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rational interventions that augment, depress, 
or deviate responses in ways that promote 
human health. 
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In typical immune responses, contact with antigen causes nayve T cells to 
proliferate and differentiate into effector cells. After the pathogen is 
destroyed, most effector T cells are eliminated-thereby preserving the 
primary T cell repertoire-but some cells survive and form long-lived 
memory cells. During each stage of this process, the Life or death fate of 
T cells is strictly regulated. 

Immune responses leading to rejection of in-
fectious agents usually culminate in a state of 
specific T and B cell memory where second- 
ary responses are more vigorous and effective 
than primary responses ( I d ) .  Generation of 
memory T and B cells is the end result of a 
highly destructive process in which most of 
the responding lymphocytes are rapidly elim- 
inated, and only a small proportion survive to 
become long-lived memory cells. This article 
reviews the life or death decision-making 

Department of Immunology. IMM4, The Scripps Re- 
search Institute. 10550 North Torrey Pines Road, La 
Jolla. CA 92037. USA. 

*To whom correspondence should be addressed: 
jsprent@scripps.edu 
?Present address: The Edward Jenner Institute for 
Vaccine Research. Compton. Newbury. Berkshire 
RCZO 7NN. UK. 

involved in the formation of memory T cells, 
as well as the role of certain cytokines in 
keeping these cells alive. 

Longevity of naive T cells. Naive T 
cells are long-lived resting cells that reside in 
the recirculating lymphocyte pool and mi- 
grate continuously from blood to lymph 
through specialized T cell zones in the sec- 
ondary lymphoid tissues, the spleen, lymph 
nodes (LNs), and Peyer's patches (7). The 
survival of naive T cells requires continuous 
contact with self peptides bound to major 
histocompatibility complex (MHC) mole-
cules combined with exposure to a cytokine, 
interleukin 7 (IL-7) (6). In consort, these two 
ligands are presumed to induce a fonn of 
low-level signaling that is sufficient to keep 
the cells alive but does not induce them to 
enter the cell cycle. 

Life and death during the primary re- 
sponse. Primary T cell responses are initiat-
ed in secondary lymphoid organs by mature 
antigen-presenting cells, i.e., dendritic cells 
(DCs) (8).Recognition of immunogenic pep- 
tides bound to cell-surface MHC molecules 
on DCs in the T cell zone causes selective 
sequestration ("trapping") of antigen-specific 
recirculating T cells entering lymphoid tis- 
sues fiom the blood (9); the trapped cells are 
then induced to proliferate. 

Because infectious agents often replicate 
at a prodigious rate, primary immune re-
sponses are geared to be as intense as possi-
ble. Division of antigen-reactive T cells dur- 
ing the height of the immune response is very 
rapid (three to four divisions per day for 
CD8' cells) and leads to >1000-fold expan- 
sion of the responding cells within a few days 
(10). After differentiating into effector cells, 
the progeny of the responding cells reenter 
the circulation through efferent lymph and 
disseminate throughout the body (11-13). By 
means of expression of new cell surface- 
homing molecules, the effector cells acquire 
the capacity to penetrate capillary blood ves- 
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sels and thus come into direct contact with 
infected parenchymal cells, e.g., respiratory 
epithelial cells in influenza infection (7, 14); 
these cells act as targets for cytotoxic cells 
and are killed. In bacterial infections, cells 
harboring intracellular bacteria are either 
killed by cytotoxic cells or, via cytokines, 
such as interferon-y (IFN-y), released from 
other effector cells, are instructed to destroy 
the pathogen (1 5). 

Once the infection is cleared, the enor-
mous numbers of effector cells generated 
during the immune response become super- 
fluous. Allowing these cells to survive en 
masse would lead to congestion in the lym- 
phoid tissues and thereby compromise subse- 
quent immune responses. To cope with this 
problem, the vast majority (>90%) of effec- 
tor cells are destroyed at the end of the pri- 
mary response; only a few cells survive to 
become long-lived memory cells. 

