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Immunological Memory and
Protective Immunity:
Understanding Their Relation
Rafi Ahmed* and David Gray

The immune system can remember, sometimes for a lifetime, the identity of a pathogen.
Understanding how this is accomplished has fascinated immunologists and microbiol-
ogists for many years, but there is still considerable debate regarding the mechanisms
by which long-term immunity is maintained. Some of the controversy stems from a failure
to distinguish between effector and memory cells and to define their roles in conferring
protection against disease. Here the current understanding of the cellular basis of immune
memory is reviewed and the relative contributions made to protective immunity by mem-

ory and effector T and B cells are examined.

An 18th-century natural experiment that
occurred on the remote Faroe Islands provid-
ed rare insight into the mechanism of pro-
tective immunity against infectious diseases.
This experiment began in 1781 with a mea-
sles outbreak. During the ensuing 65 years,
the Faroes remained measles-free until a ma-
jor outbreak in 1846 that affected 75 to 95%
of the population. Ludwig Panum, a Danish
physician, investigated this epidemic and
made the interesting observation that “of the
many aged people still living on the Faroes
who had had measles in 1781, not one was
attacked a second time” (I). This natural
experiment had also provided Panum with a
control group, and he astutely noted that “all
the old people who had not gone through
with measles in earlier life were attacked
when they were exposed to infection.” Pa-
num’s classic study made two points: first,
that immunity to measles was long-lived;
and second, that reexposure to the virus was
not essential for maintaining long-term pro-
tective immunity. The first point was impor-
tant but perhaps not that surprising; after all,
the Greek historian Thucydides, describing
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the plague of Athens in 430 B.C., had noted
that “the same man was never attacked
twice” (2). It was Panum’s second point, that
protective immunity could be sustained in
the absence of reexposure to measles virus,
that provided a critical insight into the na-
ture of immunological memory. This obser-
vation, which was supported by observations
made during epidemics of yellow fever in
Virginia (3) and polio among Eskimo villag-
es in Alaska (4), showed that the immune
system could remember an encounter that
occurred many years ago and that there are
inherent (endogenous) mechanisms for sus-
taining this long-term memory.

The subject of immune memory has
been extensively studied, but there is still
considerable debate regarding the mecha-
nisms by which protective immunity is
maintained (5). In this article, we will re-
view our current understanding of the cel-
lular basis of immunological memory and
then examine the relative contributions of
memory and effector T and B cells to pro-
tective immunity. We will also consider
differences between protection against mu-
cosal versus systemic infections—a critical
issue that is often ignored. We hope this
review will provide a framework for trying
to understand why protective immunity is
long-lived in some situations and of shorter
duration in others.
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T Cell Memory

[t is well established that T cell memory, as
assessed by accelerated recall responses in
vivo, is long-lived (5). However, the nature
of T cell memory has remained controver-
sial, with debate centered around two op-
posing views (5). One view postulates that
memory is due to long-lived memory cells
that do not require contact with specific
antigen for their survival. The other envi-
sions long-term memory as the result of
continuous stimulation of T cells by persist-
ing antigen. Although these are interesting
and useful hypotheses, they have imposed
constraints on the understanding of the cel-
lular basis of T cell memory. For instance, it
is conceivable that memory T cells may be
antigen-independent but still cycle because
of some nonspecific stimulus. It is also plau-
sible that memory cells are long-lived but
need antigen stimulation to maintain a
state of readiness. Instead of trying to dis-
tinguish between the two opposing hypoth-
eses, we will examine memory within the
broad framework of the following questions:
What is the cellular basis for accelerated
recall responses? Are memory T cells dis-
tinct from effector cells? What is the lin-
eage of memory T cells? Is specific antigen
necessary for the maintenance of T cell
memory! What is the life-span of memory T
cells? Do these cells cycle? If so, what is the
stimulus? Before addressing these questions,
it is useful to review the kinetics of primary
T cell responses.

