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Figure 1 | Generation of memory cells and effector cells. a | Development of memory B cells and
effector B cells (plasma cells) occurs in two phases. Short-lived plasma cells that make mostly IgM (but
some IgG) are generated during the primary response and occupy sites, such as the splenic red pulp or
lymph node medulla. B cells are also seeded to follicles to form germinal centres in this early phase.

The second phase involves the formation of the memory B-cell pool and seeding of long-lived plasma
cells to the bone marrow (making predominantly switched isotype antibodies). Plasma cells are terminally
differentiated and do not give rise to memory cells. All arrows are driven by antigen and T-cell help.

b | Development of memory T cells (CD4 and CD8). After activation, cells differentiate into effector T cells.
Memory T cells might be generated by divergence from this pathway or directly from effector T cells!”50-52,
There might be two subsets of memory cells®*: quiescent, central memory cells that recirculate from blood

to secondary lymphoid organs, and effector memory cells that migrate through tissues

very rapid response on reactivation with antigen.

435 and deliver a

cells are transferred into lymphotoxin-a.-
deficient mice, which lack FDCs, they fail to
make a long-term immunoglobulin G
response on stimulation®. Continuing anti-
genic stimulation of precursors (memory
cells) to become plasma cells would very soon
deplete the memory pool, and so it follows
that memory cells must self-renew as a result
of this stimulation. A direct prediction of this
idea (unfortunately untested) is that within a
short time of the serum antibody levels falling
to zero, functional memory would also be
lost. FDC-bound immune complexes are not
the only examples of antigens that persist;

many viruses remain in host tissues for years
as a normal part of their life cycle®. Even those
often assumed to be eliminated by the
immune response (for example, lymphocytic
choriomeningitis virus) have been shown to
persist in a variety of forms’. One is left won-
dering if viruses are ever completely expelled
by the immune response, and indeed,
whether this would be an entirely wise strat-
egy, as memory and protective immunity are
perpetuated by antigen. Parasitic infections,
of which malaria is a prime example, can also
be controlled at asymptomatic levels for
years®. These examples indicate that the
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period over which antigen can influence the
immune response is very long.

New memory cells are generated through-
out life; however, the memory pool, like all
lymphocyte populations, is finite in size®'°.
A process of homeostasis must operate to reg-
ulate the survival and/or the deletion of
memory cells. What happens when new
memory cells are generated? Current evidence
indicates that pre-existing memory cells are
deleted in a process that has been termed
‘attrition’", and represents homeostatic dele-
tion (FIG. 2a). Which memory cells are deleted
and why is, at present, unclear. However,
maintaining the cells that have been activated
by antigen in the recent past would ensure
responsiveness to antigens that have shown
themselves to be in the immediate environ-
ment. One way to bring this about would be
to use FDC antigen depots to keep at least a
proportion of a memory clone in an active
state. In this state, memory cells might con-
tinue to cycle or retain the capacity to
respond to survival signals. For some mem-
ory cells (for example, mouse CD8 memory
T cells) there might be a surrogate for anti-
gen in the form of a cytokine that is released
by tissue cells on infection. So, interferon
(IFN)-o/p made by virally infected cells
causes a limited proliferation of memory
phenotype CD8 T cells'?. In fact, IFN-a/f
induces interleukin (IL)-15 production by
DCs and macrophages''*, and it is this
cytokine that acts on memory-type CD8 T
cells to elicit cell division®'*. Both IL-15- and
IL-15 receptor-a (IL-15Ra)-chain knockout
mice exhibit selective deficiencies in memory
CD8 T cells'>*. This IL-15-driven prolifera-
tion of CD8 memory cells might balance
homeostatic deletion that occurs in a different
part of the same clone. In this way, IL-15
maintains memory cells that remain in a
semi-activated state and continue to express
IL-15R">¢, allowing the CD8 T-cell popula-
tion to sample the external environment for
virological challenge. To work as a means of
memory-cell homeostasis, IL-15R expression
(probably the IL-2RB-chain; CD122"%) should
be heterogeneous within a clone, being down-
regulated with time after activation; cells that
lack the receptor becoming susceptible to
deletion (FIG. 2b). Maintenance or upregulation
of the receptor could be achieved by antigen
stimulation; at present, the stability of expres-
sion of IL-15R following antigenic stimulation
is not known.