Death of effector cells: A default path- 
way or an instructional process? In con- 
sidering how effector cells are eliminated, 
perhaps the simplest idea is that these cells 
are intrinsically short-lived and are pro-
grammed to die by a default pathway when 
the infection is cleared. Although appealing, 
the notion that effector cells are innately 
short-lived is difficult to reconcile with the 
fmding that many different "gene-knockout" 
or mutant strains of mice spontaneously de- 
velop prominent and progressive hypertrophy 
of the secondary lymphoid tissues. As dis- 
cussed elsewhere (6), this syndrome occurs 
with deletion or mutation of FasRasL, PD- 1, 
CTLA4, NFAT, CD25, CD122, CD45, trans- 
forming growth factor-p and several other 
molecules. In these various situations, the 
immune system becomes overwhelmed with 
activated lymphoid cells, presumably reflect- 
ing unrestrained responses to various envi- 
ronmental antigens. Likewise, deletion or 
mutation of these molecules can substantially 
prevent the elimination of effector cells gen- 
erated against defined antigens. 

In light of the above findings, rather than 
reflecting a default pathway, the elimination of 
effector cells appears to reflect a tightly regu- 
lated instructional process involving multiple 
cell deatbinducing mechanisms acting in con- 
sort. Even with inactivation of only a single 
component of one of these mechanisms, death 
is averted, and effector cells survive en masse. 
The sequence of molecular events required to 
initiate the death of effector cells is still unclear, 
but is thought to involve negative signaling by 
CTLA-4 and PD-I receptors for costimulatory 
signals, activation of the Fas death pathway by 
dissociation of cFLIP from Fas, and onset of 
sensitivity to inhibition by several cytokines, 
notably IL-2 (6). 

Generation of memory cells. In consid- 
ering how memory T cells are generated, a 
key issue is whether these cells are derived 

from typical effector cells or represent a sep- 
arate lineage. There is now fm evidence that 
memory T cells represent the descendants of 
proliferating cells, which, at least transiently, 
express effector functions such as perforin 
(16), Granzyrne B (17), and cytokine (18) 
production. 

As for the elimination of effector cells, 
generation of memory cells could be an in- 
structional process: effector cells are coerced 
to die, whereas memory cells are taught to 
live. The obvious problem with this idea is 
that it fails to explain the radically different 
outcomes (life versus death) of the instruc- 
tional process or processes. The opposing 
viewpoint is that memory cells are generated 
by a default pathway and represent a few 
escapees that somehow evade being instruct- 
ed to die. 

A difficulty with the latter idea is that, 
for CD8+ T cells, it fails to explain the 
strong correlation between memory-cell 
production and the intensity of the primary 
response. Thus, irrespective of the dose of 
antigen eliciting the response and the T cell 
receptor (TCR)-MHC-peptide affinities in- 
volved, the proportion of CD8+ cells that 
survive the response to become memory 
cells is remarkably constant, i.e., about 5 to 
10% of the peak numbers of cells generated 
at the height of the response (19). One 
explanation for this apparent paradox is 
that all "successful" primary immune re-
sponses that lead to rapid rejection of 
pathogens may have essentially similar ki- 
netics. Thus, whatever the initial dose or 
route of infection, the pathogen replicates 
until the concentration of antigen in the 
lymphoid tissues is sufficiently high to in- 
duce a powerful immune response, which 
then leads to rejection of the pathogen, 
usually after 7 to 10 days. As T cells are 
mobile cells, it is therefore quite likely that 
virtually all T precursor cells will come 
into contact with antigen, probably in high 
concentrations, before the pathogen is 
cleared. However, the duration of exposure 
to antigen is likely to vary considerably, 
depending upon the anatomical distribution 
of the precursor cells. 

For typical infections occurring in muco- 
sal sites, e.g., the lung and gut, the immune 
response is initiated in the draining LNs and 
involves blood-borne recruitment of recircu- 
lating lymphocytes from throughout the 
body. Here, it should be borne in mind that 
LNs are small structures with a limited blood 
supply and that the tempo of blood-to-lymph 
recirculation of lymphocytes is quite slow, 12 
to 24 hours (20, 21). Hence, the time taken 
for individual recirculating lymphocytes to 
enter an infected LN randomly varies enor- 
mously, from seconds for some cells to many 
days for others. Consequently, cells recruited 
late in the immune response will see antigen 

for a much briefer period than the cells ini- 
tially recruited. 

