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Abstract. Immunological memory protects organisms TCR stimulation provided by cell surface self-peptide/
from recurrent challenge by pathogens. The persistence major histocompatibility complex (MHC) molecules and
of a heightened reactive state initiated by antigenic cytokines are required to sustain memory T cells. Recent
challenge is mediated by long-lived memory lympho- work using mouse models has provided insights into the

origin of memory T cells. Understanding the mechanismscytes. The survival of memory T cells is thought to require
that underlie the differentiation and persistence of mem-stimulation through the T cell receptor (TCR), sometimes
ory T cells may improve the effectiveness of vaccinesby persistent antigen. However, memory T cells can

survive in the absence of antigen, in which case through the induction of T cell memory.
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Immunological memory

It has been known for some time that infection by a
pathogen early in life can give long-lived protection
against recurrent infection (reviewed in [1]). Typical
immune responses to infectious agents are followed by a
state of long-lived memory during which subsequent
contact with antigen leads to a more effective response
and rapid rejection of the pathogen. Memory is carried
by both T and B cells and is due to both an increase in
the frequency of specific lymphocytes and a heightened
sensitivity to antigen (antigen hyperreactivity).
Both CD4 and CD8 T cell responses can be broken
down into three distinct phases: (i) activation and ex-
pansion, (ii) death, (iii) stability and memory (fig. 1).

During the initial phase, which lasts about a week in
vivo, antigen-driven expansion of specific T cells and
differentiation into effector cells occurs. In viral sys-
tems, 100- to 5000-fold expansion of the virus-specific
CD8+ T cells takes place [2]. Subsequently, a period of
death ensues (between days 7 and 30 in vivo), during
which most of the activated T cells undergo pro-
grammed cell death, or apoptosis, and effector activity
declines as the amount of antigen declines. This con-
traction of the T cell response is as dramatic as the
expansion, and in most cases greater than 95% of the
antigen-specific cells disappear. This phenomenon,
termed activation-induced cell death (AICD), thereby
regulates cell numbers and maintains homeostasis.
The process of AICD involves several mechanisms that
induce apoptosis of activated effector cells. The Fas/* Corresponding author.
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Fas-ligand pathway can potently induce AICD [3].
However, other mechanisms have also been shown to
induce this homeostatic mechanism. Members of the
tumor necrosis factor (TNF) play important roles in the
induction of AICD [4], as do pro-apoptotic members of
the Bcl-2 family [5]. Effector molecules such as perforin
have also been implicated in the induction of the apop-
tosis of cytotoxic effectors [6].
Despite the efficiency of AICD, the expression of several
molecules may allow cells to escape apoptosis. Some of
these factors are secreted growth factors such inter-
leukin-2 (IL-2), IL-4, IL-7 and IL-15, which have been
shown to be antiapoptotic in vitro as well as in vivo [7,
8]. Others are antiapoptotic members of the TNF fam-
ily, such as CD30 [9] and 4-1BB [10, 11]. In addition,
several Bcl-2 family members, such as Bcl-x, have been
shown to inhibit apoptosis triggered by a variety of
stimuli [12]. The action of these antiapoptotic proteins
may allow a cell to escape AICD and form long-living
memory cells.
The third phase of the T cell response is characterized
by a creation of a pool of memory cells that can persist
for many years. Accelerated T cell responses seen upon
reexposure to antigen are due to increases in the fre-
quency of antigen-specific T cells (a 5- to 100-fold
increase, depending on the system) and also to qualita-
tive changes in memory cells that result in antigen
hyperreactivity.

Memory T cell phenotype

The phenotype of cell surface markers expressed by T
lymphocytes is useful in differentiating between cells at
various stages of development and activation (table 1).
However, the cell surface molecules used to distinguish
memory cells from naive cells are also present on short-
lived effector cells. Therefore, to distinguish between
memory and effector T cells, it is best to characterize the
function and persistence of potential memory cells.
There are two main effector functions which have been
shown to be mediated by memory T lymphocytes: cy-
tokine secretion (both CD4+ and CD8+ subsets), and
cytolytic function (the CD8+ subset). Memory T cells
are able to carry out effector function more efficiently
than naive T lymphocytes. In many cases, the memory
cells secrete cytokines more quickly, in greater amounts
and require less antigenic stimulation than naive cells to
do so. The ability to detect the secretion of cytokines
from single cells has allowed researchers to measure the
numbers of memory cell precursors taken directly ex
vivo, allowing them to quantitate the number of anti-
gen-reactive precursors [13]. These studies are per-
formed by examining activated cells for the expression
of phenotype surface markers, then determining the
patterns and efficacy of cytokine secretion after anti-
genic challenge. In murine studies, CD8+ memory T
cells secrete a greater amount of interferon g (IFN-g)
more quickly than naive cells after restimulation [14–
16]. Similar studies on human memory T cells have also
shown faster secretion of IFN-g, tumor necrosis factor a

