust proliferation (‘Expansion’) resulting in the generation of effector CD8 T cells,
which are able to secrete cytokines and kill pathogen-infected cells. During ‘Contraction’, 90–95% of the newly generated effector CD8 T cells
die. However, the remaining 5–10% of CD8 T cells transit into long-lived memory cells and are maintained through cytokines that provide
survival signals (such as IL-7) and drive homeostatic proliferation (such as IL-15).
© 2011 Blackwell Publishing Ltd, Cellular Microbiology, 13, 925–933
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activation could potentially have a profound influence on
the rate of memory formation and should be strongly
considered when designing vaccination strategies.
Characteristics of memory CD8 T cells
Memory CD8 T cells are able to confer protective immunity against a range of pathogens in a number of experimental models. In fact, the overall number of memory
CD8 T cells present at the time of infection correlates
strongly with host protection from disease (Kaech et al.,
2002a; Harty and Badovinac, 2008; Schmidt et al., 2008).
However, attempts to clearly label specific CD8 T cells as
‘memory’ have remained controversial, other than the
overall agreement that a memory CD8 T cell population is
quite heterogeneous (Jameson and Masopust, 2009).
Thus, memory CD8 T cells may exhibit a variety of characteristics, both functional and phenotypic, that vary dramatically even within a TCR-monoclonal population of
cells. Because of this complication, memory CD8 T cell
populations are perhaps best characterized by their longevity and functional differences that make them superior
to naïve cells in providing host protection.
Probably the most dramatic difference between a
population of naïve and memory CD8 T cells is the
overall change in absolute number. Representation of
naïve CD8 T cells that are able to respond to a specific
Ag peptide is an extremely rare event, ranging anywhere
from as few as 100 to as many as a few thousand in
laboratory mice (Blattman et al., 2002; Obar et al., 2008).
However, once activated following either infection or vaccination, these naïve CD8 T cells undergo substantial
cell division. Indeed, one naïve T cell can give rise to as
many as 10 000 daughter cells (Kaech et al., 2002b;
Stemberger et al., 2007; Harty and Badovinac, 2008).
Although the process of contraction will eliminate
90–95% of these newly formed T cells via apoptosis, a
substantial number remains, which will result in the formation of an Ag-specific memory CD8 T cell population
that is 500–1000 times larger than the naïve precursor
pool. This population of memory cells is not only longlived (Homann et al., 2001), but also can robustly
respond to secondary challenge. Therefore, a single vaccination or infection can be sufficient to generate a population of memory CD8 T cells that can confer increased
protection against pathogen invasion.
Along with this overall change in absolute number,
memory CD8 T cells exhibit several other functional qualities that distinguish them from their naïve counterparts.
Upon secondary TCR stimulation, memory CD8 T cells
can quickly produce a variety of cytokines including IFNg,
TNFa and, to a lesser extent, IL-2. In addition, memory
CD8 T cells have the capacity to immediately kill target
cells in a TCR-dependent fashion, which does not require
© 2011 Blackwell Publishing Ltd, Cellular Microbiology, 13, 925–933

de novo protein synthesis (Cho et al., 1999; Barber et al.,
2003). Thus, preformed mediators of cytolysis (such as
perforin and granzyme) are retained in populations of
memory CD8 T cells. Also, in contrast to naïve CD8 T
cells, memory CD8 T cells have the ability to localize into
peripheral tissues such as the liver, skin and lung, and this
localization becomes enhanced during episodes of
inflammation (Masopust et al., 2001; Woodland and
Kohlmeier, 2009). Furthermore, memory CD8 T cells that
localize to areas of inflammation exhibit more robust
killing capacities and increased expression of granzyme B
(Marzo et al., 2007; Kohlmeier et al., 2010). More recent
studies have also suggested that there may be populations of memory CD8 T cells that are retained long-term in
tissues such as the skin and gut (Gebhardt et al., 2009;
Masopust et al., 2010). Thus, memory CD8 T cells can be
differentiated from naïve cells based on (but not limited to)
rapid cytokine production following TCR stimulation,
cytolytic activity and peripheral tissue localization.