Both CD4 and CD8 T cell responses can
be broken down into three distinct phases:
(i) activation and expansion, (ii) death,
and (iii) stability or memory. During the
initial phase, which typically lasts about a
week, antigen-driven expansion of the spe-
cific T cells and their differentiation into
effector cells occur. In several viral systems,
between 100- and 5000-fold expansion of
virus-specific CD8" T cells takes place (6—
13). Substantial expansion of CD4™ T cells
has also been reported for several antigenic
systems (14, 15) and a recent study (16) has
documented up to 1200-fold expansion of
CD4" T cells responding to pigeon cyto-
chrome ¢ (PCC). A period of death then
ensues (between days 7 and 30), during



which most of the activated T cells undergo
apoptosis and effector activity subsides as
the amount of antigen declines (6-13, 16,
17). This contraction of the T cell response
is as dramatic as the expansion, and in most
instances =95% of the antigen-specific T
cells disappear. This phenomenon, termed
activation-induced cell death (AICD),
serves as a mechanism for regulating cell
numbers and maintaining homeostasis (7,
17). Apoptosis due to Fas (CD95)-FasL
interactions has been implicated in AICD
(17), and a recent study has also document-
ed a role for tumor necrosis factor (TNF) in
the apoptosis of activated CD8*" T cells
(18). The third phase of the T cell response
is characterized by a stable pool of memory
cells that can persist for many years. The
eventual magnitude and duration of T cell
immunity are the sum effect of changes
occurring in all three phases of the T cell
response (Fig. 1).

Accelerated T cell responses seen upon
reexposure to antigen are due to increases
in the frequency of antigen-specific T cells
(a 5- to 100-fold increase, depending on the
system) and also to qualitative changes in
memory T cells that allow them to respond
faster and develop into effector cells more
efficiently than do naive T cells (5). Be-
cause memory cells express larger amounts
of adhesion molecules, they are likely to
adhere to antigen-presenting cells (APCs)
more efficiently. This may explain why
memory cells are activated more readily
than are naive cells and also are able to
respond to lower doses of antigen as com-
pared with naive cells (5, 14). This in-
creased responsiveness might also be due to
higher affinity interleukin-2 receptors or to
changes in the affinity of the T cell receptor
(TCR). Somatic hypermutation of TCR V,
and Vg genes is not generally thought to
occur in T cells (16, 19), but a recent study
has shown (20) that T cells in germinal
centers (GCs) may mutate, albeit at a rate
10 times less than that of B cells. The
affinity of T cell responses may also increase
by means of clonal selection: Analysis of
the V_11/V;y3 sequences that prevail in the
response to PCC in H-2% mice demonstrates
a progressive maturation until particular
TCR sequences dominate the secondary re-
sponse (16). Thus, a clonal selection for
complementarity-determining  region 3
length and ultimately for characteristic
amino acids seems likely to drive an in-
crease in the affinity of the receptor for the
peptide—major histocompatibility complex
(MHC) complex. However, it is not clear if
this is a general phenomenon, because a
recent study (21) found no differences in
the TCR repertoire of antigen-specific
CD8" T cells during primary and secondary
responses to an MHC class | antigen.

A critical question about T cell memory

is whether there is such a thing as a true
memory cell. Cell surface markers that dis-
tinguish memory T cells from naive T cells
are not useful in differentiating between
memory and effector cells (5). Therefore,
immunologists have relied on size (effector
cells are usually large and memory cells
small) and functional differences to identify
these two populations. By definition, an
effector CD4™ T cell actively secretes cyto-
kines, whereas a memory CD4* T cell has
to be stimulated with antigen to start pro-
ducing large amounts of cytokines. Similar-
ly, effector CD8 cytotoxic T lymphocytes
(CTLs) have direct ex vivo cytotoxic activ-
ity, whereas memory CTLs need restimula-
tion with antigen to acquire cytotoxic func-
tion. Initial evidence for the existence of
distinct populations of effector and memory
cells came from work on polyclonal CTL
responses to lymphocytic choriomeningitis
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Fig. 1. T cell responses consist of three distinct
phases: (i) activation and expansion, (i) death,
and (i) memory. Quantitative changes in any of
these phases can determine whether T cell im-
munity is long-lived (line 1) or short-lived (line 2).
The star denotes the minimum number of anti-
gen-specific memory T cells needed to confer
protection against disease. (A) Suboptimal prim-
ing and expansion; (B) increased cell death; and
(C) defective maintenance of memory.
SCIENCE  »

VOL. 272+ 5 APRIL 1996

& ARTICLES

virus (LCMV) (22) and alloantigens (23),
and more compelling evidence has come
from recent studies with monospecific
TCR-transgenic CD4 and CD8 cells, in
which it is possible to directly visualize the
antigen-specific T cells (14, 24, 25). How-
ever, biochemical markers to identify these
two populations are still needed. The pres-
ence of perforin granules or increased FasL
expression (or both) might serve as useful
markers for effector CTLs, because CTLs
kill their targets either by the perforin-
granzymes secretory pathway or by Fas-FasL
interactions (26). Other potential markers
are genes controlling apoptosis (for exam-
ple, the Bcl-2 family of proteins, the TNF
receptor, and Fas), because effector T cells
are more prone to AICD than are memory
cells (5, 27, 28).