The duration of exposure to antigen could 
be an important factor in memory-cell gener- 
ation. Thus, the cells destined to die at the 
end of the immune response could be the 
progeny of cells undergoing a prolonged re- 
sponse, protracted contact with antigen being 
required to switch on the death pathways. 
Conversely, for latecomer cells aniving near 
the end of the response, brief exposure to 
antigen could be sufficient to cause these 
cells to proliferate and differentiate into ef- 
fector cells, but could be inadequate to acti- 
vate the various death pathways that are re- 
quired for effector-cell elimination. 

According to the above model, genera- 
tion of memory cells reflects incomplete 
differentiation of a subset of cells that 
avoids death (overstimulation) by arriving 
late in the immune response. It would fol- 
low therefore that subjecting all responding 
lymphocytes to prolonged antigenic stimu- 
lation would induce full differentiation and 
death, thereby precluding memory-cell 
generation. The finding that overwhelming 
viral infections can lead to total elimination 
("exhaustion") of the responding T cells 
after a prolonged proliferative response is 
consistent with this idea (22). 

Controlling the sunrival of long-lived 
memory cells. By analogy with nai've lym- 
phocytes (see above), one can envisage that 
some form of signaling is required for the 
survival of memory cells. The original notion 
that memory is maintained through contact 
with trace amounts of antigen left over from 
the primary response andlor contact with 
cross-reactive environmental antigens ( I )  is 
unlikely because memory T cells survive well 
after transfer to MHC? hosts (23). Hence, 
the longevity of memory cells, in contrast to 
that of nai've T cells, does not seem to depend 
on TCR ligation. 

A notable feature of memory T cells is 
that the normal rate of division (turnover) 
of these cells in vivo is substantially higher 
than for nai've T cells (24). Significantly, 
the relatively rapid turnover of memory T 
cells occurs after transfer into MHC I 

hosts, indicating that the stimulus for pro- 
liferation is MHC-independent (23). As 
discussed below, at least for CDXf T cells, 
the turnover and survival of memory cells 
are controlled by cytokines. The data refer 
to "memory-phenotype" (CD44h') T cells 
found in normal unstimulated hosts (1, 2); 
these cells are presumed to represent the 
progeny of cells responding to various en- 
vironmental antigens. 

In mice, the notion that the normal turn- 
over of CD44h' T cells is controlled by cyto- 
kines stemmed from the finding that prolif- 
eration of CD44h' CDS+ cells increases 
sharply after injection of IFNs, either IFN- 
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Fig. 1. Decision-making 
in the generation and 
maintenance of T cell 
memory. (A) In the ab- 
sence of foreign antigen, 
naive T cells (green) are 
kept alive in interphase 
by a cytokine, 11-7, plus 
TCR interaction with 
MHC + self peptides. 
During infection, recog- 
nition of pathogen-de- 
rived peptides in asso- 
ciation with MHC on 
the surface of mature 
DG leads to "trapping" 
and expansion of rare 
antigen-specific T cells 

peptide \ peptide - 

(redj in secondary lym- 
phoid tissues, while A Sequestration, proliferation of antlgen- 

specific T cells in lymphoid tissue 
nonreactive lympho- 

e. T cell specific for pathogen-derived Ag; iDC, immature DC; mDC, mature DC *. na'ive T cell lacking reactivity for pathogen-derived Ags; 
4 ,  apoptotic cell: n, pathogen-derived peptide + MHC; c.  Pathogen 

(for 

@t t 
IL-15 

CD8* T cells) 

B Clearance of infection C Elim~nation of most 
by eHector cells effector cells 

D Survival of memory 
T cells: contribution 
nf o>rtnkinos ". ",." ..... "' 

cytes (green) migrate 
through. Several cytokines, notably IL-2, support the proliferation of T cells partially dependent on contact with cytokines. Stimulation of memory 
responding to foreign antigen. (B) Effector T cells clear the infection through CD8+ T cells with 11-15 causes these cells to survive and divide intermit- 
lysis of infected cells and/or release of cytokines that trigger intracellular tently; whether cytokines control the survival and/or proliferation of mem- 
destruction of the pathogen. (C) After removal of the pathogen, the vast ory CD4+ cells is unclear. At steady state, division of memory T cells is 
majority of effector T cells are eliminated, whereas a portion of the activated presumably balanced by cell death. 
cells survive as memory cells. (D) Long-term survival of memory T cells is 

