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Recent work shows that after stimulation with antigen, CD4* and CD8* T cells embark on a
programme of proliferation that is closely linked with the acquisition of effector functions and
leads ultimately to memory-cell formation. Here, we discuss the signals required for commitment
to this programme of development and the factors that might influence its progression. Models of
the pathways of effector and memory T-cell differentiation are discussed, and we highlight the
implications of this new understanding for the optimization of vaccine strategies.

VACCINES ©

Vaccination has had an important role in reducing the
mortality and morbidity that is caused by infectious
diseases. The ultimate goal of a vaccine is to develop
long-lived immunological protection, whereby the first
encounter with a pathogen is ‘remembered’, which
leads to enhanced memory responses that either com-
pletely prevent reinfection or greatly reduce the severity
of disease.

Specialized cells known as memory T and B cells,
and long-lived effector B cells (plasma cells), which con-
stitutively secrete high-affinity ‘neutralizing’ antibodies,
are the basis of immunological memory. The memory
T-cell compartment consists of both CD4* and CD8*
T-cells that can rapidly acquire effector functions to kill
infected cells and/or secrete inflammatory cytokines
that inhibit replication of the pathogen. Effector CD4*
T cells also help B-cell responses and enhance CD8*
T-cell development, through the activation of antigen-
presenting cells (APCs) or secretion of cytokines, such
as interleukin-2 (IL-2), IL-4 and IL-5. In some situa-
tions, protective immunity can be mediated by just one
of the branches of the immune system — such as by
antibodies or CD8" T cells — but for optimal control of
pathogens, both the humoural and cellular immune
responses need to be mobilized.

Although there might be interesting parallels between
memory T- and B-cell development, this review will
focus on the formation of effector and memory T cells,

and in particular, we will examine some of the recent
models that have been proposed for the development of
these cells. We will discuss primarily the formation of
memory CD8* T cells, rather than CD4" T cells, as this
process has been better characterized in vivo, but this will
be discussed in conjunction with memory CD4* T-cell
development, because of the interesting similarities and
differences that are being identified.

Tenets of T-cell immunological protection

It is well established that the anamnestic response that is
mediated by memory CD4* and CD8" T cells is more
rapid and aggressive than the primary response. This
faster T-cell response, in association with antibody
responses, can control secondary infections quickly and
fully eliminate the pathogen. Comparisons between
naive and memory T cells have begun to reveal the
physiological basis for the heightened recall responses of
memory T cells.

First, as a consequence of clonal expansion during
the primary infection, experiments in mice have shown
that there can be a substantial increase (~1000-fold) in
the precursor frequency of antigen-specific T cells in
immune animals compared with naive animals'~.

Second, as naive T cells differentiate into memory
cells, their gene-expression profile is reprogrammed by
changes in chromatin structure and the profile of active
transcription factors®. For example, the genes that
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Box 1 | Memory T-cell subsets

Phenotypic subpopulations of memory T cells have long been known to exist''”. Recently, a model of ‘central’ memory
and ‘effector’ memory T cells has been proposed, based on the role of L-selectin (CD62L) and CC-chemokine receptor 7
(CCR7) in determining the homing properties of T cells, and newly described functional distinctions between
CD62LM"CCR7*+ and CD62L"°CCR7- memory T-cell subsets'.

CD62L interacts with peripheral-node addressin (PNAd) on high endothelial venules, which mediates attachment
and rolling''*!'7, whereas CCR7 binds the chemokines CCL19 and CCL21 that are presented on the luminal surface
of endothelial cells in the lymph nodes, which causes firm arrest and the initiation of extravasation''®. As a result,
CD62LMCCR7* and CD62L°CCR7- T cells would be expected to have distinct recirculatory properties in vivo.
Indeed, several studies have shown that CD62L"CCR7* T cells migrate efficiently to peripheral lymph nodes, whereas
T cells lacking these two molecules do not'***. Rather, CD62L*CCR7- T cells can be found in other sites, such as the
liver and lungs".

When the functional properties of CD62L"CCR7* and CD62L'°CCR7- subsets of memory T cells were examined, an
interesting dichotomy was observed'®. In vitro stimulation of human CD62L"CCR7* memory CD4* T cells resulted in the
production of interleukin-2 (IL-2), but little interferon-y, IL-4 or IL-5 (REE 18). By contrast, CD62L'°CCR7- T cells rapidly
produced these effector cytokines, but produced less IL-2. Further, only the CD62L°CCR7- subpopulation of CD8" T cells
was found to contain intracellular perforin. A model was proposed in which the tissue-homing effector memory T cells,
which are capable of immediate effector functions, could rapidly control invading pathogens'®. The lymph-node-homing
central memory T cells would be available in secondary lymphoid organs ready to stimulate dendritic cells, provide B-cell
help and/or generate a second wave of T-cell effectors. Several recent reports have confirmed the presence of antigen-
specific memory T cells in non-lymphoid compartments long after priming, which supports the notion of an effector
memory subset of T cells'®'”!"°. However, these studies did not address the phenotype of tissue-derived memory T cells
with respect to CD62L and CCR7 and, although some interesting functional differences were observed'®!’, many aspects

of the central-memory/effector-memory model await confirmation or direct examination. For example, it is unclear
whether the dichotomy in rapid effector functions observed between CD62L"CCR7" and CD62L'°CCR7~ memory-
phenotype T cells in human blood will also hold true for T cells of similar phenotype in other tissues. In addition, the role
of these individual subpopulations during secondary immune responses in vivo remains untested. It is interesting to
speculate as to the developmental relationship between central-memory and effector-memory subsets. When
restimulated in vitro, CD62L"CCR7" memory CD4" T cells became CD62L"°CCR7-, which suggests that central memory
cells can give rise to effector T cells or, perhaps, effector memory cells'®. However, the precise relationship between these
two memory T-cell subpopulations, how each population is maintained and even the signals that govern how they arise
during a primary immune response are areas that remain to be explored.