In the most general (although most widely accepted)
classification, memory CD8 T cell subsets can be differentiated based on the expression of L-selectin (CD62L)
and the chemokine receptor CCR7 (Sallusto et al., 1999;
Wherry et al., 2003). Memory T cells that express these
receptors are termed ‘central memory’ (Tcm) and are able
to traffic into lymph nodes directly from the blood through
high endothelial venules. In contrast, ‘effector memory’
cells (Tem), by virtue of lacking these receptors, are
excluded from lymph nodes, localize more efficiently to
peripheral tissues and are thought to be the first line of
defence against invading pathogens (Masopust et al.,
2001). In addition to these different trafficking capabilities,
Tcm also exhibit a more robust proliferative response to
antigen than Tem (Wherry et al., 2003). Because of this,
Tcm are thought to provide a sustained CD8 T cell secondary response and probably are important in controlling
prolonged and/or systemic infections.
Long-term survival and maintenance of memory CD8 T
cells does not require TCR signalling or MHC-I (MuraliKrishna et al., 1999; Leignadier et al., 2008), but is dependent upon the pro-survival cytokines IL-7 and IL-15
(Schluns and Lefrancois, 2003). IL-7 signalling is important for both naïve and memory CD8 T cell survival. In
fact, effector CD8 T cells that express the IL-7 receptor
a-chain (IL-7Ra; CD127) shortly after the peak of expansion progress into long-lived memory cells (Kaech et al.,
2003). In addition, IL-7Ra-/- CD8 T cells expand normally
following viral infection, but do not generate memory cells
(Schluns et al., 2000). However, it has also been shown
that enforced expression of IL-7Ra alone is not sufficient
to generate memory cells during a normal CD8 T cell
response (Hand et al., 2007; Haring et al., 2008). Thus,
IL-7 signals are required, but not sufficient to generate
memory CD8 T cells.
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At late time points following infection or vaccination,
memory CD8 T cell populations undergo substantial
homeostatic proliferation in vivo. In contrast to the prosurvival characteristics of IL-7 signalling, the cytokine
IL-15 appears to be required for the long-term ‘maintenance’ of memory CD8 T cell populations (Schluns and
Lefrancois, 2003). Although in the absence of IL-15 signalling, the initial generation of memory cells still occurs
(early memory), these memory cells are not maintained
over time (Becker et al., 2002). As IL-15 is a potent
inducer of memory CD8 T cell proliferation (in the absence
of TCR stimulation), this suggests that IL-7-mediated survival signals alone are not sufficient to maintain memory
CD8 T cell populations at late time points. In addition, as
homeostatic proliferation occurs and is thought to be
required for the long-term maintenance of memory CD8 T
cell populations, this proliferation must be accompanied
by a ‘nearly equal’ death rate of memory CD8 T cells, as
the overall number of memory CD8 T cells does not
change over time. However, it is currently unknown how
this decision process (life versus death of a memory CD8
T cell) occurs in vivo.
Collectively, these findings highlight the characteristics
of memory CD8 T cells that underlie their enhanced effector function and longevity, which ultimately result in their
ability to mediate enhanced protection. However, most of
the results discussed here involved the use of laboratory
mice and pathogens, which generate an immense CD8 T
cell response leading to a large number of memory CD8 T
cells. In all practicality, generating large numbers of
memory CD8 T cells with a single vaccination or infection
in humans is highly unlikely. Thus, vaccination strategies
in humans will likely involve multiple rounds of Agstimulation in order to appropriately boost memory CD8 T
cells numbers to a level that are able to provide a sufficient level of host protection. Indeed, recent studies have
begun to uncover important clues regarding CD8 T cell
biology that impact memory formation, which has direct
implications regarding the ‘boostability’ of a memory CD8
T cell population.