alp or IFN-y, or IFN-inducing agents (25, 
26). IFNs do not act directly on CD44hi 
CD8+ cells but instead stimulate other cells, 
probably DCs and stromal cells, to produce 
an effector cytokine that is directly stimula- 
tory for CD4Ihi CD8+ cells (although not for 
CD44hi CD4+ cells). As discussed elsewhere 
(6), the effector cytokine appears to be IL-15, 
an IL-2-like cytokine synthesized by a spec- 
trum of cells, although not by T cells (27). 
Unlike IL-2, IL-15 selectively stimulates 
CD44hi CD8+ cells, apparently because one 
of the components of the IL-15 receptor, 
CD122 (IL-2RP), is expressed at a much 
higher level on CD44hi CD8+ cells than on 
other subsets, including CD44hi CD4+ cells 
(28). 

In addition to being the effector cytokine 
for IFN-induced proliferation of CD122hi 
CD44hi CD8+ cells, IL-15 appears to control 
the normal background turnover of these cells 
(29). Moreover, as for proliferation, IL-15 
plays a key role in maintaining CD44hi CD8+ 
cell survival. Thus, IL-IS-'- mice are almost 
devoid of CD122hi CD8+ cells (30, 31), and 
normal CD122hi CD44hi CD8+ cells (but not 
other T cells) die rapidly when transferred to 
IL-IS-'- hosts (31). 

On the basis of the above findings, both 
the survival and turnover of CD44hi CD8+ 
cells are under the strict control of a single 

stimulated in vitro depends critically upon 
sustained up-regulation of CD 122 after in 
vivo transfer (32). 

By analogy with CD8+ cells, it would 
seem likely that cytokines also control the 
survival and turnover of memory CD4+ cells. 
Which particular cytokines act on these cells, 
however, is unclear, although yc-controlled 
cytokines do not seem to be crucial (6, 33). 

Summary and concluding comments. 
As outlined above, strict life or death decision- 
making is involved throughout the life-span 
of mature T cells. At each stage of the tran- 
sition from naive cells into memory cells, 
however, the decision-making is distinctly 
different. Four stages can be considered (Fig. 
1): 

1) Before contact with a foreign antigen, 
the survival of resting naTve T cells requires 
low-level signaling mediated by TCR contact 
with self-peptide-MHC complexes combined 
with stimulation via IL-7. 

2) Contact with foreign antigen augments 
TCR signaling, thus driving T cells to prolif- 
erate and differentiate into effector cells. Dur- 
ing this stage, the protective effect of IL-7 is 
replaced by other cytokines, especially IL-2, 
which act as growth factors for potentiating 
clonal expansion. 

3) At the end of the immune response, 
loss of T cell contact with antigen and/or 

response. During differentiation of effector 
cells into memory cells, the cells are repro- 
grammed to be independent of TCR signals 
for their survival. For CD8+ T cells, memo- 
ry-cell survival requires contact with IL-15 
and hinges on up-regulation of receptors for 
this cytokine. 

The underlying assumption in the above 
scheme is that T cells cannot survive without 
active signaling elicited by contact with ex- 
ternal ligands. It is striking, however, that the 
ligands concerned are so different for naive 
versus memory cells and even for CD8+ 
versus CD4+ memory T cells. Ultimately, 
these different ligands may all act via main- 
taining expression of various anti-apoptotic 
molecules. This issue, however, is far from 
resolved. 

Understanding the steps involved in 
memory-cell generation is relevant to the 
important issue of vaccine design. As em- 
phasized by others (1-6), successful vac- 
cines induce strong and persistent humoral 
responses, and, at least for T cells, depend 
on strong initial clonal expansion of pre- 
cursor cells. Further success in vaccine de- 
sign may hinge on developing techniques 
for diminishing cell death at the end of the 
primary response, thereby augmenting en- 
try of effector cells into the long-lived 
memory-cell pool. Whether this is a pipe 

cytokine, IL-15. These data refer to the growth factors initiates qualitative changes dream or ultimately feasible remains to be 
memory-phenotype CD8+ cells found in in intracellular signaling: operationally, seen. 
normal animals, and it remains to be proved stimulatory signals now become destruc- 
whether IL-15 dependency applies to "real" tive, and the majority of the cells are forced ~~f~~~~~~~ and N~~~~ 
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Arrested Differentiation, the Self-Renewing 
-

Memory Lymphocyte, and Vaccination 
Douglas T. Fearon,'* Peter ~anders,'Simon D. W a g n e r ' , '  