(TNFa) and interleukin-4 (IL-4) [17–20]. Interestingly,
in one such study, memory cells were shown to be
capable of secreting IFN-g within 6 hours of antigen
contact, indicating that, in contrast to naive cells, mem-
ory cells are capable of effector function without further
cell division or differentiation [13]. In addition, the
cytokine expression pattern of memory T cells remains
stable in the memory pool. Thus, cells that have ac-
quired either a T helper cell 1 (Th1) or T helper cell 2
(Th2) cytokine profile will secrete the same cytokines
after antigen rechallenge [21], and furthermore, memory
CD8 T cell cytokine secretion profiles are also main-
tained [22].
In addition to their cytokine production, memory T
cells have other mechanisms that allow them to respond
better to antigen rechallenge. In both human and
murine systems, memory cells have been shown to pro-
liferate more vigorously to antigen than naive cells [17,
23]. This proliferation was induced by much lower
antigen doses (10- to 50-fold less) than naive cells [24,
25]. Upon reactivation, murine memory T cells migrated
to the sites of infection more effectively than naive
cells [26]. Perhaps most important, memory CD8+

T cells retain the expression of effector molecules
such as intracellular perforin, Fas ligand and

Figure 1. Model of in vivo immune response to an acute viral
infection. CD8+ T cell responses to viral infections consist of
four different phases: lag phase, expansion, death and memory.
The frequency of antigen-specific T cells is represented at the
naive level (N) and the memory level (M). Adapted from [1].
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Table 1. Summary of the expression of surface markers on murine and human T lymphocyte phenotypic surface markers on cells of
different activation states (x, lowest expression; xxxx, highest expression).

NaiveMolecule Effector Memory Reference

Mouse
xxx xxx [23, 25, 29, 42]CD44 x
xx xxxx [14, 24, 25]Ly-6C

xxxCD69 x xx [24, 25]
xxxxCD62L x xx [23, 29, 42]

xxx xxx [24, 25]CD25
xxxCD45RB xx x [29]

xx xxxx [76]ICAM-1
xLFA-1 xx xxx [76]
xCD43 xx xxx [76]

xx xxxx [76]a4b1 (VCAM-1)
xa4b7 xx xxx [76]

xxx xxx [25]xCD95 (Fas)

Human
xxx xxxx [17, 77, 78]CD45RA
x xxx [17, 77, 78]CD45RO x
xxx xxxx [19]CD44

xxxxCD62L x x [18]
xCD11a xxx xxx [18]

xxx xxxx [18]CD18
xxx xxx [18]CD29 x
xxx xxxx [18]CD49e

xCD49d xxx xxx [18]
xLFA-2 xxx xxx [18]

xxx xxxx [18]CD95
xxxLFA-1 xxx [78]x

granzyme B [17, 27, 28]. The retention of these effector
molecules in memory CD8+ T cells may account for
the observation that memory cells are capable of cytoly-
sis more rapidly than naive cells. It has been reported
by several groups that memory phenotype cells are
capable of direct cytolysis without restimulation [26–
30]. In contrast, others have shown that memory cells
actually respond poorly without reactivation, but upon
reactivation they exhibit potent cytolytic activity [18,
22, 31, 32]. It is interesting to note that in the latter
studies, unlike naive cells, memory cells did not require
cell division to perform effector function [31, 32]. Dif-
ferences in the cytotoxic function of memory CD8+

cells may reflect differences in the antigens used to
generate them.
Despite some controversy in the field, most researchers
agree that antigen hyperresponsiveness and persistence
are hallmarks of memory T cells that distinguish them
from quiescent naive and short-lived effector cells [33].