encode interferon-y (IFN-y) and cytotoxic molecules,
such as perforin and granzyme B, are not expressed in
naive CD8" T cells, but are constitutively expressed in
effector and memory CD8" T cells”'!. Although the
synthesis of these proteins occurs in an ‘on—off” fashion
that is regulated by antigen contact, elevated levels of
the messenger RNA transcripts endow memory CD8"
T cells with the capacity to produce larger quantities of
these proteins more rapidly than naive T cells>®>12-14,

Third, memory CD8* T cells express a different pat-
tern of surface proteins that are involved in cell adhesion
and chemotaxis from naive T cells, which allows mem-
ory T cells to extravasate into non-lymphoid tissues and
mucosal sites (for a review, see REE. 15). This enables
memory T cells to survey peripheral tissues where
microbial infections are generally initiated. Recently,
memory CD8" T cells that reside in these peripheral tis-
sues have been termed ‘effector’ memory T cells,
whereas those that are found in lymphoid organs are
termed ‘central’ memory T cells (BOX 1)'¢"°.

Fourth, memory T-cell populations are maintained
for a long time due to homeostatic cell proliferation,
which occurs at a slow, yet steady, pace (BOX 2).
Interestingly, the rate of this homeostatic cell division
must equal the rate of cell death, because the number of
memory CD8" T cells remains relatively constant over
time?”. To determine the factors that regulate memory

CD8" T-cell proliferation is an important goal; cytokines
such as IL-2,IL-15 and IL-7 might make important con-
tributions, but their roles have yet to be fully defined*~>.
In contrast to CD8" T-cell memory, a recent study indi-
cated that virus-specific CD4* T-cell memory decreases
slowly over time®’(FIG. 1). Cytokines that regulate the
number of memory CD4" T cells have not been identi-
fied, but it is interesting to speculate that the differential
stability of CD4" and CD8" T-cell memory could stem
from the distinct effects of IL-15 on the respective popu-
lations — memory CD8" T cells proliferate in response
to IL-15, whereas memory CD4* T cells do not?".

So, it is the increased number of antigen-specific
T cells, and their faster responses, anatomical location
(that is, near the sites of microbial entry) and longevity
that collectively explain how memory T cells confer
long-term protective immunity.

Stages of T-cell responses

The path towards memory T-cell development contin-
ues to be delineated, but there are clearly three stages
that T cells pass through as they differentiate into mem-
ory cells* (FIG. 1). The first stage, the ‘expansion’ phase, is
initiated in the lymphoid tissues, where encounter with
antigen induces naive T cells to clonally expand and dif-
ferentiate into effector T cells — known as T helper (T,)
cells or cytotoxic T lymphocytes (CTLs) for CD4" and
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Figure 1 | Antiviral CD8* and CD4* T-cell responses.

The three phases of the T-cellimmune response (expansion,
contraction and memory) are indicated. Antigen-specific

T cells clonally expand during the first phase in the presence
of antigen. Soon after the virus is cleared, the contraction
phase ensues and the number of antigen-specific T cells
decreases due to apoptosis. After the contraction phase, the
number of virus-specific T cells stabilizes and can be
maintained for great lengths of time (the memory phase).
Note that, typically, the magnitude of the CD4+* T-cell
response is lower than that of the CD8* T-cell response, and
the contraction phase can be less pronounced than that of
CD8* T cells. The number of memory CD4* T cells might
decline slowly over time, as reported recently?.

CD8" T cells, respectively. Through the combined abil-
ities of CD4" and CD8" effector T cells to secrete
inflammatory cytokines and kill infected cells, a typical
acute viral infection can be resolved within days. Over
the weeks that follow pathogen clearance, the majority
(>90%) of effector T cells die, and this second stage is
often referred to as the ‘death’ phase or contraction
period. The surviving T cells enter the third stage —
the ‘memory’ phase — in which the number of mem-
ory T cells stabilizes, and these cells are maintained for
long periods of time. The decisive factors that deter-
mine which T cells live or die are still unclear and will
be discussed in greater detail below.

Thresholds of CD4* and CD8* T-cell activation

The context in which the T cell recognizes antigen, the
abundance of antigen and the duration of antigen expo-
sure are important parameters that can affect the speed
and nature of the T-cell response. The most effective
activators of T cells are mature dendritic cells (DCs) that
have been activated — by either inflammatory stimuli,
such as type I interferons (type I IFN), which are pro-
duced by the innate immune response, or cognate CD4*
T, cells through CD40-CD40-ligand (CD154) interac-
tions. This increases their expression of MHC and co-
stimulatory molecules, which are required for maximal
T-cell stimulation. Interactions between co-stimulatory

molecules and their ligands, such as CD28-CD80,
CD40-CD154, 4-1BB-4-1BBL, OX40-OX40L and
CD27-CD70 interactions, can affect the level of T-cell
activation by enhancing T-cell receptor (TCR) sig-
nalling and/or providing additional signals that increase
the expansion of T-cell populations and their
responses®—!. Furthermore, co-stimulatory molecules
might act early to augment TCR-mediated signals (for
example, CD28 and CD40) or later to sustain T-cell
responses (for example, OX40 and 4-1BB)?32%,
However, several analyses of viral or bacterial infections
in mice that are deficient in co-stimulatory molecules,
such as CD28, CD154, OX40 and 4-1BBL, have shown
that the effects of these accessory molecules on CD4*
and CD8" T-cell responses can vary (TABLE 1). For exam-
ple, in the absence of CD28, CD154 and OX40, CD4*
T-cell responses are severely impaired in all infectious
model systems that have been tested, whereas CD8*
T-cell responses are affected moderately or not at
all?>?73-% By contrast, CD4" T-cell responses seem to
be normal in 4-1BBL~~ animals, whereas the numbers
of CTLs are slightly reduced?®. The differential require-
ments for co-stimulatory molecules in CD4* and CD8*
T-cell responses indicate that distinct mechanisms are
involved in developing effector CD8" and CD4* T cells,
as described recently by Szabo et al.**. Moreover, this
suggests that different thresholds exist for CD4* and
CD8" T-cell activation. It is possible that the threshold is
inherently lower in CD8" T cells or that extrinsic factors
cause CD8* T cells to accumulate TCR signals faster
than CD4" T cells, which reduces the requirement for
co-stimulation (FIG.2). Indeed, the stringent require-
ment for CD28 in CD4* T-cell activation can be over-
come by higher concentrations of antigen or longer
durations of exposure to antigen®»*!. Perhaps, an
important contributing factor is that the expression of
MHC class I molecules is nearly ubiquitous, whereas
MHC class IT molecules are expressed on a more limited
set of cells. This difference might provide CD8" T cells
with more opportunities to encounter antigen than
CD4" T cells, which causes CD8" T cells to reach their
threshold of activation faster than CD4* T cells.

