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Abstract. Recent findings suggest that lymphocyte sur-
vival is a continuous active process and support the role
of B cell receptor engagement in B cell survival. In this
context the conflict of survival interests between the
diverse B cells gives rise to a pattern of interactions
which mimics the behavior of complex ecological sys-
tems. In response to competition lymphocytes modify

their survival requirements and diverge to occupy dif-
ferent immunological niches through differentiation.
Thus naive and memory-activated B cell populations
show independent homeostatic regulation. We discuss
how niche differentiation allows the coexistence of dif-
ferent cell types and guarantees both repertoire diversity
and efficient immune responses.
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Introduction

In adult mice the total number of lymphocytes remains
constant and shows a ‘return tendency, due to a density
dependent process to approach a stationary distribution
of population densities’, wusually referred to as
homeostasis. B lymphocytes are, however, produced
continuously in either the primary lymphoid organs or,
to a much lower extent, by peripheral cell division: it
follows that each newly formed lymphocyte can only
persist if another resident lymphocyte dies. In an im-
mune system where the total number of cells is limited,
cell survival cannot be a passive phenomenon, but
rather must be a continuous active process where each
lymphocyte must compete with other lymphocytes [1,
2]. It can be said that lymphocytes follow the Red
Queen hypothesis postulate that ‘it takes all the running
you can do to keep in the same place’ [2]. In fact,
continuous signaling by B cell antigen receptors (BCRs)
appears to be critical for both B cell development and
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for the survival of mature B cells in the peripheral
lymphoid tissues.

B cell development

B cells are generated from hematopoietic multipotential
stem cells (HSCs) in the para-aortic splanchnopleura,
omentum, liver and spleen during fetal life, and in the
bone marrow in the adult. B cell development follows
different stages of differentiation according to the steps
of rearrangement of the immunoglobulin heavy chain
locus, the expression of specific cell surface markers and
growth factor requirements.

Commitment of HSCs into the B cell differentiation
pathway critically requires the B cell-specific activator
protein (BSAP) coded by the Pax5 gene [3] as well as
the basic helix-loop-helix proteins encoded by the E2A
gene [4] and the early B cell factor (EBF) [5]. Early
progenitor B cells (pro-B) can be identified by the
surface expression of the CD45R isoform B220, CD43,
CD25 and c-kit. According to the differential expres-
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sion of CD24 (heat-stable antigen, HSA) and BP-1 we
can discriminate different fractions of pro-B cells [6, 7].
At this stage of development expression of the recombi-
nase activity genes 1 and 2 (Ragl and Rag?2) leads to
DNA rearrangements in the immunoglobulin H (IgH)
chain locus. Absence of either of these genes leads to
the block of B cell development at the pro-B stage [8].
These gene recombination events occur sequentially,
first Dy; to Ji; rearrangements, later followed by Vy; to
Dy Jyy rearrangements. Productive VyDyJy rearrange-
ments result in the expression of xH chain protein in
the cytoplasm, which if capable of associating with a
V,wes/45 surrogate L chain [9] and together with Iga
and Igf assembles a functional pre-B cell receptor at
the membrane. Expression of this surrogate receptor
promotes the transit of a pro-B cell into a pre-B cell
which enters into active cell division. The presence of a
functional pre-B cell receptor at the cell surface prevents
further H chain rearrangements, ensuring IgH allelic
exclusion and triggering IgL chain rearrangement [10—
12]. If successful, L chain recombination allows the
production of a conventional IgL chain and leads to the
expression of an IgM BCR at the cell surface. Progres-
sion of pre-B cells to the immature B cell stage is
therefore strictly dependent on signaling by a functional
pre-B cell receptor [10]. Immature IgM * B cells migrate
to the periphery, where they complete their maturation
after different transitional steps [13]. These include the
gain-of-surface IgD and CD23 expression, the progres-
sive shutdown of Rag enzymatic activity [14] and the
loss of expression of the 493 marker [15].

Interleukin-7 (IL-7) is also an essential requirement for
B cell development (reviewed in [16]). Pro-B cells ex-
press interleukin-7 receptors (IL-7R), and their growth
is strictly dependent on direct interactions with (IL-7)-
producing stromal cells. Mice deficient for either IL-7
[17], IL-7R o chain [18] or the common yc chain [19]
show a block of B cell development at the pro-B cell
stage. Studies in IL-7Ra — / — mice showed that IL-7
controls expression of Pax5 and Pax5-dependent genes
[20] essential for the HSC commitment to the B cell
lineage [3]. These genes are not required for Dy to Jy
rearrangement but control the germ-line transcription
of distal unrearranged V,; gene segments which is be-
lieved to be necessary for recombination [20]. Thus, by
enhancing Vy; to Dy Jy; recombination IL-7 expands the
diversity of the B cell repertoire. IL-7 is also essential
for pre-B cell growth [21]. In fact, in IL-7-deficient mice
the different steps of B cell development are unim-
paired, but expansion of pre-B cells is abolished. In
these mice as in the common yc chain-deficient mice
very few B cells are found at the periphery [18, 19]. At
later stages of differentiation withdrawal from IL-7
leads to the pre-B to B cell transition in the absence of
cell division. The amplitude and type of response of B
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lineage cells to IL-7 is modulated by the expression of
the pre-B receptor and the BCR [22, 23].

In summary, B cell development is regulated by signals
given via IL-7R and pre-B or B cell receptors. It is not
yet clear whether the role of pre-B cell receptor sig-
nalling in B cell development is merely constitutive [24]
or whether it requires ligand recognition. It is neverthe-
less clear that the signal thresholds of the pre-B and B
cell receptors will vary according to the stage of differ-
entiation [25] and according to the presence or absence
of different accessory molecules (CD19, CD45) and
coreceptors (CD21, CD22) [26]. Antigen signalling via
the BCR complements constitutive signals, and by in-
ducing positive selection, survival, growth and expan-
sion or apoptosis and anergy will determine the final
fate of mature B cells.

