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In the past few years progress has been made in understanding
the molecular mechanisms that underlie the initial generation,
and the ensuing differentiation and maintenance, of humoral
and cellular immunity. Although B and T cell immunological
memory contribute to protective immunity through
fundamentally distinct effector functions, interesting analogies
are becoming apparent between the two memory
compartments. These include heterogeneity in function,
anatomical location and phenotype, which probably relate to
differential environmental cues during the early priming events
as well as the later differentiation phases. Detailed definition of
the molecular and cellular signals involved in the development
of immunological memory, and the relative contributions of
different memory subsets to protective immunity, remains an
important goal.
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Introduction

Immunological memory is a cardinal feature of adaptive
immunity, whereby the first encounter with a pathogen is
imprinted indelibly into the immune system. Subsequent
exposure to the same pathogen then results in acceler-
ated, more robust immune responses that either prevent
reinfection or significantly reduce the severity of clinical
disease. Both humoral and cellular immune responses
comprise important arms of immunological memory, and
have evolved to perform distinct effector functions.
Humoral immune responses include pre-existing anti-
body, memory B cells (MBCs) and long-lived plasma
cells (LLPCs). The antibodies provide the first line of
defense by neutralizing or opsonizing free extracellular
pathogens. T cells (CD8 and CD4), by contrast, cannot

recognize free pathogens, but instead identify infected
cells and exert effector functions including direct cyto-
toxic effects on target cells and/or release of cytokines to
inhibit growth or survival of the pathogen. CD4 T cells
further provide help for antibody production and the
generation and maintenance of CD8 T-cell memory.
Owing to their distinct complementary functions of tack-
ling free pathogens versus infected cells, it is important
for a successful vaccine strategy to stimulate both B and T
cell immunity. In this review, we discuss the distinct roles
played by humoral and cellular responses in protective
immunity and provide an overview of our current under-
standing of memory B and T cell differentiation.

B-cell immunological memory

Prolonged antibody production lasting for years after
infection or vaccination provides the first line of defense
against pathogens and is key to humoral protection. In
addition to pre-existing antibody, immunological memory
in the B-cell compartment consists of two distinct cell-
types: MBCs and LLPCs. Primarily located in secondary
lymphoid organs, antigen-specific MBCs are present at
much higher frequencies relative to naive B cells specific
for the same antigen, and although they do not actively
secrete antibody they express a higher affinity B-cell
receptor (BCR). They mediate rapid recall responses to
infection by quickly dividing and differentiating into
antibody-secreting plasma cells, while simultaneously
replenishing the MBC pool. In contrast, LLLPCs reside
mainly in the bone marrow and constitutively produce
and secrete antibody. Unlike MBCs, they contain mini-
mal levels of BCR or none at all, and cannot be stimulated
to divide or to boost the rate of antibody production.
T'hus, plasma cells are terminally differentiated cells that
continuously elaborate effector functions (i.e. constitu-
tively produce antibody) in the absence of antigenic
stimulation. It is worth noting that there is no true
equivalent to the plasma cell within the T-cell compart-
ment, in which antigen is the main regulator of effector
function.

The B-cell response and development of
humoral memory to thymus (T)-dependent
antigens

The lineage relationships between naive B cells, MBCs
and plasma cells are shown in Figure 1. Following initial
stimulation (by antigen and T-cell help), naive B cells
proliferate at the margins of the T-cell zone or periarter-
iolar sheaths in the lymph nodes and spleen. Activated B
cells then continue down one of two divergent pathways:
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Distinct sets of transcriptional regulators control commitment to the plasma cell differentiation pathway during the humoral immune response.
Naive B cells are activated by antigen (Ag) in the presence of CD4 T-cell help. The activated B cells then continue down one of two divergent pathways:
plasma cell (PC) differentiation, or initiation of a GC reaction. MBCs and LLPCs are generated in the GC. When MBCs are re-exposed to antigen
they divide rapidly and differentiate into either PCs or more MBCs. The commitment of B cells to the PC differentiation pathway is regulated

by the transcription factors Blimp-1, XBP-1 and IRF-4. These factors repress the gene-expression program that defines B-cell identity

(Pax5, MITF etc.) and activate a program that drives terminal differentiation and antibody secretion.

