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Abstract

Understanding the homeostatic mechanisms governing lymphocyte pools achieves critical importance as lymphocyte-target-
ed therapies expand in use and scope. The primacy of B lymphocyte stimulator (BLyS) family ligands and receptors in gov-
erning B lymphocyte homeostasis has become increasingly clear in recent years, affording insight into novel opportunities
and potential pitfalls for targeted B cell therapeutics. Interclonal competition for BLyS-BR3 interactions determines the size
of naive B cell pools and can regulate the stringency of selection applied as cells complete maturation. Thus one of the pre-
dicted consequences of ablative therapies targeting primary pools is relaxed negative selection. This suggests that BLyS lev-
els and B cell reconstitution rates may serve useful prognostic roles and that BLyS itself might be targeted to circumvent
relapse. Alternatively, manipulations that allow rare, minimally autoreactive specificities to survive and mature may lead to
opportunities in cases where antibody-based vaccine development has heretofore been unsuccessful. BLyS family ligands and
receptors also play a role in activated and memory B cell pools, suggesting they might likewise be targeted to promote or
delete particular antigen-experienced subpopulations in a similar way.
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INTRODUCTION

During the last decade, the central role of homeo-
static mechanisms in determining the behavior, compo-
sition, and size of lymphocyte pools has become increas-
ingly apparent. These strong influences stem in part
from the critical requisite that lymphocyte numbers be
tied to organism volume in order to accommodate ade-
quate immune surveillance [17]. Accordingly, lympho-
cyte production and selection are integrated with mech-
anisms that ensure functional pools can be maintained
at sizes sufficient for protection [86]. These considera-
tions are compounded by the notion that different lym-
phocyte subsets, such as memory versus naive pools, are
likely to be regulated independently of each other [19,

132]. A global outcome of these strong homeostatic con-
trols is that perturbations in normal lymphocyte produc-
tion, longevity, or numbers will be countered by com-
pensatory mechanisms attempting to keep pool sizes at
minimally acceptable levels.

The need for a sophisticated mechanistic under-
standing of lymphocyte homeostasis has increased with
the growing application of therapeutics that ablate lym-
phocyte subsets. In particular, the selective elimination
or reduction of B cell pools is rapidly emerging as a ther-
apeutic intervention in a variety of diseases. Currently,
patients with autoimmune diseases and non-
-Hodgkin’s lymphoma comprise the majority of cases in
which B cell ablative therapies are used [29]. Early suc-
cess in these conditions prompted additional applica-
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Table 1. Examples of targeted ablative strategies in use or development

Therapy Example Target Stage
Non-specifically all hematopoietic cells  total body irradiation all hematopoietic cells  clinic
targeted
Cell-specific targeted anti-idiotype customized clonal population of clinic
cells (lymphoma)
chemical inhibitors Gleevec! specific tumor cells clinic

bearing BCR/ABL
protein

anti-CD20 Rituxan?, Zevalin® mature B cells clinic (GENE, IDEC)
anti-CD30 MDX-0604%, SGN-305>  activated B cells phase I (MEDX,
(NHL cells) SGEN)
anti-CD52 Campath® mature lymphocytes clinic
anti-CD80 Galiximab’ activated B cells phase I1I
(NHL cells)
anti-CD23 Lumiliximab® late transitional and phase 11
mature B cells (B-CLL)
anti-CD40 SGN-40° antigen-presenting cells  phase I/II
(CLL and NHL)
Homeostasis regu- anti-BLyS/TACI-Ig/ Belimumab!? cytokine required for B phase III (HGS/GSK),
lator targeted /BR3-Fc/anti-BR3 AMG-623", cell survival phase I (AMG,
Atacicept'?, IDEC/GENE, ZGEN)
anti-BR3"

anti-APRIL

cytokine required for B
cell survival

! Novartis, reviewed in ref. [152]; > Genentech, reviewed in ref. [147]; 3 Biogen Idec, reviewed in ref. [148]; * Medarex, reviewed in
ref. [145]; 3 Seattle Genetics, reviewed in ref. [154]; ¢ Ilex, reviewed in ref. [144]; 7 Biogen Idec, reviewed in ref. [149]; & Biogen
Idec, reviewed in ref. [153]; ? Seattle Genetics reviewed in ref. 150]; ' Human Genome Sciences, reviewed in ref. [146]; '' Amgen,

unpublished; '? Zymogenetics/Serono, reviewed in ref. [151]; * Biogen Idec, unpublished.