The role of the BCR in peripheral B cell survival

Resting B cells

Survival of naive B cells in the peripheral pools appears
to involve interactions between the BCR and yet
unidentified ligand(s). The role of the BCR in the sur-
vival of mature resting B cells was first investigated by
experiments in which a transgenic BCR could be ab-
lated by an inducible Cre-LoxP recombination event
[27]. In these studies it was reported that after BCR
ablation, B cells were rapidly lost from the peripheral
pools. These studies, however, did not allow direct
correlation of BCR signalling and peripheral B cell
survival. In fact, BCR ablation also leads to the arrest
of new B cell production in the bone marrow [10], and
in the absence of the newly formed bone marrow (BM)
migrants a significant fraction of the peripheral B cells
are rapidly lost [28, 29]. It has also been shown that in
mice with a deletion mutation of the Iga cytoplasmic
tail, early B cell development in the BM exhibits only a
small impairment, but the generation of the peripheral
B cell pool was severely reduced [30]. The question
remained whether the mere presence of a signalling
complex, e.g. IgM-Iga-Igf or some other complex, at
the cell surface suffices to signal B cell survival, or
whether B cell survival requires ligand recognition. We
have addressed directly the role of ligand-mediated
recognition in peripheral B cell survival. We found that
B cells lacking the V region of the IgM receptor have a
very short life expectancy [31]. Thus, although the pres-
ence of a truncated membrane IgM transgene, lacking
the V region, can provide constitutive signals that
suffice to signal allelic exclusion and can promote pre-
B-cell development in the absence of the surrogate light
chain /45 [32], it is nevertheless unable to support long-
term survival of the Tg B cells. More important, by
directly comparing the fate of two populations of Tg B
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cells, either lacking or expressing an Ig V-region, we
were able to assign the poorest competitive ability and
the short peripheral survival of the B cells to the lack of
an antigen-combining site. These results support the
involvement of ligand recognition in the persistence of
peripheral B cell populations.

Differences in the antibody repertoires expressed by
pre-B and peripheral B cells can also be invoked to
suggest the involvement of ligand-mediated recognition
in peripheral B cell positive selection and persistence
[33-36]. In contrast to T cells in which T-cell-receptor
(TCR) survival signaling seems to require the recogni-
tion of major histocompatibility complex (MHC) class I
or class II molecules (see review in [2]), the nature of the
ligand(s) that might be involved in B cell survival re-
mains elusive. Analysis of Vy-gene family expression
has provided evidence for a very conserved pattern of
Vy-gene family usage that is independent of the V-
gene number, is strain- and tissue-specific, and is tightly
regulated during B cell differentiation [33]. After B cell
generation in the BM, naive B cell survival is associated
with a strong peripheral selection of B cells expressing
particular Vy;-gene families [34, 36]. These observations
suggest that the recognition interactions related to B
cell survival may not require the involvement of the full
antigen-binding site and might be exclusively V-medi-
ated. It is possible that this type of ligand recognition
may not lead to full cell activation and that low avidity
interactions suffice to promote cell survival. It was
recently shown that the BCR is capable of differential
signalling, and that B cell responses may differ depend-
ing upon the properties of the antigen. Thus, whereas
some B cell responses were better correlated with anti-
gen-BCR affinity than with receptor occupancy, others
were only weakly dependent on antigen affinity [37].
Recent findings suggest that B cell survival may be also
related to the levels of receptor occupancy and cross-
linking. We have compared directly the fate of dual
receptor B cells with single receptor B cells by accessing
the development of these two B cell populations in
several different lines of mixed BM chimeras [M. M.
Rosado and A. A. Freitas, unpublished). It was found
that when alone, dual and single receptor B cells show
an identical behavior and generate peripheral pools of
similar size. When mixed in the same host, a preferen-
tial peripheral selection of the single receptor-expressing
B cells out-competed dual-receptor B cells. The dilution
of a specific BCR at the cell surface seems to reduce the
capacity of the cell to capture survival signals.

If B cell survival signals involve antigen-specific recep-
tors, implying some type of ligand recognition [31], it
could be predicted that the size of each B cell clone
would be limited by the levels of exploitable ‘epitopes’
present at the periphery. A diverse population of B cells
exploiting multiple ‘epitopes’ should therefore occupy a
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larger niche than a monoclonal population, and the
maximal peripheral cell number should vary for each B
cell clone, cell numbers being limited by intraspecific
competition. By crossing several Ig transgenic mice with
C57BIl/6-Rag2-deficient mice, we derived different lines
of mice bearing homogeneous populations of mono-
clonal B cells. Studies in these monoclonal B mice seem
to confirm both predictions. We have found that the
number of resting B cells in mice containing a single B
cell clone was diminished compared with wild-type mice
and varied according to the monoclonal line studied [M.
M. Rosado and A. A. Freitas, unpublished]. These
results, although supporting the role of BCR specificity
in the control of peripheral cell numbers, do not exclude
the contribution of other ‘nonspecific’ trophic factors in
B cell homeostasis.

Indeed, peripheral B cell survival is likely to involve
multiple mechanisms. Different signals may engage dif-
ferent cell surface receptors using the same or different
survival pathways. The constitutive expression of the
Ebstein-Barr virus LMP2A protein in transgenic mice
bypasses BCR signaling and allows the survival of re-
ceptorless B cells in the peripheral pools [38]. Down-
stream of the BCR signaling pathway defects in CD45
[39], Btk [40], Syk [41] or NF-xB [42], or in the OBF-1
transcription factor [43] also affect peripheral B cell
maintenance. Lymphocyte survival is also modified
through the balance between different apoptotic and
antiapoptotic proteins [44—46]. It has been shown that
BCR signaling and increased levels of intracellular bcl-2
ensure lymphocyte survival through independent path-
ways [31, 47]. It is possible that the expression of bcl-2
may simply increase cell efficiency by lowering the
threshold of resource requirements for survival. B cell
survival requirements may still vary according to the
state of activation.