Lessons from vaccination?

Before I discuss the experiments that
attempt to test antigen-dependence of mem-
ory, it is worth considering the experience
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Figure 2 | Model of homeostasis in the
memory pool. a | For each new memory cell that
is generated, one must be deleted. This should be
on the basis of their ability to access or respond to
survival factors, such as antigen or cytokines,
both of which replenish the memory pool and can
balance homeostatic deletion. b | A simple model
of how this might work is suggested: the
expression of receptors for the survival factor (for
example, IL-15 receptor; IL-15R) decays over time
after antigen stimulation. So, the longer the time
from encounter with antigen, the more likely the
cells will be lost from the system.

of vaccination. Examples of long-term
responses and memory following infection
or vaccination are often quoted in support of
antigen independence; however, the informa-
tion is generally incomplete. For instance, the
famous example of the measles outbreak in
the isolated community of the Faroe Islands,
where immunity to the virus survived 65
years between epidemics, is not, as often
cited, an example of an antigen-independent
mechanism'. It is clearly evidence against
re-exposure as a necessity for memory sur-
vival, but measles virus can persist in the
brain and might be re-activated much later
to cause subacute sclerosing panencephalitis®,
and so this is not strictly evidence for

antigen-free survival of memory. A better
example for antigen-independent survival is
the case of six people in Virginia, USA, who,
75 years after an attack of yellow fever, were
found to have circulating antibodies to the
yellow fever virus'®. This virus is thought to
be completely eliminated by the immune
response, although the longevity of the
response leads me to doubt this. The detec-
tion of serum antibody for 25 or 30 years
after vaccination with non-replicating vac-
cine preparations, such as tetanus or diph-
theria toxoid, is well documented. Such
long-lived antibody responses are only
apparent if the individuals were given at least
two booster injections in the first year after
vaccination'. This could mean that crucial
levels of antibody—antigen complex must
accumulate on the FDC for antibodies (and
memory) to be maintained for 30 years.
Alternatively, the booster injections might
increase the plasma cell population size to an
extent that will be functionally relevant over
this extended period. The timescale makes
both of these proposals seem a little far-
fetched: can antigen really persist on FDCs
for 30 years? And can plasma cells really sur-
vive and secrete antibody for 30 years? We do
not know how long FDCs or plasma cells
remain alive and functionally active in
humans. In mice, FDCs seem to survive for
the lifetime of the mouse (indicated by
detection of antigen—antibody complexes
in situ 18 months after injection of antigen;
D. G. and M. Kosco-Vilbois, unpublished
observations). Plasma cells in the mouse
bone marrow (the main source of circulating
antibodies) have an estimated half-life of 5
months'; no estimates are available in
humans. It is unclear if it is appropriate to
extrapolate these figures 40-fold when con-
sidering the lifespan of the human equiva-
lents (on average we live 40-times longer
than a mouse). If neither long-lived FDCs
nor long-lived plasma cells are conceivable,
then we must resort to re-exposure to the
same or crossreacting organisms to explain
such long-lived antibody responses

More generally, it is the common experi-
ence of vaccination that live, attenuated viral
vaccines are much more efficient than killed
viral vaccines or non-replicating recombinant
vaccines at eliciting long-term protection®.
Again, this can be interpreted quantitatively
— replicating viruses generate a much
higher antigen load to be deposited on FDCs
or to expand the memory pool. However,
there might also be a qualitative aspect to
this, with the inflammatory cytokines asso-
ciated with the antiviral response pushing
the cells to become effector cells, such as