The precise relation (lineage) between
memory and effector T cells is not well
understood. We do not know if memory and
effector cells differentiate along separate
pathways as B cells do (model 1, Fig. 2) or
if effectors can “rest” as memory cells (mod-
el 3, Fig. 2). We are also ignorant of the
precise conditions and signals that lead to
development of memory versus effector
cells. One possibility is that large amounts
of antigen plus costimulation in the pres-
ence of an inflammatory “milieu” may favor
differentiation to effector T cells, whereas
antigen plus costimulation in the absence of
inflammatory signals or cytokines may re-
sult in generation of memory T cells (model
1, Fig. 2). According to this model, T cells
activated in the early stages of an infection
would receive all the necessary signals for
terminal  differentiation into effectors,
whereas cells that first encounter antigen
during the later stages (as antigen and infec-
tion are disappearing) would develop into
memory T cells. The more conventional
model is the linear differentiation pathway
(model 3, Fig. 2), in which memory cells are
derived directly from effector cells. Adop-
tive transfer experiments (24, 25) with
TCR-transgenic cells support this model,
but it is not clear if all the transferred cells in
these experiments were indeed effector cells.
The linear differentiation model has to in-
corporate a mechanism for discriminating
between effectors that die and those that
survive. Currently, little is known about this
selection process, but TCR affinity may play
a role, with higher affinity effector cells
surviving as memory cells (16). A currently
popular model of T cell differentiation pro-
poses that the balance between effector cells
and memory cells is governed by the level of
stimulation (model 4, Fig. 2). Cells become
more and more terminally differentiated
with each successive stimulus and cell di-
vision (29). This is accompanied by an
increasing susceptibility to apoptosis. This
presumably explains the phenomenon of
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clonal exhaustion that can occur in TCR-
transgenic and virus infection models, in
which overwhelming antigen load or acti-
vation is a feature (30). Thus, memory T
cells can arise only under conditions in
which the antigenic load is limited and
the stimulation of precursors ceases before
a point of no return.

There has been considerable debate re-
garding the role of specific antigen in main-
taining T cell memory (5). At the outset, it
should be stated that the presence of antigen
is essential to maintenance of effector T
cells (although, as noted above, under cer-
tain conditions chronic stimulation with
large amounts of antigen can result in dele-
tion of effector T cells). It should also be
said that periodic reexposure to antigen will
enhance the level of T cell memory; exper-
iments showing increases in the number of
memory T cells (or level of protective im-
munity) after reintroduction of antigen
should not be taken as evidence that mem-
ory is strictly antigen-dependent. The real
question is whether the pool of memory T
cells formed after infection or immunization
can remain relatively stable in the absence
of an endogenous depot of specific antigen
or is strictly dependent on stimulation by
specific antigen. This chronic stimulus could
come from a low-grade infection (in the case

Classic theory of B cell differentiation: Dichy in memory and

of pathogens) or from antigen persisting on
follicular dendritic cells (FDCs) or both (5,
31, 32). Resolution of this issue is important
for practical reasons (vaccines) and also be-
cause it defines how we view immune mem-
ory. If continuous antigenic stimulation is
essential for maintaining memory, then one
might question the very existence of im-
mune memory (5, 25).

The experimental approach commonly
used to examine the antigen dependence of
T cell memory is to adoptively transfer
primed T cells into naive recipients and
follow their survival in the apparent ab-
sence of antigen (5). The availability of B
cell-deficient mice (33) has provided an
additional approach to this question since
antigen-antibody complexes on FDCs have
been implicated in sustaining T cell memory
(5, 31, 32). FDCs can trap antigen in the
form of antigen-antibody complexes and re-
tain it on their cell surface for long periods
of time. It has been postulated that B cells or
other APCs pick up this trapped antigen
and present it to T cells (5, 31, 32). This
mode of antigen loading favors MHC class 11
presentation, but there is now increasing
evidence that certain macrophages can pro-
cess and present exogenous antigen on
MHC class I molecules (34). Thus, antigen
depots on FDCs could potentially play a role

effector pathways. May apply to T cells, where X is high Antigen (Ag)

load + inflammatory cytokines and Y is low Ag load.