Commitment to T-cell clonal expansion

As naive T cells receive appropriate antigenic and co-
stimulatory signals, they become committed to clonal
expansion and differentiation into effector cells.
Understanding how this commitment is regulated
could provide important therapeutic opportunities to
augment or abrogate immune responses. Recent studies
have focused on the duration of antigenic stimulation
that is required for T cells to commit to proliferation by
removing T cells from antigen at different time points.
In the presence of professional APCs, naive CD4" T cells
required a minimum of six hours of antigenic stimula-
tion, but in conditions that lacked co-stimulation, more
than 24 hours of exposure to antigen was required to
induce differentation* . These data indicate that spe-
cific activation thresholds must be reached for naive
CDA4* T cells to commiit to responding to antigen and
that co-stimulatory signals facilitate this process.
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Box 2 | Stem-cell qualities of memory T cells

Memory T cells have several qualities that are typically associated with stem cells (for a
review, see REE. 120). Most somatic cells exit from the cell cycle as they terminally
differentiate. However, as naive T cells differentiate into memory T cells they acquire the
ability to proliferate in response to homeostatic signals. These proliferative signals cause
memory T cells to continually progress through the cell cycle, albeit at a slow rate, and
help to maintain memory T-cell numbers. Interestingly, the rate of this homeostatic cell
division equals the rate of cell death, because the number of memory cells remains
relatively constant over time?. Factors that might regulate memory-cell turnover, such as
interleukin-15 (IL-15), IL-2 and IL-7 are currently under investigation. So, memory

T cells are capable of self-renewal, as are stem cells. It is interesting that, unlike most
somatic cells, stem cells and antigen-experienced T and B cells express telomerase!?!-124
(K. Hathcock, S.M.K., R.A. and R. Hodes, unpublished observations).

Similar to stem cells, memory T cells are pluripotent, because in response to antigenic
signals their daughter cells develop into secondary effectors. This secondary-effector
population is short-lived and contracts after antigen clearance, which results in a
secondary memory population. So, it appears that homeostatic signals drive self-renewal,
whereas antigenic signals drive effector-cell differentiation. It is not known how many
times memory T cells can undergo these waves of extensive proliferation and whether
there is an upper limit on their proliferative capacity. One study suggests that memory
CD8"* T cells might become progressively senescent after repeated antigen exposures'>.
The proliferative potential of effector T cells seems to be reduced compared with naive
and memory T cells, because effector T-cell populations do not expand as vigorously and
often die when antigen is re-encountered'**'?”. Therefore, if memory T cells descend from
effector T cells, it remains to be determined how the proliferative potential is ‘reset’ during

memory T-cell differentiation.

EXHAUSTION

An ‘operational’ definition that
refers to the loss of antigen-
specific T-cell responses in vivo
after prolonged or repetitive
stimulation with antigen, such as
during chronic viral infection.
The antigen-specific T cells are
not deleted, but persist in a
non-functional state for
extended periods of time.

In similar types of experiments, CD8" T cells stimu-
lated for brief periods (2-24 hours) could commit to at
least 7-10 cell divisions'***~*, It is important to empha-
size that, in these experiments, only the ‘parental’ naive
CD8" T cells saw antigen, but the initial encounter was
sufficient to sustain proliferation in the daughter cells in
the absence of further antigenic stimulation. This indi-
cated that once CD8" T cells reach a certain threshold of
activation, a programmed proliferative response ensues
(FIG.3). More investigations are required to determine
clearly whether CD8* T cells can commit faster than
CD4* T cells (two versus six hours), but if so, this might
support the different activation/co-stimulatory require-
ments of naive CD4* and CD8" T cells that are discussed
above (FIG.2).

T-cell proliferation rates and burst sizes

Although CD4" and CD8" T cells both commit to pro-
liferation after relatively short periods of antigenic
stimulation, CD4" T cells have a slower rate of cell divi-
sion in vitro and in vivo compared with CD8* T cells.

Table 1 | T-cell responses in the abscence of co-stimulatory molecules

Cell type Wild-type
CD4* T cell +++
CD8* T cell +++

CD28"- CD40L"- 4-1BBL"- 0X40-
- - +++ -
+/-* +++ +/- +++

*During T-helper-cell-dependent infections (such as influenza, vesicular stomatitis virus (VSV) and
vaccinia virus), poor cytotoxic T-lymphocyte responses are seen in CD28-- mice, which probably
results from the defective activation of antigen-presenting cells that occurs in the absence of T-cell
help®>128-132_ This table shows data for antigen-specific T-cell responses in co-stimulation-deficient
mice during the expansion phase of infection with lymphocytic choriomeningitis virus, VSV and
influenza virus, taken from REFS 25-28,35,37. +++, normal T-cell response; +/-, moderately reduced
T-cell response; —, severely reduced T-cell response.