they either remain in the marginal zone and differentiate
into short-lived plasma cells, or migrate into the B-cell
follicles and, with further CD4 T'-cell help, initiate a
germinal centre (GC) reaction. Somatic hypermutation,
affinity maturation and selection occur in the GC, which
results in the generation of high affinity MBCs and
probably LLLPCs or their precursors [1]. In the absence
of CD4 T cells, or if there is impaired CD40, CD28 or
inducible costimulatory molecule signaling, humoral
responses are highly compromised and exhibit an
impaired ability to generate GCs and MBCs [2-5]. Inter-
estingly, although CD4 T-cell help is also crucial for the
generation of short-lived plasma cells, the presence of the
Slam-associated protein (SAP or Src homology 2 D1A) in
CD4 T cells is not essential for this early T-cell-depen-
dent antibody response. However, the presence of SAP in
CD4 T cells is required for the GC reaction, and SAP
plays a major role in the generation of MBC and LLPC
and in the maintenance of long-term humoral immunity

[6].

The signals that initiate the pathways of short-lived
plasma cell versus MBC differentiation appear to be
distinct. For example, CD40 signaling within the GC
favors MBC generation. Conversely, selective expression
of transcription factors B-lymphocyte-induced maturation
protein 1 (Blimp-1) and X-box binding protein 1 (XBP-1)
drive the differentiation of plasma cells (both short- and
long-lived) [7-9]. This transcriptional program putatively
results from specific interactions (e.g. OX-40, CD23)
during activation [10,11]. It is believed that when B cells
commit to the plasma cell differentiation pathway, the
gene expression program that defined their naive B-cell

identity is repressed and a program that drives them on a
one-way street to terminal differentiation is turned on.
The paired box protein 5 (PAXS5) is crucial for maintain-
ing naive and memory B-cell identity [12], as it activates
genes required for maintenance of B-cell identity (e.g.
CD19 and adaptor protein B-cell linker, BLNK) [13],
while simultaneously repressing genes required for
plasma cell differentiation and antibody secretion (e.g.
XBP-1) [14]. The microphthalmia-associated transcrip-
tion factor (MI'TF) also prevents plasma cell differentia-
tion [15°]. In the absence of MITF, key regulators of
plasma cell differentiation (Blimp-1, XBP-1 and inter-
feron regulatory factor 4 [IRF4]) are induced to drive
plasma cell differentiation and to repress genes required
for B-cell identity (e.g. PAX5, CD19, MHC class II and
CD86) [7-9,16]. Unlike MBCs, plasma cells are termin-
ally differentiated, in part owing to the repression of c-
Myc by Blimp-1, leading to impaired cell-cycle progres-
sion [17]. How these distinct transcriptional programs are
elicited to orchestrate two divergent outcomes, and the
mechanisms by which SAP regulates CD4 help, remain
exciting avenues of exploration.

Maintenance of humoral memory

Serum and mucosal antibody levels are maintained long-
term by multiple mechanisms. Pathogen re-exposure or
booster vaccination is clearly the most effective way to
boost specific antibody and MBCs. A latent or low-grade
chronic infection in which sporadic or continuous anti-
genic stimulation occurs also drives B-cell receptor
(BCR)-dependent differentiation of B cells into anti-
body-secreting plasma cells. In the absence of antigenic
re-exposure, however, LLLPCs and MBCs can still be
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maintained for decades [18,19]. Although antigen is not
needed for the survival of MBCs, the presence of a BCR
on MBCs as well as on naive B cells is required [20]. B-cell
activating factor, a member of the tumor necrosis factor
(TNF) family, is important for the survival of naive B cells
[21] as well as plasmablasts derived from MBCs [22].
However, it is unknown if B-cell activating factor, or
another family member, plays a similar role in MBC
maintenance.

In the bone marrow, LLPCs are present that secrete
specific antibody for, potentially, the lifetime of an indi-
vidual [23-25], but how these cells survive and function
for such extended periods remains unresolved. Candidate
factors involved include Blimp-1, a transcription factor
crucial also for plasma cell differentiation [26]. The bone
marrow niche itself clearly provides extrinsic survival
signals for plasma cells. I vitro, the bone marrow stromal
cell-derived interleukin (IL)-6 and interactions with the
very late antigen (VLLA)-4 promote survival [27]. CDA44,
TNF-a, IL-5, stromal cell-derived factor 1 and TNF
family member B-cell maturation antigen are also impli-
cated in the survival of LLLPCs [28°]. In addition, BCR-
independent polyclonal stimulation by, for example, CpG
DNA or bystander T-cell help can also drive proliferation
and differentiation of MBCs to replenish the plasma cell
pool and to maintain themselves [29].