The role of persistent antigen in the survival of memory
T cells

Determining what factors generate and maintain mem-
ory T cells is critical for our understanding of immuno-
logical memory. One model postulates that long-term
memory is dependent on persistent antigenic stimula-

tion [2, 34]. This view is based on experiments in which
adoptively transferred CD8+ memory T cells could not
be detected for more than a few weeks in naive recipient
mice without secondary challenge. In the case of viral
infections, antigen may well persist over a prolonged
period of time, particularly following DNA viral infec-
tions [2]. Therefore, as is the case for B cell memory
[35], small amounts of antigen, derived from an initial
infection, persist in specialized depots such as follicular
dendritic cells, ensuring that a small subset of T cells is
maintained in an activated state long after a pathogen is
cleared. However, persistence of antigen is unlikely to
explain the long-term memory established by immu-
nization with toxoids or killed organisms. Furthermore,
prolonged T cell memory is found for viruses that are
unlikely to be reencountered and which do not persist in
the host genome, implying that CD8+ T cell memory
might be independent of continued antigen exposure
[36, 37].
Several reports indicate that memory CD8+ T cells
appear to persist in the absence of antigen [38–40]. In
these experiments, CD8+ T cells were activated with
antigen, then carefully purified away from virally in-
fected, antigen-bearing cells and adoptively transferred
to antigen-free mice. After a period of time (usually at
least 10 weeks), these recipients were rechallenged with
antigen and the potency of the cytotoxic T lymphocyte
(CTL) response measured.
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Adoptively transferred CD8+ T cells that retained the
expression of activation markers and generated a CTL
response more vigorous than naive CD8+ T cells were
designated memory T cells. More recently, the persis-
tence of TCR-transgenic CD8+ memory cells in the
absence of antigen has been demonstrated [23, 41].
Since the CD8+ T cells activated in these experiments
expressed a transgenic TCR, it was possible to purify
greater numbers of cells and detect the presence of
memory cells on the basis of TCR expression as well as
antigen reactivity. The use of TCR-transgenic models
for memory CD8+ T cell persistence has also allowed
investigators to activate naive cells in vitro with peptide
antigen [42]. Antigen-peptide/class I MHC complexes
on the surface of cells are short lived (half-life is about
8 h), therefore the contribution of peptide antigen to the
long-term persistence of memory CD8+ T cells is negli-
gible. In addition, similar experiments in T helper cell
models lead to the conclusion that memory CD4+ T
cells also do not require antigen for long-term persis-
tence [21].
Although persistent antigen may not be an absolute
requirement for CTL memory in organs of the central
immune system such as the spleen, the presence of
antigen-enhanced, antiviral CTL memory has been
demonstrated in mucosal tissues [43]. It may be possible
that the factors that ensure the survival and activation
of memory T cells may be different in nonmucosal
versus mucosal tissues. Resolution of the issue of the
role of antigen in T cell memory persistence is impor-
tant for practical reasons (vaccine design) and because
it defines how we view immunological memory. If con-
tinuous antigenic stimulation is essential for maintain-
ing memory, then one may question the very existence
of immunological memory [23].

Role of self-reactivity in maintaining T cell memory

Although persistent antigen is not required to deliver
the TCR stimulation that ensures the survival and acti-
vation of memory T cells, recent work has indicated
that cross-reactive interaction between the TCR and
self-MHC may be important in maintaining memory T
cells [33]. Several groups of researchers have reported
the requirement of class I [41, 44, 45] and class II [42,
46–48] MHC expression for the in vivo survival of
naive CD8+ and CD4+ T cells. These findings imply
that the survival of naive T cells requires a low level of
stimulation through the TCR by contact with self-
MHC. There is general agreement that naive T cells are
quiescent cells that rarely enter the cell cycle unless
confronted with a specific antigen [49], so the stimulus
delivered by the TCR expressed on naive T cells with
self-MHC probably does not lead to T cell activation.

How such signaling maintains cell survival without en-
try into the cell cycle remains unclear.
The requirement of class I MHC expression has been
demonstrated for the survival and maintenance of the
activated phenotype for male-specific (anti-H-Y) TCR
transgenic CD8+ memory cells [42]. Mature T cells
express TCRs which are weakly reactive to self-peptide/
MHC molecules as a result of thymic positive selection
[50, 51]. Thus, memory T cells could persist not because
they have an inherently longer lifespan, but because
they receive constant low-level stimulation from the
self-peptide/MHC molecules in the absence of antigen,
which provides the signaling for positive selection dur-
ing development (fig. 2). Although there is evidence to
suggest that thymic self-peptides are specifically recog-
nized during the positive selection of T cells [52, 53], the
degree of specificity of TCR cross-reactivity with self-
peptide/MHC complexes remains to be determined.