During the first 24 hours of stimulation, CD4" and
CD8" T cells prepare for clonal expansion and increase
in size, but no cell division is observed. Soon after, CD8*
T-cell division commences at a rapid rate (~6-8 hours
per cell division), whereas CD4* T-cell division is typi-
cally delayed for another 12-24 hours (36-48 hours
after the initial stimulus) and then occurs at a slightly
slower rate (~10 hours per cell division)®!*20:42:46-48,
These proliferative differences between CD4* and CD8*
T cells were shown clearly in vivo in a recent study by
Foulds et al.* The slower rate of CD4" T-cell prolifera-
tion might explain partially why the CD4" T-cell
response typically peaks 1-2 days after the CD8" T-cell
response during viral infection®?.

In addition to faster rates of cell division, the
increase in the number of antigen-specific CD8* T cells
is substantially greater than that of CD4" T cells during
viral and bacterial infections in mice, which suggests
that CD8" T cells have a higher proliferative potential
than CD4* T cells (FIG. 1)2*?74-51 Tt has been estimated
that CD8" T cells divide ~15-20 times during an acute
infection with lymphocytic choriomeningitis virus
(LCMV), whereas CD4* T cells divide approximately
nine times>?. However, the number of times that CD4*
and CD8* T cells divide in vivo might also be a conse-
quence of the differential expression patterns of MHC
class I and class I molecules that are referred to earlier.
Also, it might not be necessary for CD4* T-cell expan-
sion to be as great as CD8" T-cell expansion, because a
single CD4" T cell can provide help for multiple CTLs
and B cells.

The mechanisms that control the rate and extent of
cell division of CD4* and CD8" T cells are unknown.
What is clear is that the extent of T-cell proliferation is
governed by the amount of antigen available in vivo. By
infecting mice with recombinant vaccinia strains that
produced either high or low quantities of an ovalbu-
min (OVA) epitope, one group showed that the magni-
tude of the responding CTL population was propor-
tional to epitope abundance®. Other experiments that
involved the transfer of equal numbers of TCR-trans-
genic T cells into mice and then the titration of differ-
ent doses of stimuli — such as peptide, peptide-loaded
DCs, or epitope-expressing recombinant Listeria —
have shown also that the greater the antigen load, the
larger the number of effector cells that are pro-
duced'****>, Taken together with the model of pro-
grammed proliferation of T cells, these data show that,
with minimal antigen contact, activated CD8" T cells
can divide at least 7-10 times, but if antigen persists,
even greater expansion can be achieved. However,
effector-cell populations do not continue to expand
exponentially during chronic viral infection, which
indicates that antigen-driven CD8" T-cell proliferation
can not be sustained indefinitely. In the case of chronic
LCMYV infection in mice, the rate of proliferation of
effector CD8" T cells slows, the cells lose function
(exnaustioN) and some are physically deleted®%. So,
the number and function of effector CD8"* T cells is
reduced when antigen levels remain high for extended
periods of time.
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Figure 2 | Differences in the activation thresholds of CD4+ and CD8* T cells. a | Factors that
are extrinsic to the T cell might differentially mediate CD4+ and CD8* T-cell activation. In this
model, CD4+ and CD8* T cells have similar activation thresholds, but CD8* T cells ‘see’ different
levels (and/or types) of activation signals than do CD4* T cells, and CD8* T cells commit more

rapidly to proliferation and different
relative to the activation threshold.

iation. Red shading indicates increasing activation status
b | An intrinsic model in which the activation thresholds are

different for CD4* and CD8* T cells. CD8* T cells have a lower activation requirement, which
permits the threshold for activation to be passed more rapidly than for CD4+ T cells.

Commitment to effector T-cell differentiation
CD8" T-cell differentiation. The development of effector
T-cell responses is tightly coupled to clonal expansion,
but are the factors that guide commitment to prolifera-
tion and effector-cell differentiation the same? Recent
studies of CD8" T cells have shown that the link between
the commitment to clonal expansion and effector-cell
differentiation is remarkably tight; the same duration of
antigenic stimulation (2-24 hours) that drove naive
CD8" T cells to proliferate was sufficient for them to
commit to differentiate into effector cells that could
secrete IFN-y, tumour-necrosis factor (TNF) and IL-2,
and kill infected cells'*****. These data indicate that naive
CD8* T cells are developmentally programmed to clon-
ally expand and differentiate into CTLs after brief
encounter with antigen (FIG. 3). Even though CTL effector
properties were acquired after as little as 2—24 hours of
stimulation, it remains to be determined whether the
quality of effector properties is affected by the duration
of antigenic stimulation in vivo. It seems that T cells that
are activated under different conditions, such as with
heat-killed bacteria or in the presence of high concentra-
tions of IL-2 or IL-15, might develop suboptimal and/or
altered effector CD8* T-cell functions™*.

The programmed development of CD8* T cells has
several advantages. First, it alleviates the need for pro-
longed confinement of CTLs to the lymphoid organs,
which allows their migration to peripheral sites of infec-
tion and/or inflammation to remove infected cells.
Second, it might also considerably affect the number of
memory CD8" T cells that are generated, because the
size of the memory T-cell pool is directly correlated to
that of the effector-cell population'=¢". In several models
of acute viral and bacterial infection, the number of
effector CD8" T cells peaks 2—3 days after the infectious
pathogen is cleared. If each CD8" T-cell division was reg-
ulated strictly by antigen contact, the number of effector
CTLs would peak earlier and reach a lower maximum,
and consequently, fewer memory CD8" T cells would be
generated (FIG.4).