Memory/activated B cells

Memory B cells not only show phenotypic changes and
express a hypermutated BCR of a different isotype with
an increased avidity for antigen, but show also a higher
rate of cell division and a lower threshold of activation,
and occupy a different habitat within the secondary
lymphoid organs. Studying memory responses to both
thymus-dependent and -independent antigens and using
different cell transfer systems, it has been claimed that
the long-term persistence of B cell memory required
continuous cell division in the presence of antigen [48—
50]. Recent observations in mice in which an inducible
Cre-loxP-mediated gene inversion was used to change
the specificity of the BCR contradict these results. In
these experiments it was shown that after antigenic
stimulation and the generation of memory B cells, mem-
ory cells survived even after expressing a new BCR
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unable to bind to the original activating antigen [I.
Maruyama, K.-P. Lam and K. Rajewsky, personal
communication]. These findings suggest that antigen
may only be required at early steps of cell activation
and selection of high-affinity B cells in the germinal
centers. Once these B cells acquire a ‘memory pheno-
type’, they may no longer require antigen recognition
for long-term survival.

In this context it is important to recall that the differ-
ence in the interactions required for the survival of B
and T cells may explain the different rate of mutation of
B and T cell receptors. Since T cell survival requires
recognition of ubiquitous MHC molecules, somatic mu-
tation of the TCR might always be disadvantageous as
it may cause loss of MHC recognition and thus cell
death. In contrast somatic mutation may increase the
BCR-ligand avidity and favor selection of high-affinity
B cells which, compared with the initial population of
nonmutated B cells, have a competitive survival advan-
tage within the germinal center. In their flight for sur-
vival, B cells are still able to use mechanisms of V-gene
replacement [51, 52], receptor editing [53-55] and
change BCR specificity to escape cell death, and per-
haps gain a survival advantage over other rival cells. B
cell survival may therefore be also strictly dependent on
mechanisms that regulate rates of B cell production and
peripheral B cell numbers.

B Cell production

At the periphery, B cell pools represent transit compart-
ments where there is an input of newly formed cells,
proliferation due to antigenic stimulation and a cellular
output due to cell death and terminal differentiation
[28]. The number of peripheral B cells could therefore
be a function of the rates of B cell production [28]. This
turned out not to be the case. B cell production in the
BM was accessed either by studying the rate of precur-
sor cell division after incorporation of the thymidine
analogs 3[H]-thymidine [56] or BrdU [57], or by stat-
mokinetic methods [58]. Estimates based on these stud-
ies indicate a daily production of about 1.5-2 x 10’ B
cells, which should suffice to replenish a peripheral B
cell compartment of 10® B cells in 5-6 days [56]. It is
claimed, however, that a majority of these newly formed
B cells are counterselected [59], die ‘in situ’ [60] or soon
after leaving the marrow [61], and never incorporate the
peripheral pool [35, 62, 63]. In this case the size of the B
cell pool would be limited by the insufficient ‘effective’
production of new B cells. In contrast it has also been
claimed that a significant fraction of the peripheral B
cell pool is continuously renewed from incoming newly
formed cells [28].
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To study the role of B cell production in the control of
peripheral B cell numbers and homeostasis, we created
a mouse model in which BM B cell production could be
limited [64]. For this purpose we generated chimeras
grafting Rag2-deficient mice with mixtures of BM cells
from normal mice and from mice with a developmental
block of B cell development (uMT or Rag2-deficient)
[8, 10]. In these chimeras the number of pre-B cells can
be reduced by diluting normal BM cells among incom-
petent BM cells from the B cell-deficient donors. We
found that the number of pre-B cells was strictly depen-
dent on the ratio of ‘normal’ progenitors present in the
inoculum [64]. More important, we found that a nor-
mal-sized peripheral B cell pool was generated in mice
containing only 30% of the normal number of pre-B
cells and one-third of the normal daily B cell production
[64]. These results demonstrate that about one-third of
the normal number of BM B cell precursors suffices to
maintain the peripheral B cell pool size. A similar
conclusion was obtained after parabiosis between one
normal and two or three B-cell-deficient mice [64]. In
these circumstances B cell production was restricted to
the BM of the normal mouse. In mouse triads it was
found that each individual mouse had physiological B
cell numbers, i.e. the B cell production of one mouse
was sufficient to populate the peripheral pools of three
mice. In conclusion, in adult mice the potential to
produce new B lymphocytes in the primary lymphoid
organs largely exceeds the number required to replenish
the peripheral B cell pools.

B cell competition

In an immune system where new lymphocytes are con-
tinuously produced in excess but their total numbers are
kept constant, newly generated cells are likely to com-
pete with other newly produced or resident cells to
survive. Competition can be defined as ‘an interaction
between two populations, in which, for each, the birth
rates are depressed or the death rates increased by the
presence of the other population’ [65].

There are several established criteria accepted as evi-
dence of competition among populations [66]: (i) the
presence of competitors should modify the equilibrium
size of a population, and (ii) the presence of competitors
should alter the dynamics, e.g. the growth kinetics and
life expectancy of a population.

The question of whether competition arises between B
cells was addressed by comparing the development and
the fate of BCR transgenic (Tg) and non-Tg popula-
tions in several different lines of mouse BM chimeras
[67]. Briefly, host mice were lethally irradiated and
reconstituted with BM cells from different non-Tg and
Ig-Tg donor mice mixed at variable ratios. At different
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times after reconstitution the total number of peripheral
lymphocytes, the kinetics of the host population by the
several donor cell lineages, their relative representation
in the precursor, peripheral mature and effector cell
compartments, and their relative life spans were
evaluated.