]
)
Klinman lineage hypothesis for memory B cell differentiation: 4

Separate precursors for memory and effector cells preexist.

Fig. 2. Models of memory cell differentiation. These are the four basic
models we can envisage. They are presented in a simplistic fashion
to represent variations on the same theme. For instance, model 1 can
represent the B cell paradigm or the theories of T cell differentiation that
invoke antigen dose or inflammatory signals as factors that decide the
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in sustaining CD4 and CD8 T cell memory.

Both experimental approaches (that is,
adoptive transfers and immunization of B
cell-deficient mice) have been used to ex-
amine the antigen dependence of CD8 and
CD4 T cell memory. More extensive studies
have been done on CD8 memory (6, 8, 9,
25, 35-40), and the bulk of the evidence
indicates that CD8 memory cells can persist
in the absence of specific antigen (8, 9, 25,
36—40). Although initial studies (35) on
H-Y specific CTLs suggested a requirement
for antigen, more recent studies by the same
group (37) have shown that CD8 memory
to H-Y does not require B cells or CD4* T
cells. In addition, transfer experiments with
H-Y-specific TCR-transgenic cells have
also documented persistence of memory
cells in the absence of H-Y antigen (25).
Compelling evidence for persistence of
CD8 memory in the absence of specific
antigen was provided by Lau et al. (8). In
these experiments, LCMV-specific memory
CD8 cells purified by fluorescence-activat-
ed cell sorting, which were free of any viral
genetic material (polymerase chain reaction
—negative), were adoptively transferred into
uninfected mice and were shown to persist
and provide protective immunity for >2
years. Miillbacher (36) and Hou et al. (9),
studying CTL responses to Sendai virus and

-
-
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Linear differentiation pathway: Traditional
3 || view of memory T cell differentiation.

]

.
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Decreasing potential hypothesis: Progress toward terminal

cells.
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differentiation (driven by Ag) is accompanied by a decreased
potential for memory cell development + susceptibility to apoptosis.

route taken. In all of these models, if the effector cell is depicted as an end
cell, then all those cells die within a relatively short time. In all of the
models, the memory cells survive for long periods. They can be activated
at a later time to develop into effector cells and generate more memory



influenza virus, have come to similar con-
clusions. Several groups have analyzed CD8
responses in B cell-deficient mice and find
that CTL memory to ovalbumin (40), H-Y
(37), or LCMV (38) does not wane. Thus,
it appears that neither B cells nor antigen-
antibody complexes are essential for main-
taining CD8" T cell memory. In addition
to these experimental systems, there is also
evidence for long-term CTL persistence in
humans in the apparent absence of specific
antigen. A recent study (39) has shown that
vaccinia virus—specific memory CTLs can
be detected in individuals vaccinated more
than 30 years earlier. It is unlikely that this
long-term CTL memory is due to antigen
persistence, because vaccinia virus does not
cause a chronic or latent infection in hu-
mans and there is no possibility of reexpo-
sure to vaccinia virus, because vaccination
against smallpox virus was stopped in 1977.

Fewer studies have investigated whether
antigen is required for the maintenance of
CD4* T cell memory. In one study (35), it
was found that in the absence of antigen, T
cell help decayed within a few weeks. FDC-
maintained antigen was implicated (41) in
this decay, and so it is interesting that in B
cell-deficient mice the longevity of CD4 T
cell memory appears to be compromised
(42). However, not all studies of this nature
(43) or studies using different approaches
(24) have reached this conclusion. Never-
theless, it is tempting to speculate that B
cells may be involved in sustaining CD4™*
memory (42) and that the rules for main-
taining CD8 and CD4 T cell memory are
different.