Prime-boost vaccination for the generation of
memory CD8 T cell populations
In general, the effective protective capacity of a population of memory CD8 T cells is largely a function of their
absolute numbers within the host (Harty and Badovinac,
2008; Sallusto et al., 2010). As discussed previously, to
become efficiently activated, expand greatly in number
and survive to establish a high frequency Ag-specific
memory population, naïve CD8 T cells must receive
appropriate stimuli via Signals 1, 2 and 3. Although effective integration of these signals results in maximal numerical induction of primary CD8 T cell responses, an

alternative way to substantially increase the absolute
numbers of pathogen-specific memory CD8 T cells is
through prime-boost vaccination (Woodland, 2004). In this
scenario, ‘booster’ immunization (i.e. re-stimulation of
Ag-specific immune cells) additionally expands the preexisting memory CD8 T cell pool to even larger numbers,
as well as additionally enriches high-affinity Ag-specific
CD8 T cells.
Classically, prime-boost vaccination has entailed
repeated immunization with the same (homologous)
vector. However, homologous prime-boost vaccination,
particularly for viral vectors that encode target immunogens, invariably leads to humoral and cellular immune
responses that effectively neutralize the vector and accelerate its clearance from the host upon secondary exposure. This rapid clearance of the vector subsequently
dampens secondary CD8 T cell responses to the encoded
immunogen. In more recent years, an accumulation of
experimental evidence has clearly shown that the most
effective prime-boost immunizations are structured such
that the second dose of antigen (i.e. the boost) is delivered via ‘heterologous’ formulations (Woodland, 2004;
Sallusto et al., 2010). For example, the use of heterologous recombinant viral vectors for priming and boosting,
such as different serotypes of Adenovirus or different
poxvirus vectors, effectively circumvents rapid clearance
of the boost vector, thereby allowing sufficient time,
recruitment and re-stimulation of pre-existing memory
CD8 T cells (Woodland, 2004). Such heterologous primeboost vaccination strategies are now currently under
clinical evaluation for diseases such as malaria, TB and
AIDS (reviewed in Good and Doolan, 2010; Kaufmann,
2010; McElrath and Haynes, 2010), and are mainly
focused on the use of viral vectors to deliver the
pathogen-specific immunogens.
While in the simplest terms, prime-boost vaccination
appears to be a straightforward approach, a great deal of
recent experimental evidence suggests that several
factors must be taken into consideration when designing
prime-boost vaccination strategies. For example, in scenarios of high inflammation during priming, memory CD8
T cells with high proliferative capacity do not form for
several weeks to months after the first immunization
(Kaech et al., 2002a; Harty and Badovinac, 2008). Moreover, repeated boosting of Ag-specific CD8 T cells has
been shown to drive memory CD8 T cells towards terminal differentiation, effectively rendering them unresponsive to subsequent re-stimulation (Masopust et al., 2006;
Wirth et al., 2010). Thus, three of the most critical issues
associated with prime-boost vaccination strategies for the
generation of memory CD8 T cells involve the relationships between the inflammation associated with the
primary immunization, the timing between the priming and
booster immunizations, and the net effect of multiple
© 2011 Blackwell Publishing Ltd, Cellular Microbiology, 13, 925–933
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antigen encounters on the quality and function of the
memory CD8 T cells.
The impact of inflammation during the generation of
memory CD8 T cell populations
As described earlier, under most circumstances, the absolute number of Ag-specific memory CD8 T cells that persist
after initial vaccination constitutes ~ 5–10% of the size of
the effector pool that arises during the clonal expansion
phase. However, inflammatory cytokines have been
shown to directly modulate the various phases of the CD8
T cell response. Specifically, pro-inflammatory cytokines
have been shown to shape both primary CD8 T cell expansion and contraction, through enhanced survival of effector
cells, and the conversion rate of surviving CD8 T cells from
early- to late-memory (Haring et al., 2006; Butler and Harty,
2010). Because each phase of the CD8 T cell response
dramatically influences the relative size, function and stability of the resultant Ag-specific memory CD8 T cell pool,
the effect of adjuvants and inflammation, or the relative

virulence of the vaccine vectors, are important considerations when developing strategies to elicit protective CD8
T cells through vaccination. Although it is clear that inflammatory cytokines enhance the numerical accumulation of
both effector and memory cells during a primary CD8 T cell
response, inflammation is also known to negatively impact
the rate of memory CD8 T cell development. Specifically,
CD8 T cell priming coupled with measurable systemic
inflammation markedly prolongs the time interval required
for the generation of memory cells with late-memory
characteristics capable of undergoing robust secondary
expansion following booster immunization (Fig. 2A). Thus,
although exposure to inflammation (e.g. virulent vectors or
adjuvants) during CD8 T cell priming results in larger
overall responses, inflammation negatively impacts latememory generation, thereby potentially diminishing the
efficacy of booster immunization.