It was found that (i) when injected alone, transgenic
(Tg) and non-Tg cell populations show an identical
behavior and generate peripheral pools of similar size,
and (ii) when Tg and non-Tg cells are mixed in the same
host they initially accumulate at the same rate. How-
ever, after reaching equilibrium at steady-state num-
bers, there is a preferential selection of the non-Tg cells
at the periphery [67]. These observations fulfil the first
criteria for competition since they demonstrate that the
presence of non-Tg populations modifies the number of
the Tg cells.

In these experiments, by comparing the kinetics of accu-
mulation of BrdU-labeled cells among Tg and non-Tg B
cell populations in different BM chimeras, it was also
found that that the life expectancy of the Tg B cells
varied according to the presence and the type of other
competing cells [67]. These latter findings fulfil the sec-
ond criteria required for the definition of competition as
they prove that the presence of competitors alters the
life span of a population.

Types of competition and resources

Competition may arise through different processes [65].
In apparent competition two prey species attacked by a
predator resemble the dynamic behavior of two compet-
ing populations. An example of apparent competition
has been reported for cells of the immune system. In
chimeras reconstituted with mixed populations of BM
cells from male and female donors, the injection of
TCR Tg CDS8 T cells specific for the HY male antigen
leads to the elimination of the cells from male origin
and consequently to an augmentation of the number of
cells from female origin [68].

In interference competition populations may interact
directly with each other, or one population can prevent
a second population from occupying a habitat and from
exploiting the resources in it. Thus, although interfer-
ence competition may occur for a resource, it is ‘only
loosely related to the resource level’.

In exploitation competition different populations have a
common need for resources present in limited supply. In
this case competition is directly related to the level of
resources available.

We may define ‘resource’, in a broad sense, as any
factor which is “‘used’ by a cell and for that reason is no
longer available to other cells [66]. Resources may be
trophic factors that ensure cell survival or stimulators
like antigen that promote cell growth and expansion.

B cell survival

There is ample evidence for the role of resources in B

cell competition.

1. The kinetics of accumulation of transgenic (Tg) and
non-Tg populations after reconstitution in different
groups of mouse chimeras follow the Monod den-
sity-dependent growth curve, i.e. ‘it increases in a
saturating manner with resource availability’ [69].
During the expansion phase of cell reconstitution,
resources are abundant, and both Tg and non-Tg
populations accumulate at the same rate. When pop-
ulation growth reaches equilibrium, non-Tg popula-
tions become dominant, i.e. competition only occurs
when resources are limiting [67].

2. Changes in resource level alter the balance between
populations; antigenic administration to chimeras
hosting different Tg cell populations favors domi-
nance by the antigen-specific cells [70, 71].

3. Experiments demonstrating that the total numbers
of peripheral B cells are not determined by rates of
new cell production, but are limited at the periphery,
also support the existence of resource competition
[64].

In the immune system many molecules may function as
resources, e.g. antigen, ligands for costimulatory and
adhesion molecules, mitogens, interleukins, chemokines,
hormones and other growth factors and so on. Re-
sources can be external to the immune system or be
produced by the lymphocytes themselves. By producing
their own resources, lymphocytes also contribute to
generate their own ecological ‘space’. The problem is
now to establish an hierarchical value for each of the
multiple resources.

Resource availability shapes lymphocyte populations
Resource competition may regulate the size of periph-
eral lymphocyte pools [70]; if peripheral resources are
plenty, many more newly generated B cells are able to
survive. Any manipulation of resources may modify
lymphocyte populations.

When resources are used by many cell types, changes in
these common resources will modify overall cell num-
bers. Hormones and mitogens are examples of
pleiotropic resources [1]. In axenic mice lymphocyte
numbers are reduced, and lymphocytes expressing acti-
vation or memory markers are rare or absent [B.
Rocha, personal communication].

Activated lymphocytes and antigen-presenting cells
(APCs) are major producers of their own resources.
Antigen stimulation increases resource availability by
inducing macrophage and lymphocyte activation and
the production of numerous cytokines. In this context,
lymphocytes can increase in numbers as during the
expansion phase of the immune response [72]. Once
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antigen is eliminated, cytokine production decreases.
Reduced resource levels are unable to maintain the
same number of lymphocytes: most will die during the
contraction phase of the immune response [72]. Antigen
can also be considered as an example of a private
resource, i.e. that used by a particular cell set. Changes
in the levels of private resources modify the composi-
tion of lymphocyte populations, as when antigen injec-
tion to chimeras carrying mixtures of two different Tg B
cells or of Tg and non-Tg B cells shifted the balance
between populations to favor the antigen-specific Tg B
cells [70, 71].

In conditions of resource competition one would also
expect changes in the ‘morphology’ of a population in
response to the presence of competitors: a process
known as character displacement [73]. The IgM secreted
into the serum by a population of normal B cells
exhibits different binding patterns according to the
presence or absence of a population of Tg B cells [70].
This implies that the presence of the Tg B cells leads to
changes in the selection of the non-Tg B cell clones, a
process that at a population level may be considered to
mimic character displacement.

The ecological niche

The wvariety of resources and the heterogeneity of
anatomical structures in the lymphoid organs allows
different lymphocyte types to find an ecological niche
and survive. The inability of the cell to migrate into the
niche may compromise survival: exclusion of B cells
from follicular niches in the secondary lymphoid organs
has been claimed to result in cell death [61]. Niches may
also play a role in homeostasis and in the control of cell
numbers by forcing B cells to migrate into the primary
follicles [74] where they must compete for trophic fac-
tors present in limited supply.