Role of growth factors in the survival of memory
T cells

It is presumed that T cell proliferation in vivo reflects a
TCR-mediated polyclonal response to antigen. How-
ever, the massive proliferation of T cells seen in viral
infections is suggestive of a bystander reaction driven
by cytokines instead of the TCR [54, 55]. The antigen
specificity of antiviral memory CTLs following infection
with heterologous viruses appears to be cross-reactive
[56]. This antigen-independent cytolytic activity of
memory CTLs may at least in part be due to bystander
activation brought about by infection with unrelated
virus. In an elegant set of experiments, Tough et al. [57]
demonstrated that bystander proliferation of memory
CD8+ T cells is mediated by type I interferon (IFN I).
In mice, T cell proliferation after viral infection prefer-
entially affected a subset of CD8+ cells that had a
memory phenotype (CD44hi) but not naive CD8+ T
cells (CD44lo). This proliferation was mimicked by in-
jection of an inducer of IFN I [poly (I:C)] and also by
purified IFN I. After the stimulation of antigen-specific
CD8+ T cells, IFN I potentiated the clonal expansion
and survival of CD8+ T cells responding to specific
antigen. Stimulation of these cells appeared to be TCR-
independent, because equivalent proliferation occurs
when CD8+ T cells are exposed to Poly I:C and trans-
ferred to b2-microglobulin-negative mice (class I MHC-
negative). Lipopolysaccharide (LPS), another strong
inducer of IFN I, protected T cells from AICD [58] and
induced the selective stimulation of CD44hi CD8+ cells
in vivo [59]. Therefore, IFN I may play a role in the
generation and maintenance of specific memory.
Since IFN I inhibits proliferation of CD8+ T cells,
IFN I-induced proliferation of CD8+ T cells in
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vivo presumably occurs indirectly through production of
secondary cytokines by non-T cells. One such cytokine,
IL-15, when injected into mice closely mimicked the
effects of IFN I in causing strong and selective stimula-
tion of memory-phenotype CD44hi CD8+ T cells [60].
IL-15 has been shown to protect against Fas-induced
apoptosis in vivo, as well as by in vitro death induced by
anti-Fas, anti-CD3 or dexamethasone of activated T
cells [8]. This finding has been confirmed in mice defi-
cient in the IL-15 receptor a subunit gene which have a
lower number of CD44hi CD8+ T cells [61].
As well as IL-15, other inflammatory cytokines can
protect T cells from AICD in vitro and so may have a
potential role in the development and survival of mem-
ory T cells. The cytokines IL-2, IL-4 and IL-7 prevented

the death in vitro of in vivo activated T cells, and IL-2
and IL-4 can protect T cells from AICD in vivo [7].
These cytokines share a component of their receptors,
the common g chain (gc). Therefore, their collective
ability to protect T cells from AICD may be mediated by
signals involving gc. Consistent with a role in rescuing
activated T cells from apoptosis, various cytokines have
also been implicated in the survival of naive T cells. The
cytokines IL-6 [62], IL-4 and IL-7 [63] prolong the life
span of resting T cells in vitro, whereas IL-4 and IL-7,
but not IL-6, protect T cells from radiation-induced
apoptosis [64]. It is now well established that cyto-
kines that are secreted by non-T cells play a role in
maintaining activated and naive T cell homeostasis
(fig. 2).

Figure 2. Model for the survival of T lymphocytes. Recognition of self-peptide/MHC molecules (self-peptide: open circle) on the surface
of thymic stromal cells by the TCRs of thymocytes rescues thymocytes from apoptosis and leads to positive selection of T cells which
express self-reactive TCRs. Engagement of self-peptide/MHC by TCRs on naive T cells is required for survival, as are certain cytokines.
Recognition of antigen-peptide/MHC (antigen-peptide: filled circle) triggers the proliferation of activated T cells and the differentiation
into effector cells, most of which die through apoptosis (AICD), and memory T cells. The survival of activated T cells (presumably
including memory T cell precursors) is enhanced by IFN I following bacterial [via lipopolysaccharide (LPS)], or viral infection (via
nucleic acid) which leads to the production of IL-15. Other cytokines have also been implicated in the survival of activated T cells.
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Figure 3. Models for memory cell differentiation. (A) The decreasing potential model states that memory cells originate from cells that
do not become effectors. (B) The linear differentiation model states that memory cells are derived from effector cells that escape death.
Adapted from [1, 66].