What is the life-span of memory T cells?
Turnover studies on cells with a “memory
phenotype” in mice (27), sheep (44), and
humans (45) have indicated that at least
some of these cells divide with regularity. A
drawback of such studies is their failure to
distinguish between memory and effector
cells on the basis of the surface markers
used; thus, it is not clear whether the cy-
cling cells are memory cells or effector cells.
Studies (46) analyzing the in vivo state of
LCMV-specific memory CTLs have shown
that a small fraction (5 to 10%) of memory
CTLs are in cycle at a given time. It is not
known whether the resting (~90%) and
cycling cells represent two distinct popula-
tions or whether over the lifetime of the
mouse all the memory cells will undergo
some small amount of division. Because the
total number of memory CTLs remains rel-
atively constant, this amount of turnover
must be sufficient to compensate for the
rate of cell death. An important question is
whether this turnover represents a specific
mechanism for maintaining antigen-specif-
ic memory or is a general mechanism for
maintaining the total number of peripheral
T cells. It is well established that, at a
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population level, peripheral T cells are ex-
tremely long-lived (27). For example,
thymectomy of adult mice has only a min-
imal effect on the total number of T cells
(47). If there is some cycling of memory T
cells, what is the stimulus? There are several
possibilities: (i) signaling through the TCR
by cross-reactive environmental or self an-
tigens (48, 49), (ii) signaling through adhe-
sion and costimulatory molecules that are
up-regulated on memory T cells (5), or (iii)
hyperresponsiveness to cytokines because of
increased amounts of cytokine receptors
(50). These possibilities can be tested ex-
perimentally with the use of the appropriate
knockout mice and blocking reagents.

Many critical issues of T cell memory
(intermitotic life-span, lineage, and so on)
still remain unresolved. Adoptive transfer
experiments using transgenic T cells bearing
single rearrangement, monospecific TCRs
should shed light on many of these ques-
tions. However, when setting up these ex-
periments, one should be aware that transfer
into an empty vessel, such as mice with
severe combined immunodeficiency disease,
may give rise to exaggerated estimates of
life-span as there is no pressure on the re-
constituting cells from repopulating precur-
sors from primary lymphoid organs. Con-
versely, transfer into intact mice may give
very short life-span estimates, although there
is the potential to achieve a stable chimer-
ism, which would allow study of the subse-
quent decay of numbers over time (14). The
use of TCR-transgenic mice as donors offers
us the means to investigate more stringently
than ever before the role of antigen depen-
dence in memory cell survival. However,
there are pitfalls to avoid; given that cells
expand after transfer (24, 51), probably be-
cause of encounters with environmental or
cross-reactive antigens (48), it seems wise
to carry out such experiments with TCR
transgenics that are back-crossed onto a
recombination activating gene—deficient
background, and so avoid nonspecific anti-
gen effects caused by endogenous receptor
rearrangements.

B Cell Memory

Secondary or recall antibody responses differ
from primary responses in three easily quan-
tifiable ways: (i) they occur more rapidly, (ii)
they consist of relatively more immunoglob-
ulin G (IgG), IgA, or IgE than of IgM, and
(iii) they are of higher affinity. The acceler-
ated response is the result of increases in the
frequencies of antigen-specific B cells and
CD4" helper T cells (memory is a feature of
T cell-dependent antibody responses; in
general, T cell-independent antigens induce
very poor and short-lived memory respons-
es). Differences in the activation require-
ments of memory B cells and memory T
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helper cells also enhance the speed of induc-
tion of the secondary response, but frequency
may be the most important factor: The sim-
ple expedient of increasing the frequency of
naive antigen-specific transgenic helper T
cells can result in a secondary-type antibody
response (52).

The processes of clonal expansion, so-
matic hypermutation of Ig V regions, af-
finity selection (53), and much of the
isotype switching take place in germinal
centers (GCs). Germinal centers are, in
fact, specialized sites of memory B cell
generation. Inhibition of the GC reaction
leads to ablation of secondary antibody
responses (54). Advances in our knowl-
edge of memory B cell development have
accrued rapidly in recent years and have
been reviewed elsewhere (31). Figure 3
depicts some of the important events in
memory B cell differentiation.

The question of whether there is a spe-
cialized memory or GC precursor cell is one
that has aroused controversy. Klinman and
colleagues (55) maintain that B cells ex-
pressing small amounts of the heat-stable
antigen (recognized by ]J11d antibody) do
not take part in primary responses but are
the precursors of memory B cells and give
rise to GCs, in contrast to J11d™ cells (see
model 1, Fig. 2). However, it is clear from
sequence analysis that the cells that form
proliferating foci in the T zones early in the
response (see Fig. 3) can be clonally related
to cells in adjacent GCs (56). Whether or
not memory B cells develop as a distinct
lineage from the cells that generate the
primary reponse, it is clear that memory B
cells differentiate along a separate pathway
from effector or plasma cells (see model 1,
Fig. 2). The signals that drive these two
pathways are distinct; for instance, CD40L
(57) and transcription factors such as B
cell-specific activator protein (58) favor
memory development, whereas OX40 (59),
CD23 (60), and Blimp 1 (61) are important
for plasma cell differentiation.