Lymphocytes may help to define their appropriate
niches. The maturation of splenic follicular dendritic
cell networks and the organization of B cell follicles
depend on the expression of LT« and -f and tumor
necrosis factor (TNF) by B lymphocytes [75-77].
Germinal centers that develop in the B cell follicles
during T-cell-dependent antibody responses are one of
the best characterized ecological niche in immunology
[78, 79]. Germinal centers are oligoclonal; the B cells
that give rise to germinal centers are initially activated
outside follicles, and on the average three B cells colo-
nize each follicle. Massive clonal expansion of the initial
founder cells, driven by antigen held by follicular den-
dritic cells, prevents colonization of the germinal center
by B cells specific for a second unrelated antigen. Ex-
pansion of the B cells is accompanied by BCR hyper-
mutation. Competition among the proliferating B cells
based on their ability to interact with antigen held on
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follicular dendritic cells (FDCs), will lead to the prefer-
ential survival of the cells capable of high-affinity recog-
nition and to the death by apoptosis of other cells.
Germinal centers therefore play a critical role in the
maturation of immune responses by selecting cells with
high avidity for antigen binding. They seem to have
evolved to provide the appropriate niche for selecting B
cells which attempt to gain competitive advantage for
survival by somatic hypermutation. Indeed, somatic
hypermutation is present in philogeny [80] well before
the development of the affinity maturation of immune
responses [81]. Affinity maturation of the immune re-
sponse, however, is only present in species capable of
germinal center formation.

B cell niche differentiation

In response to the presence of competitors a population
of cells can modify its survival requirements, e.g. adapt
to a new ecological niche. It has been shown that niche
differentiation is dependent on interactions with the
cells of the immune system, in particular naive and
activated/memory populations of lymphocytes [82, 83].
Populations of resting and activated B cells are indepen-
dently regulated [64, 82]. In fact, B cell homeostasis
operates differently according to B cell life-history
stages. In the central compartments the number of
pre-B cells is dependent on the number of immediate
precursors, and the rate of pre-B cell and B cell produc-
tion is constant. At the periphery the size of the naive B
cell pool is determined by the amount of available
‘resources’. Indeed, in physiological conditions there is
an excess of B cell production, which suffices to fill up
the peripheral compartments of three mice [64]. Mainte-
nance of normal-sized peripheral B cell pool requires a
minimal continuous input of new B cells, since mouse
chimeras with a 10-fold reduced B cell production show
diminished B cell numbers [64]. Abrogation of new B
cell production leads to a rapid decrease in the total
number of peripheral B cells [28, 29]. Thus, replacement
of resting B cells occurs continuously.

Activated IgM-secreting B cells do not represent a con-
stant fraction of the number of resting B cells, but
rather an autonomous compartment with different
homeostatic controls. In mice with reduced B cell num-
bers the number of IgM-secreting cells and the serum
IgM levels are as in normal mice [64, 82, 84]. Renewal
of these activated Ig-secreting B cells follows the rule
“first come, first served’. Once established, the popula-
tion of activated B cells has a founder advantage, resists
replacement, persists even in the presence of a new
cohort of B cells and is able to feedback-regulate the
entry of new B cells into the activated pool [82]. The
process of feedback regulation may occur through an
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active mechanism mediated by the secretion of in-
hibitory factors, e.g. Igs, y-IFN, IL-10, or indirectly due
to a ‘priority effect’ in which the cells established first
occupy the niche required for the survival of cells arriv-
ing late and prevent colonization of that niche by the
incoming population. This effect is called interference
competition [65].

The independent homeostatic regulation of the resting
and activated B cell compartments implies an hierarchi-
cal organization of the immune system. In fact, periph-
eral mature resting B cells only accumulate once the
activated pool is replenished, suggesting that the first
priority of the system is the maintenance of normal
serum IgM levels [82]. The immune system seems to be
organized to ensure several alternative sources for the
production of the natural antibodies, which constitutes
the first barrier of protection. Every newly formed B cell
has the ability to differentiate into a plasma cell, but
this process is dependent on the nature and the number
of cells already present at the periphery. Early during
the development and expansion of the immune system
an initial pool of activated B cells is selected which may
resist replacement. Cellular competition based on BCR
diversity and antigenic environment eventually leads to
the substitution of the initially selected population by
new specificities formed in the BM.

The independent homeostatic regulation of the resting
and activated B cell compartments also implies that
these two populations occupy different niches and sug-
gest that they may differ in their requirements for
survival.

Conclusion

In an immune system where the total number of cells is
limited, lymphocyte repertoires will be shaped by the
differential ability of lymphocytes to survive.
Lymphocyte survival relies on cell/ligand interactions,
the availability of other resources, and the nature and
number of competing rivals. In order to survive,
lymphocytes must acquire a selective advantage over
their competitors. They must adapt to the immediate
environment by modifying their survival thresholds
and/or requirements through differentiation. The im-
mune system shows therefore an hierarchical organiza-
tion where the independent regulation of the naive and
activated/memory cells pools allows the maintenance of
both strong memory responses and the continuous
availability of new diversity.

Acknowledgements. This work was supported by the Institut Pas-
teur, CNRS, ANRS, ARC, Sidaction and MRT, France. We
thank Dr K. Rajewsky for allowing us to quote his unpublished
results.