CD4* T-cell differentiation. A similar type of develop-
mental programme might also drive the differentiation
of activated CD4" T cells, but the formation of effector
CD4* T cells might be influenced to a greater extent
than for CD8" T cells by extrinsic factors, such as the
duration of antigen exposure and the types of cytokines
that are present®>#1426263 Unlike naive CD8* T cells,
which commit to effector and memory T-cell develop-
ment within 24 hours of stimulation, naive CD4" T cells
required more than 48 hours of continual antigenic
stimulation to commit to the formation of polarized
T, 1 or T2 effector phenotypes in vitro (that is, the
secretion of IFN-y or IL-4, respectively). Even after 48
hours, alarge proportion of the CD4" T cells did not
develop effector properties (that is, they were nonpolar-
ized)®?. Nonpolarized CD4* T cells produced IL-2, but
little or no IFN-y or IL-4 (REFS 63,64). A more detailed
analysis showed that CD4" T cells became increasingly
‘locked’ into the T ;1 or T2 phenotypes with each suc-
cessive cell division; cells that had divided more than
four times in T 1-polarizing conditions could not
revert to a T2 phenotype, but cells that had divided
fewer than four times could revert®’. However, it was
reported recently that CD4"* T-cell proliferation and
effector differentiation can be uncoupled®. CD4* T cells
that were exposed briefly to antigen could divide
approximately seven times, but optimal T, 1 effector
properties did not develop unless the TCR was re-
engaged and the cells were exposed continuously to
T, 1-polarizing cytokines®. This agrees with previous
findings that the addition of polarizing cytokines signif-
icantly decreases the duration of antigenic stimulation
that is required for CD4" T-cell commitment to differ-
entiation. In the presence of IL-12, T 1 effector func-
tions (secretion of IFN-y) were present after 24 hours of
stimulation, whereas ~72 hours of stimulation was nec-
essary to induce effector function in cultures that lacked
this cytokine®. A similar effect was observed for T 2-
polarizing cytokines, except that a longer duration of
stimulation was required for the development of a T ;2
effector phenotype. In addition, IL-2 can affect the pro-
gression of programmed CD8" and CD4" T-cell divi-
sion; proliferation was increased or decreased by the
presence or absence of IL-2, respectively'**>%, So, it
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Figure 3 | Programmed development of effector and memory CD8* T cells. a | CD8* T-cell proliferation is dependent on
repeated encounters with antigen. Each cell that is stimulated by antigen (red) divides and progressively differentiates into effector
cytotoxic T lymphocytes (CTLs) then memory CD8* T cells with each successive cell division. According to this model, it is essential
that each daughter cell be stimulated with antigen; CD8* T-cell division, and possibly differentiation, would be halted on antigen
removal. b | CD8* T cells are developmentally programmed to divide at least 7—10 times and to differentiate into effector CTLs and
long-lived, functional memory CD8* T cells. The initial antigenic stimulus triggers this developmental programme, such that the CD8*
T cells become committed to proliferation and differentiation. Further antigenic stimulation of the daughter cells might increase the

number of times the activated CD8* T cells divide, but it is not necessary to complete this developmental programme.

seems that naive CD8" T cells commit to effector-cell
differentiation more readily than CD4* T cells. As
described above, this might result from the apparent dif-
ferences between CD4" and CD8" T cells in their activa-
tion requirements or the rates at which their thresholds
for activation are reached (FIG.2). Lastly, the impact of
extrinsic signals, such as cytokines, indicates that both
cell-intrinsic and cell-extrinsic mechanisms are involved
in effector-cell differentiation.

Commitment to effector migration patterns. As naive
T cells differentiate into effector cells, their migration
patterns are altered and we are beginning to under-
stand how this change is regulated. Effector T cells have
a reduced potential for homing to lymph nodes —
owing to decreased expression of lymph-node-homing
receptors, such as CC-chemokine receptor 7 (CCR?7)
and L-selectin (CD62L) — and a greater capacity to
migrate to inflamed tissues — owing to increased
expression of chemokine receptors such as CCR5 and
CCR2. The expression pattern of CD62L on activated
T cells is triphasic and seems to be regulated by the
duration of antigenic stimulation. Initially, TCR stimu-
lation induces the rapid shedding of CD62L from the
T-cell surface by proteolytic cleavage, but within 2448
hours, CD62L is re-expressed®. However, if TCR stim-
ulation continues, the locus that encodes CD62L
becomes transcriptionally silenced and surface expres-
sion of CD62L becomes fixed at a low level for an
extended period of time'>*>7° (E.J.W, V. Teichgriber,

L. Harrington, T. Becker, S.M.K., R. Antia and R.A.,
unpublished observations). So, activated T cells might
remain CD62LM after brief exposure to antigen,
whereas longer antigenic stimulations might generate
CD62L" effector T cells (FIG. 5). After ~24 hours of anti-
genic stimulation, the levels of CD62L and CCR7
remained high on activated CD4* T cells, and these
cells retained lymph-node-homing properties, whereas
migration to peripheral sites, such as the peritoneum
and lungs, was inefficient (B0x 1)*%. However, if the
exposure to antigen was sustained over several days,
the T cells lost surface expression of these receptors
and trafficking to the lymph nodes was markedly
reduced'®%36*, Cytokines, such as IL-2 and IL-15, might
also modulate T-cell migration patterns by decreasing
or increasing the level of expression of CCR7 and
CD62L, respectively'>®. It should be emphasized that,
although the expression of CD62L and CCR7 will
selectively bias T-cell migration towards lymph nodes,
it does not necessarily impede the migration of T cells
into peripheral tissues'*** (E.J.W., V. Teichgraber and
R.A., unpublished observations).

Opverall, it appears that the manifestation of CD4*
and CD8" T-cell responses is programmed to some
degree, but that variations in the duration of TCR stimu-
lation and the cytokine milieu might individually shape
each T-cell response (that is, in terms of proliferation,
cytokine secretion, cell-killing, B-cell help and migra-
tion) to create subsets of effector T cells with distinct
effector functions and migratory patterns!®!%636471.72,
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CRE/LOXP

A site-specific recombination
system. Two short DNA
sequences (LoxP sites) are
engineered to flank the target
DNA. Expression of Cre
recombinase leads to excision of
the intervening sequence.
Depending on the type of
promoter, Cre can be expressed
at specific times during
development or in specific sets
of cells.

BROMODEOXYURIDINE
(BrdU). A thymidine analogue
that can be incorporated into
DNA during S-phase when cells
are exposed to this substance.
Cells that have incorporated
BrdU, and presumably have
divided, can be visualized using
anti-BrdU antibodies by flow
cytometry.