long-lived plasma cells. A good example of
this is provided by a recent study of the dif-
fering responses to live or heat-killed
Listeria monocytogenes: heat-killed bacteria
generated high frequencies of CD8 memory
cells but no protective response, in contrast
to the live Listeria, which gave rise to both®.
This brief discussion illustrates an urgent
need for more studies on the interaction of dif-
ferent antigenic formulations (for example, live
versus non-replicating vaccines) with the
immune system. In relation to antigen dose,
there are arguments against large single-
antigen doses or complex mixtures of antigen
(especially peptides), to avoid clonal exhaus-
tion?*"?? and clonal competition®?, respec-
tively. However, these caveats apply to initial
antigen dose and not to antigen persistence.
Leaving aside chronic infection, which indicates
that responses are impaired, there is no data to
indicate that antigen persisting in the body is
anything but a good thing. The notion that
antigen persistence is something to be avoided,
as some experimental immunologists have
suggested®, does not take into account the real
immune system and the need for protection.

Memory maintenance in experiments
Experimentally, the absolute requirement for
antigen to maintain memory is still controver-
sial. However, the notion that memory cells
exist in a long-term GO resting state is no
longer tenable’. The current consensus is that
even in situations in which there is no selective
pressure and no antigen, memory cells remain
in a ‘semi-activated’ state, owing to stimulation
by cytokines (for CD8 memory cells)"* or by
‘tickling’ of the T-cell receptor by major
histocompatibility complex (MHC)—peptide
complexes®. As with most cells of the body,
apoptosis might be a default fate, which is
staved off by microenvironmental signals®.
Therefore, lymphocytes are sustained only if
microenvironmental resources are available?®
or, in other words, only if there are niches to
occupy'® (FIG. 3a). The ecological analogy is a
useful one: different types of lymphocyte
occupy different niches, most obviously B cells
and T cells. But so too do naive and memory
T cells', the former requiring MHC/dendritic
cell contact® and the latter being less depen-
dent on MHC but relying on cytokines'
(FIG. 3b). The lymphoid system, like any envi-
ronment, has a finite number of niches, and in
anormal system that is full of lymphocytes
there is constant competition for the
resources. When new memory cells are gener-
ated, similar numbers are deleted (homeosta-
sis) (FIG.2). The only way to understand factors
that influence the survival of memory cells is
to study them in their natural habitat.
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Figure 3 | Niche occupancy in different lymphoid systems. a | Occupancy of niches in a normal (full)
immune system and an experimental (immunodeficient) immune system. Pockets represent niches, the
identity of which is depicted (speculatively) in part b. The right-hand panel (immunodeficient system) is a
representation of memory experiments in which memory T cells from T-cell receptor transgenic mice are
transferred in small numbers to immunodeficient (Rag 7~ or MHC~) mice. In this system the cells have no
competition, whereas if the transfer was done into irradiated mice, host cells from bone marrow and
thymus would eventually repopulate and compete for niches. b | Possible identity of niches/resources
needed by lymphocytes for their survival. Available data indicate that naive T cells require contact with
MHC, whereas memory cells are less dependent on this, but more reliant on cytokines (for a review, see
REE. 56). The source of MHC class Il as a maintenance signal is likely to be dendritic cells®”. Dendritic cells
or macrophages also make cytokines, such as interleukin-15, but cytokines are likely to be produced by a
wide range of tissue cells (for example, type 1 interferons) after activation or infection. APC, antigen-
presenting cell; MHC, major histocompatibility complex; Rag7, recombination-activating gene 1.

Most, but not all®?*, studies over the past
5-10 years that have addressed memory-cell
survival have used slightly artificial model sys-
tems, using T-cell receptor transgenic mice.
Memory cells are generated in vivo, and then
transferred into adoptive hosts that are T-cell
deficient and are unable to repopulate from
bone marrow or thymus (BOX 1). From this
type of experiment, it has been concluded
that memory T cells survive for long periods in

the absence of antigen®?3'-** and often
without access to MHC molecules?>263%3,
In my opinion, it would be more accurate to
conclude that, in the absence of competition,
memory cells can survive indefinitely. In
immunodeficient mice, the number of niches
is effectively unlimited, and the transferred
cells could survive significantly longer than
physiologically normal (FIG. 3) for two possi-
ble reasons: first, competition for access to