Experiments in which mice were infected with different
viruses revealed that although the size of the memory
cell pool remained constant, the composition of the
pool changed after infection with heterologous virus
[65]. This resulted in an overall decrease in the fre-
quency of memory cells specific for an individual virus.
Thus, the effect of cytokines in memory T cell survival
may be to generate the microenvironment that supports
the survival of a defined pool size of memory cells.

Differentiation of memory T cells

The precise lineage relationship between memory and
effector cells is not well understood. One possibility is
that the presence of large amounts of antigen plus
costimulation, in the appropriate cytokine environment,

leads to the differentiation into effector T cells, all of
which eventually die (fig. 3). This model, known as the
decreasing potential model [1, 66], proposes that mem-
ory T cells are generated when one or more signals
necessary for terminal differentiation into effector cells
are lacking, as antigen and infection are waning. There-
fore, memory cells arise from precursors that are not
fully differentiated effector cells. Another model of
memory cell differentiation, the linear differentiation
model, predicts that memory cells arise directly from
the few surviving effector cells which evade AICD after
antigen stimulation. The decreasing potential model has
to provide a mechanism for the differential stimulation
of precursors into either effector or memory cells,
whereas the linear differentiation model has to incorpo-
rate a mechanism for discriminating between effectors
that die and those that live to become memory cells.
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The dichotomy of effector B cell and memory B cell
differentiation is well established [1, 35, 66–72]. Differ-
ences in antigen dose and cytokine concentrations favor
the differentiation of naive B cells into antibody-secret-
ing plasma cells or memory B cells. Unlike B cells, T
cells lack a convenient marker that allows the discrimi-
nation between effector and memory cells. Therefore,
effector and memory T cells have to be defined func-
tionally. The key difference between and effector and
memory CD8+ T cells is that memory T cells can
survive in the absence of antigen, whereas effector cells
can not. Experiments investigating the costimulatory
requirements for production of memory or effector
CD8+ T cells in vivo provide evidence that suggests
that effector and memory T cells may differentiate
along separate pathways. Using mice which lack the
expression of genes encoding costimulatory receptors
(heat-stable antigen [HSA] or CD28 [73, 74]), it was
shown that costimulation through either HSA or CD28
could give memory CD8+ T cells, but the production of
effector CD8+ T cells required costimulation through
CD28 [75]. In this study, the generation of memory T
cells was studied in the presence of persistent antigen in
the form of virus; therefore, the possibility exists that
the cytolytic activity detected upon rechallenge was not
due to the reactivation of resting memory CD8+ T cells
but rather due to a low level of persistently activated
CTLs. Support for the linear differentiation model
comes from adoptive transfer experiments with TCR-
transgenic cells that are activated with antigen, then
adoptively transferred to antigen-free recipient mice
[23]. Activated CD8+ T cells give rise to a pool of
resting memory T cells that survive for up to 100 days
in the absence of antigen. However, it is still unclear
whether the memory T cells were the direct descendants
of activated CD8+ T cells that had undergone full
differentiation into effector CTLs. Recently researchers
used a novel cell division ‘counting’ system to examine
the origin of CD8+ memory cells. Using an adoptive
transfer system, they tested whether pre- or posteffector
CD8 cells give rise to memory cells [28]. These studies
concluded that memory CD8 cells were the progeny of
postcytolytic effector cells that had escaped AICD and
therefore support a linear differentiation model of mem-
ory cell development.

Conclusion

Although the field of T cell memory is an area of
intense research, for the most part our understanding is
limited. However, recent work has allowed us to draw
some general conclusions. Memory T cells are long-
lived cells which exhibit antigen hyperreactivity and can
survive in the absence of antigen. In the absence of

antigen, signals provided by self-peptide/MHC com-
plexes are required for the persistence of long-term
memory cells. Memory CD8+ cells are the progeny of
posteffector cells that escape AICD. These findings
provide a framework to allow researchers to address
unanswered questions concerning memory cell develop-
ment: How do memory cell precursors escape AICD?
How is memory cell hyperresponsiveness generated?
And how is the homeostasis of the memory cell pool
maintained? A better understanding of these issues may
lead to improvements in the design of vaccines which
can be used to generate potent protective T cell memory
against pathogens and tumors.
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