CD8 T-cell memory

Before delving into the details of CD8 T-cell memory
differentiation, it is important to reiterate that B-cell
memory is usually manifested by continuous antibody
production even after resolution of the disease. This is in
stark contrast to the T-cell response, which has a rela-
tively short effector phase. Effector T cells, generated
following antigenic stimulation of naive cells, extravasate
into peripheral tissues to rapidly control infection by
elaboration of effector functions (i.e. cytokine production
and killing of infected cells). Interestingly, effector func-
tions are executed only in the presence of antigen, which
apparently acts as a switch for this on—off lifestyle of
effector T cells [30]. Discontinuation of effector functions
following antigen clearance makes teleological sense,
because sustained elaboration of effector functions could
result in immunopathological damage. Thus, instead of
maintaining pre-existing effector 'T" cells to provide pro-
tection, memory CD8 T cells, which are strategically
located in the mucosa at the sites of pathogen entry, have
the potential to rapidly develop into effector cells upon
reencounter with a pathogen.

Accelerated recall responses of memory T cells to rein-
fection result from quantitative and qualitative changes in
antigen-specific T cells [31]. Quantitatively, owing to
substantial clonal expansion during primary infection,
the precursor frequency of antigen-specific T cells is
higher in immune animals (increases of 100-1000-fold
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are possible, depending on the system) compared with
naive animals [32]. Qualitatively, memory T cells exhibit
striking rapidity and efficiency in elaboration of effector
functions upon secondary challenge. This functional
superiority of memory T cells is associated with repro-
gramming of gene expression profiles by epigenetic
changes (DNA methylation, histone modifications or
reorganization of chromatin structure) ([33] and Ahmed
and co-workers, unpublished; see Update) and acquisi-
tion of a signature panel of active transcription factors
[34]. Not only are memory cells better equipped to
assimilate TCR stimulatory signals [35] and to elaborate
effector functions with increased rapidity and sensitivity,
but they are also precharged with factors that facilitate
G(1)-to-S phase transition during cell cycle progression
[36,37]. Moreover, unlike naive T cells, which are located
mostly in the lymphoid tissues, a subset of memory T
cells, effector memory (T'gy; CD62L™ CCR77) [38,39],
are present in non-lymphoid and mucosal sites and can
immediately confront the invading pathogen. Thus,
increased numbers of antigen-specific memory cells,
accelerated responsiveness and localization near sites of
microbial entry form the basis of T-cell protective
immunity.

Memory CD8 T-cell subsets

Whereas MBCs and LLPCs represent the two major
subtypes of post-GC memory B-cell compartment, the
memory CD8 T-cell compartment is characterized by
significant heterogeneity with respect to effector func-
tions, gene expression, proliferative potential, surface
protein expression and trafficking. The main cell-types
involved in CD8 T-cell memory are Ty and central
memory (Toy; CD62LT CCR7Y) cells [31,40]. Analogous
to MBCs, Tc cells are concentrated in secondary lym-
phoid tissues and have little or no effector functions.
Moreover, they both possess stem cell like qualities of
self-renewal and respond to antigen by rapidly dividing
and differentiating into effector cells. Ty cells, by
contrast, can migrate to peripheral tissues [38,39] and
mount a more pronounced immediate cytolytic activity
compared with Ty cells. Because Ty cells are func-
tionally charged, but remain reticent in the absence of
antigen, they do not represent a ‘true’ equivalent of
LLPGCs that constitutively produce antibody. Moreover,
unlike plasma cells, which cannot be stimulated by anti-
gen to divide, Ty cells undergo modest proliferation
upon antigenic stimulation, albeit to lower levels than
Towm cells [41,42]. Together, both Ty and Ty cells
contribute to protective immunity depending on the
nature and route of infection [41,43—47].

In addition to this well-defined T'gn/ Ty dichotomy of
recirculating memory CD8 T cells, additional levels of
complexity in memory CD8 T-cell phenotypes exist
between distinct peripheral tissues and in different
infectious models [48°°]; for example, pathogen-specific
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lymphocytes that reside in the gut, lung-airways or brain
retain CD69 expression [48°°,49]. Similarly, existence of
developmental and functional subdivision of MBCs (e.g.
pre-plasma MBCs) is also becoming apparent [10]. Such
functional, anatomic and phenotypic heterogeneity in the
CD8 T-cell memory pool has important consequences for
immunity, and the factors that govern this cell fate
decision are of major interest.