Clearly, the rate at which CD8 T cells acquire characteristics of functional memory cells following immunization
is not ‘hardwired’ and manipulating this facet of CD8 T cell
priming could potentially maximize the efficacy of prime-

Fig. 2. Inflammation during CD8 T cell
activation regulates the rate at which
vaccine-induced CD8 T cells acquire boosting
potential.
A. Following vaccination with a virulent
vector, high systemic inflammation increases
the survival of Ag-specific effector T cells
resulting in a protracted effector phase (blue)
and relatively enhanced accumulation of
memory CD8 T cells. In this scenario, the
majority of vaccine-induced Ag-specific CD8 T
cells are refractory to additional antigenic
stimulation (boosting) for weeks to months.
B. Vaccination with particulate immunogens,
such as those encapsulated in PLGA
microspheres, gets cross-presented to CD8 T
cells in an environment of low inflammation.
The resulting CD8 T cells, albeit low in
number, proceed through a condensed
effector phase and rapidly develop
characteristics of late-memory CD8 T cells. In
this scenario, the CD8 T cells are capable of
responding to booster immunization in as few
as 4–5 days following priming.
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boost vaccination. Indeed, work from our lab has demonstrated that delivery of an immunogen in absence of
measurable systemic inflammation significantly accelerates the rate at which CD8 T cells acquire late-memory
characteristics (Badovinac et al., 2005; Pham et al.,
2009). For example, vaccination of mice with peptidecoated, mature DC primes Ag-specific CD8 T cells that
exhibit characteristics of late-memory T cells (e.g.
CD62Lhi, CD127hi) as early as 6–7 days following priming
(Badovinac et al., 2005). Strikingly, these memory-like
CD8 T cells are able to robustly proliferate in response to
booster immunization as soon as 4 days following DC
priming (Fig. 2B). In this scenario, CD8 T cells appropriately receive and integrate Signals 1, 2 and 3; however,
Signal 3 consists of localized cytokine production by
the DC. Thus, the CD8 T cells are not exposed to overt
systemic inflammation, which occurs following virulent
acute infection or vaccination in combination with adjuvants. In support of this, co-administration of peptidecoated DC and a TLR9 agonist (CpG DNA) prevents
the accelerated memory CD8 T cell transition after
peptide-DC vaccination, while only minimally changing
the magnitude of Ag-specific CD8 T cell expansion
(Badovinac et al., 2005; Pham et al., 2009).
Although peptide-DC vaccination has been shown to
induce the rapid acquisition of late-memory characteristics by responding CD8 T cells, human immunogenetic
complexity and logistical hurdles preclude translation of
DC-based vaccines into widespread use. However, we
have also recently identified that pathways of crosspresentation and cross-priming by DC can be exploited to
rapidly generate CD8 T cell immunity (Pham et al., 2010).
Cross-presentation involves DC-mediated acquisition,
display and induction of CD8 T cell responses against
exogenous particulate or cell-associated antigens (Kurts
et al., 2010), and recently our lab showed that vaccination
of laboratory mice with autologous, apoptotic cells artificially coated with whole immunizing protein cross-primes
a small but detectable CD8 T cell population (Pham et al.,
2010). Importantly, these CD8 T cells also exhibit characteristics of late-memory CD8 T cells, including the ability
to be boosted as early as 4–5 days following priming.