10

12

13

14

15

16

17

18

19

20

B cell survival

Freitas A. A. and Rocha B. A. (1993) Lymphocyte lifespans:
homeostasis, selection and competition. Immunol. Today 14:
25-29

Freitas A. A. and Rocha B. (1997) Lymphocyte survival: a
red queen hypothesis. Science 277: 1950

Nutt S. L., Heavey B., Rolink A. G. and Busslinger M. (1999)
Commitment to the B-lymphoid lineage depends on the tran-
scription factor Pax5. Nature 401: 556—562

Zhuang Y., Soriano P. and Weintraub H. (1994) The helix-
loop-helix gene E2A is required for B cell formation. Cell 79:
875-884

Bain G., Maandag E. C., Izon D. J., Amsen D., Kruisbeek A.
M., Weintraub B. C. et al. (1994) E2A proteins are required
for proper B cell development and initiation of immunoglobu-
lin gene rearrangements [see comments]. Cell 79: 885-892
Hardy R. R., Carmack C. E., Shinton S. A., Kemp J. D. and
Hayakawa K. (1991) Resolution and characterization of pro-
B and pre-pro-B cell stages in normal mouse bone marrow. J.
Exp. Med. 173: 1213-1225

Rolink A., Grawunder U., Winkler T. H., Karasuyama H.
and Melchers F. (1994) IL-2 receptor alpha chain (CD25,
TAC) expression defines a crucial stage in pre-B cell develop-
ment. Int. Immunol. 6: 12571264

Shinkai Y., Rathbun G., Lam K.-P., Oltz E. M., Stewart V.,
Mendensohn M. et al. (1992) RAG-2-deficient mice lack
mature lymphocytes owing to inability to initiate V(D)J rear-
rangement. Cell 68: 8§55-867

Rolink A., Haasner D., Melchers F. and Andersson J. (1996)
The surrogate light chain in mouse B-cell development. Int.
Rev. Immunol. 13: 341-356

Kitamura D., Roes J., Kithn R. and Rajewsky K. (1991) A
B-cell deficient mouse by targeted disruption of the membrane
exon of the immunoglobulin mu chain gene. Nature 350:
423-426

Papavasiliou F., Misulovin Z., Suh H. and Nussenzweig M.
C. (1995) The role of Ig beta in precursor B cell transition and
allelic exclusion. Science 268: 408—411

Papavasiliou F., Jankovic M., Suh H. and Nussenzweig M. C.
(1995) The cytoplasmic domains of immunoglobulin (Ig) al-
pha and Ig beta can independently induce the precursor B cell
transition and allelic exclusion. J. Exp. Med. 182: 1389-1394
Loder F., Mutschler B., Ray R. J., Paige C. J., Sideras P.,
Torres R. et al. (1999) B cell development in the spleen takes
place in discrete steps and is determined by the quality of B
cell receptor-derived signals. J. Exp. Med. 190: 75-89

Yu W., Nagaoka H., Jankovic M., Misulovin Z., Suh H. Y.,
Rolink A. et al. (1999) Continued RAG expression in late
stages of B cell development and no apparent re-induction
after immunization. Nature 400: 682—687

Rolink A. G., Andersson J. and Melchers F. (1998) Charac-
terization of immature B cells by a novel monoclonal anti-
body, by turnover and by mitogen reactivity. Eur. J.
Immunol. 28: 3738-3748

Carsetti R. (2000) The development of B cells in the bone
marrow is controlled by the balance between cell-autonomous
mechanisms and signals from the microenvironment. J. Exp.
Med. 191: 5-8

von Freeden-Jeffry U., Vieira P., Lucian L. A., McNeil T.,
Burdach S. E. and Murray R. (1995) Lymphopenia in inter-
leukin (IL)-7 gene-deleted mice identifies IL-7 as a nonredun-
dant cytokine. J. Exp. Med. 181: 1519-1526

Peschon J. J., Morrissey P. J., Grabstein K. H., Ramsdell F.
J., Maraskovsky E., Gliniak B. C. et al. (1994) Early
lymphocyte expansion is severely impaired in interleukin 7
receptor-deficient mice. J. Exp. Med. 180: 1955-1960
DiSanto J. P., Muller W., Guy-Grand D., Fischer A. and
Rajewsky K. (1995) Lymphoid development in mice with a
targeted deletion of the interleukin 2 receptor gamma chain.
Proc. Natl. Acad. Sci. USA 92: 377-381

Corcoran A. E., Riddell A., Krooshoop D. and Venkitara-
man A. R. (1998) Impaired immunoglobulin gene rearrange-
ment in mice lacking the IL-7 receptor. Nature 391: 904907



CMLS, Cell. Mol. Life Sci.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Vol. 57, 2000

Era T., Ogawa M., Nishikawa S., Okamoto M., Honjo T.,
Akagi K. et al. (1991) Differentiation of growth signal re-
quirement of B lymphocyte precursor is directed by expres-
sion of immunoglobulin. EMBO J. 10: 337-342

Marshall A. J., Fleming H. E., Wu G. E. and Paige C. J.
(1998) Modulation of the IL-7 dose-response threshold during
pro-B cell differentiation is dependent on pre-B cell receptor
expression. J. Immunol. 161: 60386045

Rolink A. G., Winkler T., Melchers F. and Andersson J.
(2000) Precursor B cell receptor dependent B cell proliferation
and differentiation does not require the bone marrow or the
fetal liver environment. J. Exp. Med. 191: 23-31

Reth M. and Wienands J. (1997) Initiation and processing of
signals from the B cell antigen receptor. Ann. Rev. Immunol.
15: 453-479

Benschop R. J., Melamed D., Nemazee D. and Cambier J. C.
(1999) Distinct signal thresholds for the unique antigen recep-
tor-linked gene expression programs in mature and immature
B cells. J. Exp. Med. 190: 749-756

Benschop R. J. and Cambier J. C. (1999) B cell development:
signal transduction by antigen receptors and their surrogates.
Curr. Opin. Immunol. 11: 143151

Lam K.-P., Kuhn R. and Rajewsky K. (1997) In vivo ablation
of surface immunoglobulin on mature B cells by inducible
gene targeting results in rapid cell death. Cell 90: 10731083
Freitas A. A., Rocha B. and Coutinho A. (1986) Lymphocyte
population kinetics in the mouse. Immunol. Rev. 91: 5-37
Heyman R. A., Borrelli E., Lesley J., Anderson D., Richman
D. D., Baird S. M. et al. (1989) Thymidine kinase oblitera-
tion: creation of transgenic mice with controlled immune
deficiency. Proc. Natl. Acad. Sci. USA 86: 2698