Figure 2

Memory CD8 T-cell differentiation

Although it is well-established that effector plasma cells
and MBCs differentiate along separate pathways, the
lineage of memory T-cell development is not fully under-
stood. The conventional model of memory CD8 T-cell
differentiation is the linear differentiation model
(Figure 2) [32], which proposes that memory cells are
derived directly from effector cells. The use of CRE/
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Models of memory cell differentiation. A simplistic rendering of the currently popular models of B-cell and T-cell differentiation are presented. (a) The
first model represents the B-cell paradigm of divergent pathways traced by effector and memory cells. T-cell differentiation into effector and memory
cells might also be driven along these divergent pathways, depending on antigen (Ag) dose or inflammatory stimuli. (b) The second model is a
representation of the more conventional linear pathway of differentiation of naive T cells into effector cells and ultimately into memory cells. (c) The
third model is a variation of the linear differentiation theme that allows effector cells that die to be distinguished from those that survive and differentiate
into long-lived memory T cells. It is based on the decreasing potential hypothesis, which states that the duration and level of antigenic stimulation

largely govern the effector and memory T-cell balance.
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LOXP recombination system in transgenic mice to ‘mark’
virus-specific effector 'T' cells showed that marked effec-
tors were maintained in the memory T-cell pool [50],
which indicates that memory cells are direct descendants
of effector cells. Several studies have shown that T-cell
activation and proliferation are tightly coupled to effector
cell and eventually memory cell differentiation [51-55].
Moreover, recent identification of a memory precursor
population within the effector T-cell pool further sup-
ports the paradigm that memory T cells pass through an
effector phase [56,57°,58]. Thus, in contrast to plasma cell
and MBC differentiation, it is unlikely that the divergent
pathway represents a major pathway of memory T-cell
differentiation.

However, in certain cases (e.g. activation with heat-killed
bacteria or 7z vitro stimulation with high doses of IL.-2 or
IL-15 cytokines) [59] memory T cells might also develop
without passing through an effector-cell stage, depending
on the priming milieu [32]. Thus, antigen plus costimula-
tion in the presence of an inflammatory milieu early
during an infection (e.g. I1.-12 [60,61°], type-I interferon
[62°,63°] and IL.-21 signals [64°]) might favor differentia-
tion of effector T cells, whereas antigen plus costimula-
tion in the absence of inflammation (as antigen and
infection are waning) might lead to memory T-cell dif-
ferentiation [57°,65]. Therefore, it is important to con-
sider that memory T-cell development might occur in a
non-linear fashion, and that it can result in qualitatively
different memory T-cell subsets.

Memory T cell heterogeneity

What is the source of memory T-cell heterogeneity? Is
this continuum of differentiation states and/or lineages
programmed via unique transcriptional regulation that is
cell autonomous, and can cell extrinsic factors be manipu-
lated to dictate the final outcome of the differentiation
process? We have come to realize that early priming
events strongly influence the number, location and func-
tional properties (quality) of memory CD8 T cells. In
contrast to the antigen-driven affinity maturation of
MBGCs, which is central to memory B-cell differentiation,
antigen exposure is needed only briefly (20-24 hours) to
initiate T-cell development. However, the type of effec-
tor and memory CD8 T-cell response eventually gener-
ated is further influenced by the duration and/or dose and
the ‘context’ of antigenic stimulation (e.g. cytokine
milieu, chemokine signals and costimulation — as deter-
mined by the nature and activation state of APCs [66]).
Under some conditions, signals from concomitantly sti-
mulated helper T cells, and perhaps from regulatory cells,
also impact on the eventual memory response.

Distinct lymphoid environments have been shown to
program T cells to adopt different trafficking properties
[49,67], thereby implicating unique environmental cues
in dictating memory outcome. Additionally, following
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emigration from secondary lymphoid tissue, inductive
signals unique to distinct anatomical compartments might
further regulate memory CDS8 T-cell differentiation.
Recent studies demonstrate that acquisition of the
unique phenotype of memory cells within the intrae-
pithelial compartment of intestinal mucosa (intraepithe-
lial lymphocytes [IELs]) occurs gradually 7z situ within
the gut. Following their differentiation, memory ITELs
remained CD62L." indefinitely within the mucosa, but
could be reprogrammed to form T’y upon restimulation
and memory differentiation within the spleen [48°°].
Thus, analogous to the situation with B cells, whereby
microenvironments such as GCs and plasma foci repre-
sent the sites in which affinity maturation of developing
MBCs and the generation of short-lived antibody-forming
cells occur, the tissue microenvironment of a developing
T cell also significantly impacts the memory T-cell dif-
ferentiation program by providing a unique milieu of
cytokines, costimulation, immune accessory cells and
antigen persistence.