Vaccination for persistent viral or bacterial infections must program the 
immune system for a lifelong need to generate antigen-specific effector 
lymphocytes. How the immune system does this is not known, but recent 
studies have shown that a subset of B lymphocytes, the germinal center B 
cell, is  capable of self-renewal because it expresses a transcriptional 
repressor, BCL6, that blocks terminal differentiation. If a similar mecha- 
nism for arresting differentiation exists for long-lived, antigen-selected 
lymphocytes, a stem cell-like capacity for self-renewal could be the basis 
for the continual generation of effector lymphocytes from the memory 
pool. Understanding how to regulate the terminal differentiation of lym- 
phocytes will improve immunotherapeutic approaches for chronic infec- 
tious diseases and cancer. 

Vaccination is the attempt to mimic certain 
aspects of an infection for the purpose of 
causing an immune response that will 
protect the individual from that infection. 
Usually vaccination is performed for pro- 
phylaxis, but it may also have a therapeutic 
application, as, for example, in the treat- 
ment of patients with chronic infections or 
cancer. Empirical approaches to the devel- 
opment of vaccines have served us well 
in the past, but the "easy pickings" are 
over, and to meet current challenges re-
quires a better understanding of the im-
mune system. The starting point of this 
overview is a description of the aims of an 
immune response, as these are the end-
points for vaccination. 

The immune system must accomplish three 
goals to protect the host from infectious disease. 
First is the generation of effector lymphocytes, 
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such as plasma cells to secrete antibody, helper 
T cells to secrete cytokines and stimulate other 
immune cells by expressing CD40 ligand, and 
cytotoxic T lymphocytes (CTLs) to kill virally 
infected cells. Second is the development of the 
ability to generate rapidly these effector lym- 
phocytes when antigen is encountered again in 
the future, a function that is ascribed to "mem- 
ory" lymphocytes. Third is less explicit but is 
evident when one considers infections that are 
chronic, such as those caused by herpes viruses, 
hepatitis B, human immunodeficiency virus, 
Mycobacterium tuberculosis, etc. These require 
an ability to generate effector cells continually 
and over long periods, perhaps for the lifetime 
of the host. Here, we focus on recent studies 
that bear on the question of how the immune 
system might generate effector lymphocytes for 
the lifetime of the host, and on the possible 
relation of this process to what has been termed 
immunological memory. 

~ h ,~ ~ t i ~phase of ~~ -
Lymphocyte Development and 
Continual Generation of Effector Cells 
The adaptive immune system has antigen-jnde-
pendent and antigen-dependent phases of de- 

velopment. During the antigen-independent 
frst phase, the immune repertoire of the immu- 
nologically naive host is created by the gener- 
ation of clones of B and T lymphocytes, each 
having a unique antigen receptor. For the most 
part, these antigen receptors appear not to have 
been selected for antimicrobial specificity; in- 
stead, they provide the host with a vast array of 
clonally distributed potential antigen-binding 
specificities. Thus, it becomes virtually certain 
that all infectious microorganisms will express 
antigens during some phase of their life cycle 
that will be recopzed by at least a few of these 
clones. In humans, this phase of B cell devel- 
opment continues relatively unabated into 
adulthood, whereas the generation of new T 
cells is drastically reduced because of thymic 
involution. One might suspect, then, the exis- 
tence not only of mechanisms to preserve naive 
T cells, but also-and of particular relevance to 
this review-of mechanisms to maintain lym- 
phocyte clones that have been selected during 
the antigen-dependent phase of development by 
microbial antigens. This would be important 
because such cells may be irreplaceable. 

During this second phase of differentiation, 
lymphocytes bind antigen and, with the innate 
arm of the immune system promoting respons- 
es to antigens of microbial origin, initiate com- 
plex intracellular and intercellular processes 
leading to cellular proliferation and differentia- 
tion. The proliferation phase is an especially 
daunting task because the host starts with rela- 
tively few antigen-reactive clones in its nai've 
repertoire, but requires millions (or billions, 
~ ~ ~ ~ ~ d ~ ~ tdepending on the size of the host) of terminally 

differentiated effector lymphocytes just to con- 
trol the initial infection. This need, which be- 
comes even greater if the infection persists into 
a chronic phase, is particularly stringent for T 
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