After leaving the GC, memory B cells
reenter the pool of lymphocytes that re-
circulate among secondary lymphoid or-
gans. Some of the recirculating memory B
cells soon enter the marginal zone of the
spleen and become resident nonrecirculat-
ing cells (31). Most B cells that leave the
GC appear to express switched Ig isotypes
(62). In T-dependent responses, most of
the Ig switching may happen in the GC
but it is not specific to this site; antigen-
specific IgG can be detected before GC
formation (31), and IgG antibodies are
produced in response to T-independent
antigens that elicit no GC reaction. In
contrast, somatic hypermutation does
seem to be restricted to the GC (56),
although not all cells that leave the GC
are necessarily mutated (63).
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The long-term survival of memory B
cells is clearly potentiated by the presence
of persistent antigen depots on FDCs (5,
31, 32). The question of whether there is
any obligatory requirement for antigen has
not been satisfactorily resolved. On the one
hand, transfer of primed B cell populations
in the absence of antigen led to the disap-
pearance of the memory response within 6
to 12 weeks (64); on the other, BrdU label-
ing of IgG-expressing antigen-specific B
cells 20 weeks after immunization indicated
that turnover was low (although turnover of
10% of the memory population during 18
days of BrdU administration is not insignif-
icant) (65). Do memory B cells require T
cell help for their survival? One study found
that memory B cells could persist for more
than 6 weeks in mice depleted of CD4* T
cells (66); however, there was evidence that
the anti-CD4 treatment did not abolish all
helper function. Additional studies are
clearly needed to resolve this issue.

Injection of mice with tetanus toxoid
or keyhole limpet hemocyanin (67) can
elicit serum antibodies that are detectable
during the entire life of a mouse, and
people vaccinated with diphtheria or tet-
anus toxoid can have circulating antibody
for more than 25 years (68). Amounts of
antibody do decline substantially over this

Fig. 3. Development of
memory B cells. The prima-
ry activation of B cells takes
place in T zones of second-
ary lymphoid organs during
the first week after immuni-
zation (upper panel). The
initial activation of T cells is
mediated by dendritic cells.
During subsequent T-B in-
teractions, the ligation of
CD40 by CD40L on acti-
vated CD4™* T cells is cru-
cial for primary antibody
production, isotype switch-
ing, and progress of B cells
into the memory pool. Most
B cells activated in T zones
differentiate into plasma
cells secreting the primary
response IgM antibody.
Some B cells (memory pre-
cursors) enter follicles and
begin to proliferate and
form GCs. They also start
to mutate their Ig receptors;
the signals that regulate
proliferation and mutation
in GCs are unknown. Cells
progress through the GC

gramming and rescue sig-
nals (lower panels). For
memory B cells, there is a

two-step selection process, the first involving a screen of antigen-binding ca-
pacity and the second involving a cognate interaction to induce CD40L on T cells
that can then facilitate long-term memory B cell survival (lower left panel). At
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period, but it is remarkable that circulat-
ing antibody can still be detected 25 to 50
years after immunization with nonrepli-
cating antigens [the half-life of free anti-
body molecules is less than 2 weeks (68)].
To obtain such long-lasting antibody re-
sponses, three doses must be administered
over 1 year; we do not know if this is
needed to bring about sufficient memory
cell expansion or to deposit sufficient an-
tigen onto FDCs. Conventional wisdom is
that in order to maintain the concentra-
tion of serum antibody, there must be
persistent stimulation to drive a continu-
ing differentiation to plasma cells. This is
based on the notion that plasma cells are
short-lived, yet evidence supporting this
idea is surprisingly scarce. One study has
highlighted considerable variation in plas-
ma cell life-span, depending on the isotype
produced and the site of production (69).
Most of the plasma cells in the spleen and
lymph nodes and half of those in the gut
lamina propria of mice have a life-span of
around 3 days. In contrast, most plasma
cells in the bone marrow, the organ that
contributes the major proportion of serum
antibody in established responses, have a
life-span estimated at 3 to 4 weeks (69,
70). If this estimate is correct, the main-
tenance of serum antibody would still re-

| Primary activation of T cells and B cells |
| in T zones of secondary lymphoid tissues

CDA40L rescue signal i
(Bcl-2 dependent) < % ) ;

under the influence of pro- |~

bone marrow.
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quire continued stimulation, but clearly
this aspect of long-term antibody respons-
es warrants further investigation, especial-
ly in the light of a much older study (71)
indicating a very long life-span for a small
proportion of plasma cells.