It is believed that the balance between effector and
memory cells and the heterogeneity in memory popula-
tion is directly related to the extent and frequency of
T'CR stimulation and to the division history of the cells
(probably conditioned by the dose of the antigen) [32,68]
(Figure 3), such that functionally fit memory cells arise
only under optimal stimulation conditions in which anti-
gen load is effectively controlled. Consistently, reduced
stimulation of CD8 T cells during infection primarily
promotes the generation of Ty cells [41,69]. In addition,
reduction in antigen load by antibiotics [57°] or use of
higher CD8 T-cell precursor frequencies [70] might lead
to a more rapid conversion to Ty phenotype (CD62LY).
It is noteworthy that initial TCR stimulation results in
rapid shedding of CD62L from the cell-surface by pro-
teolytic cleavage, but continued T'CR stimulation leads to
transcriptional silencing of CD62L-encoding locus [31].
Therefore, it is interesting to speculate that the rate of
generation of TCM cells, as evaluated by reacquisition of
CDO62L. expression, might correlate with the level of
antigenic stimulation during priming.

In chronic infections where antigen persists, effector T
cells do not differentiate into durable memory cells
[71°,72,73°,74%], and might survive in an antigen-depen-
dent manner as dysfunctional cells (exhaustion) or could
eventually die (deletion) [72]. The degree to which CDS8
T cells become defective appears to correlate with anti-
gen load and can range from partial loss of cytokine
production to complete loss of cytolytic function and
cytokine secretion. Understanding if effector T-cell dys-
function induced by antigen persistence is reversible is
important in vaccine strategies against chronic infections
and/or tumors that aim to restore CD8 T'-cell function in
the face of continued antigenic stimulation. Recent stu-
dies [75°°] have identified increased expression of an
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The decreasing potential model of memory CD8 T-cell development. Optimal antigenic stimulation triggers a developmental program of expansion
and differentiation of naive T cells into effectors. Following antigen clearance, a fraction (5-10%) of the cells progressively differentiate into

potent long-lived memory cells in the absence of antigen [41,47,86] (light blue shaded box). Whereas suboptimal stimulation might lead to limited CD8
T cell expansion and/or impaired memory development and function [49,87], the decreasing potential model postulates that prolonged antigenic
stimulation impairs memory generation potential by driving the cells towards a terminally differentiated effector phenotype with each successive
stimulus and cell division. This is accompanied by an increasing susceptibility to apoptosis, and cells receiving the highest magnitude of
stimulation bear the lowest potential to survive and differentiate into memory cells. Furthermore, the generation of Tgy, and Tcy lineages, and

the time needed for differentiation into Toy cells (represented by the length of dotted line), are also regulated by the duration and/or strength of
antigenic stimulation. Whereas a short duration of antigenic stimulation favors development of Tgy, longer stimulation promotes the differentiation
of terminal Tgy cells. Apart from antigen, additional cell-extrinsic variables including the cytokine and chemokine milieu, costimulatory and inhibitory
signals (dependent on the type and activation state of the APC), interaction with other cell-types (e.g. CD4 T cells), and the anatomic location
might further impact the qualitative and quantitative aspects of a developing T-cell response and the ensuing memory differentiation and
maintenance. Key: terminal effectors, dark pink; suboptimal memory, light pink; memory precursors, light green; effector memory,

intermediate green; central memory, dark green.

inhibitory receptor programmed death 1 (PD-1) on the
surface of antigen-specific CD8 T cells in mice chroni-
cally infected with lymphocytic choriomeningitis virus.
PD-1 is known to be an inhibitory receptor for T cells and
belongs to the CD28 family [76]. Interestingly, blockade
of PD-1 interaction with its ligand PD-L1, which is highly
expressed on chronically infected cells, relieved the

inhibitory effect such that the exhausted T cells recov-
ered their proliferative ability in response to antigen,
regained cytolytic function, exhibited improved cytokine
secretion ability (interferon-y and 'T'NF-a), and rapidly
reduced the viral loads. These studies represent an impor-
tant step towards designing therapies to revive T-cell
function through blockade of inhibitory receptors, which
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might serve an immunoregulatory function in balancing
anti-viral immune responses and immunopathology.