5,6-CARBOXYFLUORESCEIN
DIACETATE SUCCINIMIDYL
ESTER

(CFSE). A stable green-
fluorescent dye that can be used
to label populations of cells
homogenously. When a cell
divides, the fluorescent intensity
dcreases by 50%, and this allows
cells that have divided specific
numbers of times to be
visualized by flow cytometry.
This reagent can successfully
measure ~7-10 cell divisions.
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Figure 4 | Comparison of the effect of programmed versus
antigen-dependent T-cell proliferation on the number of
memory T cells formed in antigen-limiting conditions.

If T-cell proliferation were strictly regulated by antigen (Ag)
contact (green line), then effector cells would stop dividing
sooner in antigen-limiting conditions and the effector-cell burst
size would be smaller than if the T cells were programmed to
continue proliferating in the absence of antigen (red line).
Consequently, a larger number of memory T cells would be
generated with programmed T-cell development. If the memory
cells re-encountered antigen — for example, due to a vaccine
booster — then the effects of programmed development would
be amplified, because the secondary expansion would again
be greater than that of antigen-dependent proliferation.

So, protective immunity might be established sooner.

Lineage of memory T cells

The lineage of memory T-cell development is still not
fully understood. Are memory cells direct descendants
of effector cells or do they arise from a second lineage
(FIG.5)? The use of a cre/Loxp system in transgenic mice
to ‘mark’ virus-specific effector T cells showed that
‘marked’ cells were maintained in the memory T-cell
pool, which indicated that these cells were direct descen-
dants of effector cells”. A second approach that used the
adoptive transfer of effector T cells showed that mem-
ory T cells arise directly from this population””
(S.M.K.and R.A., unpublished observations). When
BROMODEOXYURIDINE - and crse-labelling techniques were
used to determine whether any T cells within the effec-
tor population proliferated during the contraction
phase, minimal cell division was observed” (S.M.K. and
R.A., unpublished observations). These data suggest
that the memory T-cell population is not generated
from a subset of effector cells that ‘divide-out’ during the
contraction phase, but rather, is formed directly from
the effector cells themselves. Other studies have shown
that activated CD8" T cells seem to be programmed to
develop into memory T cells, because CD8" T cells that
were stimulated briefly (~24 hours), proliferated and
differentiated into CTLs without further antigenic stim-
ulation, as described above, but surprisingly, these cells
continued to develop into long-lived, protective mem-
ory CD8" T cells'***. Therefore, the instructive pro-
gramme that guides effector CD8* T-cell development
is sufficient to guide the formation of memory CD8*

T cells. However, recent studies suggest that memory
T cells might also develop without passing through an
effector-cell stage, and these memory cells are referred to
as ‘central’ memory T cells'#**5%636 Tt has been proposed
that central memory T cells do not adopt effector-cell
properties during the primary T-cell response, but they
persist and form a protective reservoir that can give rise
to secondary effector T cells if antigen is re-encountered
(BOX 1). Therefore, it is important to consider that mem-
ory T-cell development might occur in a non-linear
fashion and that it can result in qualitatively different
memory T-cell subsets (FIG. 5a and ¢)'#7"7¢. Different
priming conditions (for example, the duration of anti-
genic stimulation and the type of cytokines present)
might affect the formation of these subsets.

Effector T-cell contraction phase

What is the nature of the signal(s) that directs whether
an effector T cell lives and differentiates into a long-lived
memory T cell or dies? The contraction phase most
probably functions as a safeguard to prevent excessive
immunopathology by limiting the duration of T-cell
responses. However, the extent of cell death directly
determines the size of the memory T-cell pool. Therefore,
it is crucial to identify the factors that positively and
negatively regulate this stage of the T-cell response.

IL-2-family cytokines. One popular model is that as
infection wanes, the level of cytokines that support
clonal expansion and T-cell survival also declines, which
triggers the apoptosis of activated T cells owing to
growth-factor withdrawal. Candidate factors include
type I IFNs and members of the IL-2 family (that is, IL-2,
IL-4,IL-7 and IL-15), because these cytokines can reduce
the rate of cell death in vitro, and in some cases in vivo,
by the direct inhibition of apoptosis and/or increased
effector T-cell proliferation (TABLE 2)2"*77-%0_ So, could
the administration of these factors result in the produc-
tion of greater numbers of memory T cells during vacci-
nations? The exogenous administration of IL-2 has been
shown to increase the total number of CD4* T cells, and
in combination with anti-viral therapy, to reduce viral
load in patients and non-human primates infected with
HIV and simian immunodeficiency virus (SIV), respec-
tively®"®2 In addition, IL-2 treatment can boost antigen-
specific T-cell responses and delay the death of super-
antigen- and LCMV-reactive effector CD8" T cells in
mice®* (J. Blattman, K.A. Smith and R.A., unpublished
observations). Increased levels of IL-4, IL-7 and IL-15
in vivo can increase the numbers of antigen-specific
CD4"and CD8* T cells, and IL-15 can enhance protec-
tive immunity””¥*, Whether these cytokines can have
lasting effects on the generation or maintenance of anti-
gen-specific memory T cells needs to be investigated fur-
ther. It is possible that in isolation, these cytokines might
not be sufficient, but in combination with other signals,
greater effects could be achieved. However, driving
greater expansion of the effector T-cell pool (in an anti-
gen-independent manner) might not necessarily lead to
an increase in the number of memory T cells that are
formed. This was evident when mice were infected with
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Figure 5 | Models of memory T-cell differentiation. a | Model 1 represents a divergent
pathway, whereby a naive T cell can give rise to daughter cells that develop into either effector or
memory T cells, a decision that could be passive or instructive. In this model, naive T cells can
bypass an effector-cell stage and develop directly into memory T cells. b | Model 2 represents a
linear-differentiation pathway, whereby memory T cells are direct descendants of effector cells.
This model indicates that memory T-cell development does not occur until antigen (Ag) is
removed or greatly decreased in concentration. ¢ | In model 3, which is a variation of model 2,

a short duration of antigenic stimulation favours the development of central memory T cells,
whereas a longer duration of stimulation favours the differentiation of effector memory T cells.

d | Model 4 represents the decreasing-potential hypothesis, which suggests that effector T-cell
functions steadily decrease as a consequence of persisting antigen (as observed in chronic
infections). In addition, accumulative encounters with antigen lead to increased susceptibility of
effector cells to apoptosis, and reduced numbers of memory T cells are formed. As suggested in
model 2, the development of memory T cells occurs following antigen clearance. It is not known
whether dysfunctional effector T cells can give rise to functional memory T cells, but this model
suggests that T cells might regain function over time following the removal of antigen.