Protective Immunity

The four players involved in protective im-
munity—plasma cells, memory B cells, ef-
fector T cells, and memory T cells—differ
in the longevity of their responses, have
different maintenance requirements, and
act in different ways to confer protection.
Plasma cells provide the first line of
defense against infection. The presence of
preexisting neutralizing or opsonizing anti-
body at the site of infection is the most
effective mechanism for preventing infec-
tion per se and is the key aspect of protec-
tive immunity against many viral and most
bacterial infections (72). After infection or
vaccination, antibody in the serum can per-
sist for decades (68, 72). In contrast, mu-
cosal antibody responses are relatively
short-lived (usually a few months to a year
or so). This has profound consequences for
protective immunity against mucosal infec-
tions. It is not coincidental that short-lived
immunity is often associated with localized
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and mutation

Exit cel
reexpr

Antigenic selection
by FDCs + Ag-Ab
Y

Res d
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certain times, plasma cells arise in the GC after interaction of B cells with CD23
on FDCs. These are mostly IgG-secreting cells and are likely to migrate to the



mucosal infections [for example, rotavirus,
respiratory syncitial virus (RSV), rhinovi-
ruses, and so on], whereas long-term protec-
tive immunity is a feature of many systemic
infections (such as measles, yellow fever,
polio, mumps, and smallpox) (72). There
are exceptions, of course, but the trend is
too striking to ignore.

The reasons for the marked differences in
the durations of mucosal versus systemic an-
tibody responses are not known. Most of the
antibody present in the serum comes from
plasma cells residing in the bone marrow
(70, 73), whereas mucosal antibody levels
mostly reflect the number of plasma cells
present at mucosal sites. It is possible that
plasma cells have very different life-spans at
these two anatomical locations. The bone
marrow microenvironment may provide the
right signals and cytokines to sustain plasma
cells for long periods, perhaps for several
years. This may seem ludicrous in light of the
present dogma that plasma cells only live for
a few days or weeks at most, but the notion
is not inconsistent with the large body of
data showing prolonged antibody production
after immunization (68, 70-72). In this con-
text, it is worth noting that in the case of
inert antigens, plasma cells lodge in the bone
marrow only after a booster injection (70)
but are found in the bone marrow after just a
single exposure to live virus (73). This sug-
gests a relation between long-term antibody
production and the presence of plasma cells
in the bone marrow.

In contrast to prolonged serum antibody
responses, the effector phase of the T cell
response is short-lived. This dichotomy in
the humoral and cellular responses is a fea-
ture of most acute viral infections (also of
immunization, in general) and gave rise to
the misconception that T cell “memory” is
short-lived (74). Of course, numerous studies
have now shown that the memory T cell
response is indeed long-lived (5); it is the
effector phase that is short-lived and seen
only in the presence of antigen. This makes
teleological sense. Sustained secretion or
overproduction of cytokines can have dele-
terious effects on the immune system, and
the presence of fully active killers could re-
sult in immunopathological damage if some
of these CTLs were cross-reactive with self
antigens. Thus, maintaining T cell immunity
by sustaining the effector phase carries a high
price tag. Because memory T cells can rap-
idly develop into effectors and quickly gain
access to sites of infection, it is not essential,
in most instances, to have preexisting effec-
tor T cells to provide protection. An excep-
tion to this might be certain mucosal infec-
tions in which clinical symptoms appear so
quickly that there is not sufficient time for
memory T cells to come into play. By the
time memory T cells expand, differentiate
into effectors, and control the infection, part

or most of the damage is already done. In
such situations, effector T cells at mucosal
sites may be required to prevent disease. This
may be the case in experimental models of
RSV and rotavirus infections, in which it
was reported that protective CTL immunity
is short-lived (75). Because effector CTLs
are strictly dependent on antigen, it is not
surprising that this response waned rapidly as
amounts of antigen declined.