PERSPECTIVES

survival factors, such as cytokines, is removed
(at least temporarily); and second, because
the ‘homeostatic proliferation’ that occurs
after transfer to immunodeficient hosts
(presumably MHC or cytokine driven®>*)
expands the input population. Our own expe-
rience, with B cells and CD4" T cells, is that
when memory cells are transferred (at physio-
logical frequencies) into hosts capable of
repopulation from primary lymphoid tissues,
they fall to undetectable levels within a matter
of weeks if antigen is not present">%, and the
same is true in intact mice.

The most elegant experiment, so far, to test
the absolute requirement for antigen did so by
changing the specificity of memory B cells by
Cre/Lox recombination (deleting one V,
gene, while inverting another)*. Over the time
studied (15 weeks), memory cells generated
against nitrophenyl (NP) were maintained
with little decay, even though they now pos-
sessed a receptor that bound phycoerythrin
(PE) and not NP. Despite the elegance of the
experimental design, a number of uncertain-
ties exist; for instance, the possibility of cross-
reactivity of the new receptor, and the fact that
itis difficult to draw strong conclusions about
the decay of the PE-specific memory cells
when so few cells are analysed. Competition
arguments are also still pertinent: mice main-
tain their pool of A-light-chain-expressing
cells and antibodies at around 5%; in these
mice all the A-positive cells are PE binding,
carrying a single V,, and so might avoid nor-
mal homeostatic mechanisms based on
V,, expression (in other words, antigen
specificity)*2. In addition, and most
importantly, the survival of the PE-binding
cells needs to be assayed over a longer period
and also in the face of competition from
newly generated memory cells (in compari-
son with NP-specific cells). Experiments by
Maruyama, Lam and Rajewsky?®, however,
might well indicate that antigen persistence
is not an absolute requirement for memory-
cell survival. Does this mean that antigen is
unimportant for long-term memory-cell
survival? Far from it. Homeostatic selection
means that any memory cell with a readily, if
intermittently, available source of antigen
will have a clear selective advantage over one
that does not. Antigen does persist in the
immune system for a very long time after
immunization or infection, and during this
time it can, and does, influence antigen-
specific lymphocytes. Although memory
might not, in experimental terms, be
absolutely dependent on antigen, it is strongly
potentiated by it, and in the normal, intact
immune system, antigen protects the memory-
cell population from terminal attrition.
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Box 1 | Experiments to assay memory-cell survival

The classical assay for memory cells is adoptive transfer of lymphocytes from antigen-primed mice
into sub-lethally irradiated recipients (a). In such mice, not all host lymphocytes are killed and
repopulation occurs from bone marrow and thymus. The readout of such an experiment is normally
functional; for example, the ability of the transferred cells to mount an enhanced response in
comparison to transferred naive cells (for example, antibody production, proliferation or cytokine
production after in vitro restimulation). Donor cells are often recognized with antibodies to an
allotypic marker (for example, IgH, Igi, Thy1 and Ly5). Memory cells generally need reactivation
(boosting in vivo) to detect their response ex vivo (compare with effector cells; BOX 2). An alternative to
adoptive transfer is limiting dilution analysis to measure the frequency of antigen-specific memory
cells after immunization of intact mice (this requires in vitro restimulation and culture 7 days or more;
gives frequencies that are severalfold lower than tetramers and so might not provide optimal
conditions for assaying all memory cells). More recently, a new type of adoptive transfer has been
developed using gene-targeted mice as recipients and transgenic mice as donors (b). Therefore,
antigen-primed lymphocytes or activated cells from T-cell receptor transgenic mice are transferred
into immunodeficient mice (severe combined immunodeficiency, scid; recombination-activating gene,
Rag; or major histocompatibility complex, MHC”-). The readout in these experiments is usually
enumeration of cells surviving after weeks or months, measured by clonotypic antibody, but, in
addition, might include in vivo or in vitro assessment of functional activity (proliferation and
cytotoxicity) after reactivation. Potentially, the method of choice is to follow antigen-specific cells
without having to perform adoptive transfer with all its attendant artefacts. For B cells, it has been
possible for some time to measure antigen-specific cells by flow cytometry (and immunohistology)
using fluorescent antigens®’, but for T cells this has only recently become available with the advent of
MHC tetramers* (c). Although this is a very powerful technique, it needs to be combined with full
analysis of other phenotypic markers (for instance, to distinguish memory from effector cells).
Moreover, few studies have attempted to correlate tetramer-positive T cells with memory function —
this needs to be addressed.