CCRY7, CC-chemokine receptor 7.

awild-type strain of Listeria and then, six days later, with
a mutant strain that did not express the listeriolysin
(LLO),, ,, epitope™. The secondary infection induced
substantial proliferation of the LLO, _-specific CD8*
T cells that were generated during the primary infection
(presumably due to the production of supplementary
cytokines), but a correlative increase in LLO,,_ -specific
memory CD8* T cells was not observed”.

91-99

TNF-family molecules. Examination of mouse knock-
outs has revealed that members of the TNF receptor
(TNFR) family and their ligands, such as CD27 and
CD154 (CD40L), might have interesting roles in the for-
mation of memory T-cell populations. In CD154-defi-
cient mice, the death of effector CD8* T cells is enhanced
and approximately tenfold fewer memory T cells are
formed after LCMYV infection, but interestingly, the lack
of CD154 has no effect on CD8* T-cell clonal expansion,
as discussed previously’®! (J. Whitmire and R.A.,
unpublished observations). Therefore, CD40-CD154
interactions can regulate memory T-cell setpoints by
interfering with the contraction phase. Surprisingly, mice
deficient in Fas (CD95), TNFR1 or both show minimal
effects on effector-cell death and memory-cell setpoints,
which suggests that other pathways mediate apoptosis of
effector T cells?*®*. An alternative pathway of apoptosis
might involve phosphatase and tensin homologue
(PTEN), a negative regulator of phosphatidylinositol
3-kinase and AKT kinase, because PTEN~ T cells had
increased AKT kinase activity and were resistant to
superantigen-induced deletion in vivo®. Most probably,
various mechanisms, that possibly overlap, contribute to
effector-cell death, because disruption of a single
mechansim has not been found to inhibit T-cell death.

Effector-cell molecules: perforin and IFN-y. In addition
to the striking cytolytic defects in perforin-knockout
mice, the down-sizing of the effector CD8* T-cell popu-
lation (contraction) does not occur in the normal man-
ner®**8, This might be due partially to the delayed or
impaired pathogen clearance that is observed com-
monly in these mice; however, this effect is also evident
when infections are resolved®. A separate study showed
that the more target cells a CTL kills, the less likely it is to
develop into a memory T cell””. Whether the role of per-
forin in CD8* T-cell death is direct (in that perforin ulti-
mately kills the cells that secrete it) or indirect
(decreased killing of APCs that results in prolonged
antigen exposure) is unclear. IFN-y also seems to have a
role in the down-modulation of the effector-cell popu-
lation after infection®®. So, perforin and IFN-y are
important not only for controlling the infection, but
also for regulating effector-cell numbers. Because T-cell
memory is determined by the magnitude of expansion
and the extent of effector-cell death, strategies that inter-
fere with cell death mediated by these molecules might
enhance T-cell memory in response to vaccination.

Decreasing-potential hypothesis. A model that deserves
attention is the ‘decreasing-potential” hypothesis, which
states that the primary factor that distinguishes effector
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Table 2 | In vivo effects of exogenous cytokines on mouse T-cell responses

Cytokines CD8* T-cell responses
Survival  Proliferation

IL-2 ++ ++

IL-4 ++ -

IL-7 ++ -+

IL-15 ++ ++

GM-CSF + IL-12 + TNF ND ++

or GM-CSF + IL-12

orlL-12

CD4+* T-cell responses References
Survival  Proliferation

++ ++ 83-86
++ - 77
++ ++ 77,839,133
_ - 21,87,88,134
ND ++ 83,135,136

GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; ND, not determined; TNF, tumour-necrosis factor;

++, upregulation of T-cell responses; -, no effect on T-cell responses.

T cells that die from those that survive and differentiate
into memory T cells is the duration and level of antigenic
stimulation to which the T cells are exposed (FIG. 5d)*.
One prediction of this model is that effector-cell death
would be reduced if T cells encountered antigen for
shorter periods of time, but as discussed above, a
potential caveat is that the effector-cell burst size would
be smaller. The decreasing-potential hypothesis is
strongly supported by the fate of antigen-specific CD4*
and CD8" T cells during periods of chronic antigen
exposure. It has been observed that antigen-specific
T cells either disappear (deletion) or persist but become
dysfunctional (exhaustion) in several mouse models —
such as during chronic LCMV infection or in trans-
genic mice that express both antigen and specific TCR
— and in patients with HIV or hepatitis C virus infec-
tion, or melanoma®**%1%-1% The degree to which the
CTLs become defective seems to correlate with antigen
load and can range from complete lack of function (no
cytolytic activity or production of IFN-y, TNF and
IL-2) to partial loss of function (modest production of
cytokines)'%1%7_ If excessive antigen exposure induces
effector T-cell dysfunction, is this effect reversible or are
the cells permanently impaired? Moreover, it is not
known if memory T cells can ever develop under these
conditions and, if so, whether the degree of effector-cell
dysfunction determines the functional state of the mem-
ory T cells that are formed (FIG. 5d). This point is particu-
larly relevant for the design of current vaccine strategies
that are aimed at treating patients with existing infec-
tions and/or tumours. Most probably, the conventional
methods of vaccination — delivery of antigen by some
type of vector — will not be successful, because the high
levels of pre-existing antigen already impair T-cell
responses. Therefore, novel vaccine strategies that help
T-cells to regain their responsiveness will need to be
developed, and this most certainly will be aided by deter-
mining the nature of effector T-cell non-responsiveness
at the biochemical level.