Memory B and T cells do not prevent
infection per se but they quickly proliferate
and differentiate into effectors upon reex-
posure to pathogen; this rapid recall re-
sponse is critical in controlling the extent
of infection and preventing disease (5). Be-
cause both T and B cell memory are long-
lived, memory responses are an important
component of long-term protective immu-
nity (5). However, memory responses in
general are more effective in preventing
disease due to systemic infection than to
mucosal infection. In viruses such as mea-
sles and polio, virus replication at the site of
entry (the respiratory tract for measles and
the intestinal tract for polio) does not pro-
duce any clinical symptoms; disease results
from viral spread to other tissues (72). In
such systemic infections, there is enough
time for memory T and B cells to expand,
differentiate, control the infection, and pre-
vent clinical disease.The window of oppor-
tunity is much shorter for pathogens that
produce disease by replicating and causing
tissue damage at the site of entry (for ex-
ample, rotavirus in the gut and RSV in the
respiratory tract) (72). In such mucosal in-
fections, memory cells by themselves are
unable to fully prevent clinical symptoms
although recurrent infections tend to be less
severe (72). Thus, in mucosal infections,
immunological memory can remain intact,
but protective immunity starts waning with
the decline of effector cells at mucosal sites.

Conclusion

All four cell types—T and B effector cells
and T and B memory cells—contribute to
protective immunity against infectious dis-
eases, but the relative importance of each
cell type varies according to the nature of
the pathogen and the type of disease it
produces. Moreover, the four cell types ex-
hibit different requirements for their main-
tenance. [dentifying the correlates of immu-
nity for different pathogens and under-
standing how these responses can be sus-
tained is critical for the rational develop-
ment of vaccines that will induce long-term
protective immunity.
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Lymphocyte Homing and
Homeostasis

Eugene C. Butcher and Louis J. Picker

The integration and control of systemic immune responses depends on the regulated
trafficking of lymphocytes. This lymphocyte ‘““homing” process disperses the immuno-
logic repertoire, directs lymphocyte subsets to the specialized microenvironments that
control their differentiation and regulate their survival, and targets immune effector cells
to sites of antigenic or microbial invasion. Recent advances reveal that the exquisite
specificity of lymphocyte homing is determined by combinatorial ‘“‘decision processes”
involving multistep sequential engagement of adhesion and signaling receptors. These
homing-related interactions are seamlessly integrated into the overall interaction of the
lymphocyte with its environment and participate directly in the control of lymphocyte
function, life-span, and population dynamics. In this article a review of the molecular basis
of lymphocyte homing is presented, and mechanisms by which homing physiology reg-
ulates the homeostasis of immunologic resources are proposed.

The immune system faces daunting chal-
lenges in its mission of protecting the body
from microbial invasion. From a large but
finite number of antigen-receptor—defined
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lymphocyte clones, it must establish and
maintain a diverse, nonautoimmune popu-
lation of mature lymphocytes and endow
them with the capability to respond to for-
eign antigen wherever it may enter the
body. It must control the interplay between
B cells, T cells, specialized accessory cell
populations, and antigen so as to efficiently
initiate primary cellular and humoral im-
mune responses. [t must integrate immune
responses throughout the body, while at the
same time targeting and permitting special-
ization of immune response modalities in
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different regions of the body such as the
alimentary tract, the lung, and the skin.
Finally, the immune system must use effi-
cient mechanisms of homeostasis to provide
for long-lasting but malleable immunity
over time and to prevent the overexpansion
or depletion of specialized lymphocyte sub-
sets. To accomplish these diverse tasks, evo-
lution has created a dispersed system of
highly specialized immune microenviron-
ments that control the differentiation and
homeostasis of mature lymphocytes and
then linked these microenvironments to-
gether with each other and with the effector
sites of the body through an elaborate system
of lymphocyte homing and recirculation.

Our purpose in this review is to describe
recent molecular and conceptual advances
in our understanding of lymphocyte recir-
culation and homing; to emphasize the im-
portance of targeted lymphocyte migration
in the integration, regulation, and special-
ization of immune responses; and to explore
emerging concepts of the role of recircula-
tion and microenvironmental homing in
immune homeostasis.

Lymphocyte Recirculation and
Homing from the Blood

Most mature lymphocytes recirculate con-
tinuously, going from blood to tissue and
back to blood again as often as one to two
times per day (I). Recirculation is not ran-
dom, but rather is targeted by active mech-
anisms of lymphocyte—endothelial cell rec-