Concluding remarks

So far, we have focused on the arguments
and experiments of immunologists who are
trying to understand memory. A non-
immunologist would surely understand
immunological memory as the means of
vaccine-mediated protection from infectious
disease. Immunologists, as expected, have
more sophisticated and more varied defini-
tions that are based on experimental con-
structs. Our basic methodology is the detec-
tion in the immune system of increased
numbers of antigen-specific lymphocytes —
that is, memory cells. Memory cells, under
certain circumstances, might deliver protec-
tion from reinfection, but they provide no
guarantee'”*. It is effector cells and their
products that most reliably deliver protective
immunity (see BOX 1 and BOX 2 for a discus-
sion of the measurement of memory and
effector cells, respectively). These can be
plasma cells making serum or mucosal anti-
bodies, or cytotoxic T cells that kill virus-
infected cells cytokine-secreting T cells that
activate macrophages. They efficiently pro-
tect, because they actively secrete molecules
that provide a barrier to reinfection (for
example, antibodies) or they can be rapidly
triggered to respond (for example, to kill)
(FIG. 1). Evidence indicates that to keep effector
cells in this heightened state of readiness or
activity requires the continued presence of

antigen*~*¢ (also see BOX 2). Furthermore,
memory cells that survive for long periods in
immunodeficient hosts, in the absence of
MHC (see above), show impaired functional
activity (B. Stockinger, personal communica-
tion). For this reason alone, in my view, it
would be a foolhardy immunologist who
designed a vaccine that did not persist in some

a Sub-lethal irradiation o C%Q

Inject cells

Bone
marrow

OOO

Inject cells

b

Immunodeficient mouse
(e.g. Rag™-, scid)

Immunize

Normal mouse

form and did not interact with the key cellular
component of memory response, the FDC.
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Box 2 | Assays of effector cells and their lifespan

measure the antigen-specific response.

Ochsenbein et al.®®

requires affinities of >108 M.

Unlike memory cells, effector cells provide a measure of their presence or activity directly

ex vivo and no (or very short) in vitro culture need be carried out to reveal this. For plasma cells,
it can be a simple matter of obtaining serum and assaying for antibodies that bind to the
immunizing antigen. To enumerate the effector cells from tissues, one can use FACS
(fluorescent-activated cell sorting) to stain for intracellular antibodies (plasma cells) or
cytokines (effector T cells). Also, ELISPOT (enzyme-linked immunospot) methods (for
cytokines or antigen-specific antibodies; capture, on a solid phase, of soluble molecules secreted
from single cells, which are then developed and counted as coloured spots) can be used to
enumerate effector cells. Both methods rely on an increase above non-immunized controls to

There is some controversy about the lifespan and antigen-dependence of plasma cells. On the
one hand, Slifka et al.'”” and Manz et al.* show long-term antigen-independent survival of specific
antibody production after adoptive transfer. On the other hand, Zinkernagel and colleagues*
show that long-term protective antibody responses are dependent on the continued presence of
antigen, CD4 T-cell help and proper lymphoid organ structure — all factors pointing to a role for
re-stimulation of memory precursors by antigen on FDCs. The difference between the two camps
might lie in the way in which they measure the antibody response. Slifka ef al.' and Manz et a
measure the specific serum antibody by ELISA or ELISPOT, both methods that rely on binding
antigen to the solid phase and as such detect both high- and low-affinity antibodies (>10° M").
measure antibodies that neutralize the immunizing virus, a process that
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