Most strikingly, when this population of cells is boosted
using conventional vectors (high virulence and measurable systemic inflammation) the CD8 T cell response
undergoes massive secondary expansion resulting in
long-lived, protective secondary memory CD8 T cell populations. Of note, these results could be recapitulated when
using a particulate immunogen; whole protein antigen
coated onto biodegradable poly(lactic-co-glycolic) acid
(PLGA) microspheres (Pham et al., 2010). Most importantly, as the PLGA microspheres are coated with whole
proteins, this approach could be used in humans as an ‘off
the shelf’ vaccine regimen to rapidly generate highly

‘boostable’ populations of memory CD8 T cells without
special consideration for host immunogenetics. Thus,
although CD8 T cell priming in environments of low inflammation leads to relatively reduced expansion and accumulation of effector cells, it markedly reduces the time
interval required before cells become responsive to subsequent booster immunization (Fig. 2B).
Collectively, the results described above raise important
questions about the utility of adjuvants during prime-boost
vaccine strategies designed to generate high magnitude
memory CD8 T cell responses. Indeed, new information
has revealed that priming CD8 T cell responses in the
absence of overt inflammation (‘Signal 3’) results in a
population of CD8 T cells, albeit small, that rapidly exhibit
characteristics of boostable, long-lived memory CD8 T
cells. Therefore, prime-boost vaccines designed to minimize or compress the effector phase of the CD8 T cell
response following initial priming, coupled with a strong,
heterologous booster vaccination may represent the most
efficient way to rapidly generate very large numbers of
protective memory CD8 T cells.
The impact of repeated stimulation on the functional
characteristics of memory CD8 T cells
Much of what we currently understand about the formation, function and protective capacity of memory CD8 T
cells has been evaluated following a single infection or
immunization. Thus, a great deal is known about the characteristics of primary memory cells. However, outside of
the experimental laboratory rodent, a population of
memory CD8 T cells that has been exposed to only a
single stimulation is likely very rare. Moreover, as outlined
above, the most common strategy for increasing the
absolute number of vaccine-induced memory CD8 T cells
is prime-boost vaccination, which results in a pool of
secondary memory CD8 T cells that have encountered
antigen twice. Indeed, many of the most successful
human vaccine regimens employ one or more rounds of
booster immunization in order to elicit robust protective
immunity (Woodland, 2004; Sallusto et al., 2010). Since,
by design, prime-boost vaccination leads to a population
of memory CD8 T cells that has encountered antigen
twice, it is of critical importance that we understand both
short- and long-term effects of repeated stimulation on the
biology, behaviour and function of memory CD8 T cells.
Several studies have begun to shed light on the immunologic consequences of multiple antigen encounters by
memory CD8 T cells (Badovinac et al., 2003; Jabbari and
Harty, 2006; Masopust et al., 2006; Wirth et al., 2010).
Perhaps one of the most striking differences between
primary and secondary memory CD8 T cells is the rate at
which each population acquires (or re-acquires) a late,
central memory (Tcm) phenotype. For example, upon
© 2011 Blackwell Publishing Ltd, Cellular Microbiology, 13, 925–933
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antigen stimulation, secondary memory CD8 T cells take
significantly longer to re-express molecules important
for lymph node trafficking, such as CD62L and CCR7, and
on the population level secondary memory CD8 T cells
appear to undergo reduced contraction (Jabbari and
Harty, 2006; Masopust et al., 2006). Thus, relative to
primary memory CD8 T cells, secondary memory CD8 T
cells exhibit a more effector-like phenotype.
Consistent with this effector-like phenotype, secondary
memory CD8 T cells also appear to exhibit higher cytolytic
potential, as evidence by relatively higher expression of
Granzyme B, and increased in vivo cell killing (Jabbari and
Harty, 2006; Wirth et al., 2010). Interestingly, as primary
memory CD8 T cells more efficiently traffic to lymph nodes,
while secondary memory are more commonly associated
with peripheral tissues, this suggests that primary and
secondary memory CD8 T cells likely differ in their ability
to protect against certain acute or chronic infections.