Transcription factors that regulate memory
T-cell differentiation

Knowing how various developmental cues are interpreted
by a developing T cell to institute specific patterns of
gene expression, and the timing during which a differ-
entiating cell is amenable to epigenetic changes, is crucial
to understanding the lineage relationships between mem-
ory T'-cell subsets and their role in protection. Although it
is clear that the differentiation of effector plasma cells and
MBGs is orchestrated by a well-defined growing list of
molecular signals and transcriptional factors, a detailed
molecular delineation of the differentiation path of mem-
ory 'T" cells is a topic that requires further investigation.
The recent demonstration that tissue-specific T-box
transcription factors T-bet and eomesodermin, which
regulate CD8 T-cell effector functions, also regulate
the maintenance of IL-15-dependent memory CD8 T
cells [77°%] is an important step in providing a molecular
link between programming of effector and memory CDS8
T cells. These studies exemplify a framework in which
transcription factors that specify lineage function can also
specify responsiveness to growth and/or survival signals

[78].

Maintenance of CD8 T-cell memory

It is now clear that both memory CD8 T cells and B cells
can persist in the absence of antigen. Longevity of
memory T cells, perhaps indefinite, is attributed to their
ability to replenish their numbers in the absence of
antigen by way of homeostatic proliferation. It is clear
that factors that enhance cell division (IL.-15) or promote
cell survival (IL-7) [31] are important in maintaining the
numbers of memory T cells in the absence of antigen.
Recent studies have identified the bone marrow as a
preferential homing site for memory T cells, where they
proliferate more extensively than in secondary lymphoid
organs [79,80] in response to self-renewal signals.
Whether constitutive production of such cytokines by
specific cell-types within the bone marrow makes it a
preferred niche for homeostatic proliferation is not
known.

In MBCs, polyclonal activation of innate pathways (by
way of Toll-like receptors [TLRs]) or bystander CD4 T-
cell help are also believed to contribute to their long-term
maintenance and/or generation of plasma cells in the
absence of antigen. Although our understanding of innate
signaling pathways in memory T cells is minimal, it is
intriguing to speculate that TLR-signaling might mod-
ulate homeostatic proliferation of memory T cells. It is
well-established that CD4 T cells are crucial for the
maintenance of functional CD8 T-cell memory, such that
memory cells generated in the absence of CD4 help
are unstable, exhibit diminished cytokine production

Differentiation of memory B and T cells Kalia et al. 261

and proliferation upon secondary challenge [81,82],
and undergo TNF-related apoptosis inducing ligand
(TRAIL)-mediated death [83°]. The nature of help and
the mechanism by which CD4 T cells regulate memory
CD8 T-cell differentiation (direct CD40—-CD40L interac-
tions between CD4 and CD8 T cells [82,84], cognate
licensing of DCs [82,85], or soluble factors) remain intri-
guing avenues of further investigation.

Conclusions

Although the nature of humoral and cellular immunity is
fundamentally different, interesting analogies exist
between B-cell and CD8 T-cell memory. The generation
of both memory types is dependent on differentiation
signals during a primary response; both processes are
progressive, depend on CD4 T-cell help and costimula-
tion, and are largely maintained long-term in absence of
antigenic stimulation. Moreover, interesting functional
correlates between effector and central memory CDS8
T cells, and between LLLPCs and MBCs, exist. Elucida-
tion of when and how commitment to memory lineage is
specified remains an exciting area of immunology and is
crucial to manipulating the quality and quantity of anti-
gen-specific memory cells in the design of preventative
and therapeutic vaccines. Many questions remain before
we have a thorough molecular definition of a memory cell.
For example, what are the factors that regulate lincage
decisions and the differentiation program of memory
cells? What are the determinants that regulate the func-
tional superiority and longevity of the memory cells?
Answers to these and many other questions will continue
to shape our understanding of the cellular and molecular
mechanisms that regulate immunological memory.

Update

The study cited in the main body of text as Ahmed and
co-workers, unpublished, has now been accepted for
publication [88].
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