Torres R. M., Flaswinkel H., Reth M. and Rajewsky K.
(1996) Aberrant B cell development and immune response in
mice with a compromised BCR complex [see comments].
Science 272: 1804—-1808

Rosado M. M. and Freitas A. A. (1998) The role of the B cell
receptor V region in peripheral B cell survival. Eur. J. Im-
munol. 28: 2685-2693

Corcos D., Dunda O., Butor C., Cesbron J.-Y., Lores P.,
Buchinni D. et al. (1995) Pre-B cell development in the
absence of lambda5 in transgenic mice expressing a heavy-
chain disease protein. Curr. Biol. 5: 1140—1148

Freitas A. A., Lembezat M. P. and Coutinho A. (1989)
Expression of antibody V-regions is genetically and develop-
mentally controled and modulated by the B lymphocyte envi-
ronment. Int. Immunol. 1: 342-354

Freitas A. A., Andrade L., Lembezat M. P. and Coutinho A.
(1990) Selection of VH gene repertoires: differentiating B cells
of adult bone marrow mimic fetal development. Int. Im-
munol. 2: 15-23

Gu H., Tarlinton D., Muller W., Rajewsky K. and Forster 1.
(1991) Most peripheral B cells are ligand selected. J. Exp.
Med. 173: 1357-1371

Viale A. C., Coutinho A., Heyman R. A. and Freitas A. A.
(1993) V region dependent selection of persistent resting pe-
ripheral B cells in normal mice. Int. Immunol. 5: 599-605
Kouskoff V., Famiglietti S., Lacaud G., Lang P., Rider J. E.,
Kay B. K. et al. (1998) Antigens varying in affinity for the B
cell receptor induce differential B lymphocyte responses. J.
Exp. Med. 188: 14531464

Caldwell R. G., Wilson J. B., Anderson S. J. and Longnecker
R. (1998) Epstein-Barr virus LMP2A drives B cell develop-
ment and survival in the absence of normal B cell receptor
signals. Immunity 9: 405-411

Byth K. F., Conroy L. A., Howlett S., Smith A. J., May J.,
Alexander D. R. et al. (1996) CD45-null transgenic mice
reveal a positive regulatory role for CD45 in early thymocyte
development, in the selection of CD4 + CD8 + thymocytes,
and B cell maturation. J. Exp. Med. 183: 1707-1718

Khan W. N., Alt F. W., Gerstein R. M., Malynn B. A.,
Larsson 1., Rathbun G. et al. (1995) Defective B cell develop-
ment and function in Btk-deficient mice. Immunity 3: 283—
299

41

4

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Review Article 1227

Turner M., Gulbranson-Judge A., Quinn M. E., Walters A.
E., MacLennan I. C. and Tybulewicz V. L. (1997) Syk
tyrosine kinase is required for the positive selection of imma-
ture B cells into the recirculating B cell pool. J. Exp. Med.
186: 2013-2021

Sha W. C., Liou H. C., Tuomanen E. I. and Baltimore D.
(1995) Targeted disruption of the p50 subunit of NF-kappa B
leads to multifocal defects in immune responses. Cell 80:
321-330

Schubart D. B., Rolink A., Kosco-Vilbois M. H., Botteri F.
and Matthias P. (1996) B-cell-specific coactivator OBF-1/
OCA-B/Bobl required for immune response and germinal
centre formation. Nature 383: 538—542

Adams J. M. and Cory S. (1998) The bcl-2 protein family:
arbriters of cell survival. Science 281: 13221326

Chao D. T. and Korsmeyer S. J. (1998) Bcl-2 family: regula-
tors of cell death. Ann. Rev. Immunol. 16: 395-419

Minn A. J., Swain R. E., Ma A. and Thompson C. B. (1998)
Recent progress on the regulation of apoptosis by Bcl-2
family members. Adv. Immunol. 70: 245-279

Lam K. P. and Rajewsky K. (1998) Rapid elimination of
mature autoreactive B cells demonstrated by Cre-induced
change in B cell antigen receptor specificity in vivo. Proc.
Natl. Acad. Sci. USA 95: 13171-13175

Colle J. H., Truffa-Bachi P. and Freitas A. A. (1988) Sec-
ondary antibody responses to thymus-independent antigens.
Decline and life-span of memory. Eur. J. Immunol. 18: 1307
1314

Gray D. and Skarvall H. (1988) B-cell memory is short-lived
in the absence of antigen. Nature 336: 70—73

Schittek B. and Rajewsky K. (1990) Maintenance of B-cell
memory by long-lived cells generated from proliferating pre-
cursors. Nature 346: 749751

Taki S., Schwenk F. and Rajewsky K. (1995) Rearrangement
of upstream DH and VH genes to a rearranged immunoglob-
ulin variable region gene inserted into the DQ52-JH region of
the immunoglobulin heavy chain locus. Eur. J. Immunol. 25:
1888—1896

Qin X. F., Schwers S., Yu W., Papavasiliou F., Suh H.,
Nussenzweig A. et al. (1999) Secondary V(D)J recombination
in B-1 cells. Nature 397: 355-359

Gay D., Saunders T., Camper S. and Weigert M. (1993)
Receptor editing: an approach by autoreactive B cells to
escape tolerance. J. Exp. Med. 177: 999-1008

Tiegs S. L., Russell D. M. and Nemazee D. (1993) Receptor
editing in self-reactive bone marrow B cells. J. Exp. Med. 177:
1009-1020

Retter M. W. and Nemazee D. (1998) Receptor editing occurs
frequently during normal B cell development. J. Exp. Med.
188: 12311238

Osmond D. G. (1986) Population dynamics of bone marrow
B lymphocytes. Immunol. Rev. 93: 103124