For example, although repeated stimulation appears to
enforce an effector-like phenotype, thereby decreasing
lymph node localization and allowing for priming of new
naïve CD8 T cells, in certain scenarios of infection it is
possible that a very large population of lymph node homing
memory CD8 T cells is optimal for host protection. Indeed,
viruses that establish chronic/latent infection in humans,
including Epstein-Barr virus (EBV) and HIV, undergo
significant replication and reactivation in lymph nodes. It is
interesting to speculate that EBV and HIV have coevolved
with the host immune system to drive the differentiation
of virus-specific effector-like memory CD8 T cells, effectively evading a potent arm of the adaptive immune
response. In line with this hypothesis, a large fraction of
CD8 T cells found within HIV-infected individuals exhibit a
CD62LloCCR7lo Tem phenotype (Chen et al., 2001), and
therefore would not be expected to localize in appreciable
numbers within lymph nodes that harbour virus.
In addition to prime-boost approaches, some current
vaccination strategies rely on multiple booster immunizations. While it is well established that repeated immunization works well for augmenting humoral responses, recent
work has revealed that repeated antigen stimulations
effectively drive memory CD8 T cells to a terminally differentiated state (Wirth et al., 2010). These studies
revealed that repeated boosting markedly decreases the
representation of Tcm cells within a population of memory
CD8 T cells, while at the same time significantly expands
the number of differentially expressed genes. Thus,
repeated stimulation appears to increase functional diversity of memory CD8 T cells at the cost of proliferative
potential (Sallusto et al., 2010; Wirth et al., 2010). Indeed,
the study by Wirth et al. highlights both the complex regulation of memory CD8 T cell differentiation and identifies
potential new targets for manipulating the function of multiply stimulated memory CD8 T cells.
© 2011 Blackwell Publishing Ltd, Cellular Microbiology, 13, 925–933

Finally, despite the effects of repeated stimulations
on CD8 T cells, recent studies reveal the potential for
manipulating both numbers and quality (i.e. function) of
vaccine-induced memory CD8 T populations through the
use of pharmacologic agents. Specifically, rapamycinmediated inhibition of a key regulator of cellular metabolism, mTOR (mammalian target of rapamycin), has been
shown to both decrease CD8 T cell contraction and
increase the rate of conversion of Tem to Tcm (Araki
et al., 2009; Pearce et al., 2009; Prlic and Bevan, 2009).
Thus, despite the potential negative impact of primeboost (or prime-boost-boost) vaccination on phenotypic,
functional or proliferative characteristics of memory CD8
T cells, in the future it is possible that co-delivery of
booster immunizations with novel drugs could serve as a
strategy to specifically modulate memory CD8 T cell
function.

Concluding remarks
For some major human pathogens such as HIV, Mycobacterium tuberculosis and Plasmodium falciparum, efficacious vaccines have yet to be developed, although it is
generally agreed that success against these pathogens
will likely require the induction of very large memory CD8 T
cell responses. Indeed, some of the most promising human
vaccines under development are targeted at augmenting
both the number and function of memory CD8 T cells
through prime-boost vaccination (Good and Doolan,
2010). However, in recent years a large number of studies
have revealed how repeated antigen stimulation significantly impacts both the quality and the absolute number of
memory CD8 T cells. Developing approaches to more
effectively manipulate both the number and function of
vaccine-induced memory CD8 T cells will require further
understanding of the molecular and genetic basis for their
differentiation and survival. Further examination of the
biology and behaviour of vaccination-induced memory
CD8 T cells in rodent models will continue to inform efforts
to develop vaccines against major human diseases,
including AIDS, malaria and TB. Such studies in rodents
have thus far revealed the profound relationship between
low-inflammation scenarios of CD8 T cell priming coupled
to the ability to massively expand CD8 T cell numbers
within days of the initial immunization. Collectively, these
data have the potential to provide a critical framework for
more efficient development or improvement of human
vaccines.
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