T-cell development and vaccine design

Long-term immunological protection depends on both
the quantity and quality of the memory T cells that are
formed. Depending on the dose and virulence of the
pathogen, different threshold numbers of memory
CD8" T cells might be needed to protect against disease

(FIG.6). Because the number of memory T cells formed
is determined primarily by the burst size, it is essential
that vaccines induce as large an effector T-cell popula-
tion as possible. This poses a challenge for vaccines,
because for vaccine vectors that can not replicate the
widespread distribution of antigen can be a limitation.
The effector-cell burst size is a function of both the
number of naive T cells that are recruited into the
immune response and the number of times these cells
divide. A recent study showed that the recruitment of
antigen-specific CD8* T cells was reduced in antigen-
limiting conditions and, even though the recruited cells
divided at least 7-10 times (due to programmed prolif-
eration), the effector-cell burst size was still ~20 times
smaller than when recruitment was complete'®.
Fortunately, the programmed model of memory CD8*
T-cell development predicts that even if the number of
APCs is small, functional memory CD8* T cells can
develop. However, given that the quality and quantity of
memory T cells that are produced might be modulated
by the degree of T-cell stimulation and the types of co-
stimulation and cytokines present, it is important to
consider how different forms of vaccination might
affect these parameters. For example, the level of anti-
gen that can be provided by non-replicative vaccines,
such as killed pathogens or recombinant protein, is lim-
ited by the innoculum dose and therefore, might be
short-lived. These vaccines might induce recruited
T cells to divide multiple times, but the effector-cell
burst size might be smaller than if antigen were more
prevalent. Furthermore, a reduced number of antigen
encounters might result in the development of ‘central’
memory T cells rather than ‘effector’ memory T cells.
Whether protective immunity would be enhanced or
adversely affected by this is not known, because it has not
been determined whether central and effector memory
T cells confer different levels of protection (BOX 1).
Vaccination with DNA plasmids that encode antigens is
gaining popularity because of the inherent stability of
the vaccines, the cheap cost of producing and adminis-
tering the DNA, and their ability to elicit protective
immunity in animal models'®'%. But, the details of
T-cell priming with DNA vaccination are not fully
understood, because it is not clear whether dendritic
cells express antigens directly (through plasmid trans-
fection), indirectly (through cross-presentation) or
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Figure 6 | Modulation of the three phases of T-cell
responses and the quantitative effects on memory T-cell
formation. Alteration of any phase of a T-cell response —
expansion, contraction or memory — can affect the number
of memory T cells that is formed and whether protective
immunity is established. The dashed line denotes the minimum
number of antigen-specific memory T cells required to confer
protection against disease. If all three phases occur optimally,
then the number of memory T cells formed is above the
threshold for protective immunity (red line), but if a | priming
and expansion are suboptimal; b | cell death is increased;

or ¢ | memory T cells are not maintained, then the number of
memory T cells that is formed will be insufficient for long-term
immunological protection (green line). Pink shading indicates
the suboptimal phase of the response. Therapeutic
intervention at any of these three steps might lead to greater
numbers of memory T cells and protective immunity.

both. Also, the duration of antigen expression with
DNA vaccination or the types of effector and memory
T cells that are formed has not been delineated.

Vaccine boosters most probably enhance immuno-
logical protection by affecting the quality and quantity of
memory T cells. Higher-affinity T-cell clones can out-
compete lower-affinity T cells for antigen, which suggests
that repeated vaccine boosters might skew the memory
T-cell population towards higher-affinity clones'%"3.
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There might be several ways to intervene during the
different stages of a T-cell response to enhance vaccine
efficacy (FIG. 6). For example, in cases where antigen dis-
tribution by a vaccine is limited or short-lived, it might
be possible to increase the expansion of effector T-cell
populations by modulating the factors that regulate
antigen-independent cell division. Alternatively, it
might be possible to intervene during the contraction
phase to reduce effector-cell death, thereby increasing
the number of memory T cells that are formed. Finally,
the number of memory T cells might be increased by
interfering with homeostasis and offsetting the balance
between proliferation and attrition. Although several
candidate approaches are currently under trial and
show promise, these strategies remain a challenge
because of a lack of understanding of the mechanisms
and signals that regulate these stages of T-cell differenti-
ation (for a review, see REF. 114).

Concluding remarks

This review focuses on the mechanisms that regulate
the development of effector and memory T cells.
Although much has been learned, we still do not
understand immunological memory at the molecular
level. Only a handful of molecules have been identi-
fied that have important roles in this process and our
understanding of how these molecules act biochemi-
cally is incomplete. For example, how does a T cell
‘count’ TCR and co-stimulatory signals and how do
these signals collectively meet T-cell activation
requirements? How are these signals translated into
discrete T-cell responses, and can these responses be
augmented to modulate the types of effector and
memory T cells that are formed? How are changes to
the T-cell phenotype made permanent as naive cells
differentiate into effector and memory T cells, and
what maintains this altered state in the absence of
antigen? What controls the proliferative capacity of
T cells in the presence and absence of antigen? Why
does excessive antigenic stimulation decrease T-cell
function and survival, and what are the molecular
changes associated with this process? Because the cel-
lular processes that are implicated in memory T-cell
development are vast and might be essential to sur-
vival or used earlier in development, conventional
knockout systems are of limited use. Insight will hope-
fully be gained by the new opportunities that genome-
wide analysis will provide, and hypotheses should be
testable using inducible-systems for disrupting genes
in mice (conditional knockouts). Understanding the
molecular makeup of T cells during acute and chronic
immune responses will lead to more-effective vaccines
for preventing disease, as well as for fighting chronic
infections or tumours.
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