Rocha B., Penit C., Baron C., Vasseur F., Dautigny N. and
Freitas A. A. (1990) Accumulation of bromodeoxyuridine-la-
beled cells in central and peripheral lymphoid organs: mini-
mal estimates of production and turnover rates of mature
lymphocytes. Eur. J. Immunol. 20: 1697-1708

Opstelten D. and Osmond D. G. (1983) Pre-B cells in mouse
bone marrow: immunofluorescence stathmokinetic studies of
the proliferation of cytoplasmic mu-chain-bearing cells in
normal mice. J. Immunol. 131: 2635-2640

Goodnow C. C., Cyster J. G., Hartley S. B., Bell S. E., Cooke
M. P., Healy J. L. et al. (1995) Self-tolerance checkpoints in B
lymphocyte development. Adv. Immunol. 59: 279-368
Opstelten D. and Osmond D. G. (1985) Regulation of pre-B
cell proliferation in bone marrow: immunofluorescence stot-
mokinetic studies of cytoplasmic p chain-bearing cells in
anti-IgM-treated mice, hematologically deficient mutant mice
and mice given sheep red blood cells. Eur. J. Immunol. 15:
599-605

Cyster J. G., Hartley S. B. and Goodnow C. C. (1994)
Competition for follicular niches excludes self-reactive cells
from the recirculating B-cell repertoire. Nature 371: 389395



1228

62

63

64

65

66

67

68

69

70

71

72

73

74

F. Agenes et al.

Forster I. and Rajewsky K. (1990) The bulk of the peripheral
B-cell pool is stable and not rapidly renewed from the bone
marrow. Proc. Natl. Acad. Sci. USA 87: 4781-4785

Chan E. Y.-T. and MacLennan I. C. M. (1993) Only a small
proportion of splenic B cells in adults are short-lived virgin
cells. Eur. J. Immunol. 23: 357-363

Agenes F., Rosado M. M. and Freitas A. A. (1997) Indepen-
dent homeostatic regulation of B cell compartments. Eur. J.
Immunol. 27: 18011807

Begon M., Harper J. L. and Townsend C. R. (1990) Ecology:
Individuals, Populations and Communities, Blackwell, Oxford
Pianka E. R. (1976) Competition and niche theory. In: Theo-
retical Ecology: Principles and applications, pp. 114-141,
May R. M. (ed.), Blackwell, Oxford

Freitas A. A., Rosado M., Viale A.-C. and Grandien A.
(1995) The role of cellular competition in B cell survival and
selection of B cell repertoires. Eur. J. Immunol. 25: 1729—
1738

Rocha B., Grandien A. and Freitas A. A. (1995) Anergy and
exhaustion are independent mechanisms of peripheral T cell
tolerance. J. Exp. Med. 181: 993-1003

Monod J. (1950) La technique de culture continue: theorie et
applications. Ann. Inst. Pasteur. 79: 390-410

McLean A., Rosado M. M., Agenes F., Vasconcelos R. and
Freitas A. A. (1997) Resource competition as a mechanism
for B cell homeostasis. Proc. Natl. Acad. Sci. USA 94:
5792-5797

Cyster J. G. and Goodnow C. C. (1995) Antigen-induced
exclusion from follicles and anergy are separate and comple-
mentary processes that influence peripheral B cell fate. Immu-
nity 3: 691-701

Ahmed R. and Gray D. (1996) Immunological memory and
protetive immunity: understanding their relation. Science 272:
54-57

Schulter D. (1994) Experimental evidence that competition
promotes divergence in adaptive radiation. Science 266: 798 —
800

Forster R., Mattis A. E., Kremmer E., Wolf E., Brem G. and
Lipp M. (1996) A putative chemokine receptor, BLR1, directs

75

76

77

78

79

80

81

82

83

84

B cell survival

B cell migration to defined lymphoid organs and specific
anatomic compartments of the spleen. Cell 87: 1037-1047
Gonzalez M., Mackay F., Browning J. L., Kosco-Vilbois M.
H. and Noelle R. J. (1998) The sequential role of lymphotoxin
and B cells in the development of splenic follicles. J. Exp.
Med. 187: 997-1007

Fu Y. X., Huang G., Wang Y. and Chaplin D. D. (1998) B
lymphocytes induce the formation of follicular dendritic cell
clusters in a lymphotoxin alpha-dependent fashion. J. Exp.
Med. 187: 1009-1018

Endres R., Alimzhanov M. B., Plitz T., Futterer A., Kosco-
Vilbois M. H., Nedospasov S. A. et al. (1999) Mature follicu-
lar dendritic cell networks depend on expression of
lymphotoxin beta receptor by radioresistant stromal cells and
of lymphotoxin beta and tumor necrosis factor by B cells. J.
Exp. Med. 189: 159-168

MacLennan 1. C. (1994) Germinal centers. Ann. Rev. Im-
munol. 12: 117-139

Liu Y. J. and Arpin C. (1997) Germinal center development.
Immunol. Rev. 156: 111-126

Hinds-Frey K. R., Nishikata H., Litman R. T. and Litman G.
W. (1993) Somatic variation precedes extensive diversification
of germline sequences and combinatorial joining in the evolu-
tion of immunoglobulin heavy chain diversity. J. Exp. Med.
178: 815-824

Litman G. W., Stolen J. S., Sarvas H. O. and Makela O.
(1982) The range and fine specificity of the anti-hapten im-
mune response: phylogenetic studies. J. Immunogenet. 9:
465474

Agenes F. and Freitas A. A. (1999) Transfer of small resting
B cells into immunodeficient hosts results in the selection of a
self-renewing activated B cell population. J. Exp. Med. 189:
319-330

Tanchot C. and Rocha B. (1998) The organization of mature
T-cell pools. Immunol. Today 19: 575-579

Kitamura D., Kudo A., Schaal S., Muller W., Melchers F.
and Rajewsky K. (1992) A critical role of lambda 5 protein in
B cell development. Cell 69: 823831