B-CLL - B cell chronic lymphocytic leukemia.

tions, leading to trials in Sjogren’s syndrome, Graves’
disease, multiple sclerosis, and solid organ transplanta-
tion [26, 41, 60, 97, 106, 107]. Currently, these therapies
focus on ablating most peripheral B cells [10, 12, 22, 24,
25, 64, 67, 74, 78, 125, 130, 133, 134], but the ability to
target specific subsets precisely is forthcoming, and may
yield even greater efficacy. The most extensive trials
have been with Rituximab®, a monoclonal CD20-specif-
ic antibody, and favorable outcomes with this therapy
have generated keen interest in targeting other B cell
markers. For example, monoclonal antibodies against
CD22, CD80, CD52, CD30, and CD40 are now being
investigated for use in lymphoma [29]. Similarly, antag-
onists for FcyRIIB, BLyS®, and B lymphocyte stimulator
(BLyS) receptors are also in clinical trials [91, 102, 113,
119, 124]. Some examples of ablative therapies are pre-
sented in Table 1. Inasmuch as the expressions of these
markers, receptors, and cytokines differ among B cell
subsets, the direct and downstream effects of these
reagents will likely diverge.

These expanding efforts in toto underscore the need
for a thorough understanding of the homeostatic and
selective processes active within B cell populations.
Indeed, the effective conceptualization, development,
and application of targeted ablative therapies demands
a detailed understanding of three fundamental, interre-
lated aspects of B cell physiology: the molecular mecha-
nisms that merge selection with homeostatic demands,

the basis for independent homeostatic control of differ-
ent functional subsets, and the cues that mediate transit
between such independently regulated subsets.
Accordingly, this review examines principles of homeo-
static control within naive and antigen-experienced B
cell subsets, with particular emphasis on how the BLyS
family of receptors and ligands impacts each of these. In
the first section we describe the development and home-
ostatic control of primary B cell populations, summariz-
ing current thinking, identifying gaps in knowledge, and
offering speculation regarding implications for effective
clinical manipulation. In the second we present a paral-
lel discussion of antigen-experienced B cell subsets.

PRIMARY B CELL POOL SIZES
ARE MAINTAINED BY COMPETITION
IN THE PERIPHERY

In adults, B cells differentiate from bone marrow
(BM) hematopoietic stem cells after genetic and epige-
netic changes yielding B lineage specification and com-
mitment, reviewed elsewhere [15, 85]. Although several
nomenclatures are used to divide committed B lineage
differentiation intermediates, all are based on Ig gene
rearrangement status [46, 100, 111]. Prior to antigen
receptor expression, developing B cells in the pro- and
pre-B compartments rely on marrow stromal elements
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for continued commitment, survival, and differentiation
[20, 65, 66, 99, 105, 122]. As evidenced by early deple-
tion studies [101] as well as mutations and manipula-
tions that selectively alter mature pool sizes, there do
not appear to be any direct feedback mechanisms to
either lineage commitment rates or transit through
these early differentiative intermediates. Accordingly,
homeostatic controls that dictate primary B cell pool
sizes act primarily at later stages.

Once a complete antigen receptor is expressed, B
cells enter the immature BM compartment. This is
a critical step in B cell maturation, since from this point
forward cell fate can be influenced by B cell receptor
(BCR) specificity. Stringent specificity-based selection
occurs here, such that avid BCR ligation leads to either
secondary V gene rearrangements or death [40, 42, 93,
94, 129]. It is estimated that only about 10% of the
immature BM B cells formed survive these selective
processes and exit to the periphery, where they under-
go further specificity-based selection in the transitional
(TR) compartment [2-4, 32, 33, 73, 112]. Residency in
the TR pool is short, as cells either die or complete dif-
ferentiation to enter the naive peripheral pools within
three days [4, 32, 112]. Only about 30% of cells exiting
the BM complete TR differentiation [4, 112]. At nor-
mal steady state, most surviving TR cells enter the fol-
licular (FO) compartment, with a small proportion
joining the marginal zone (MZ) pool. Cells within the
FO pool display a relatively long half-life of 80-120
days [4, 120].

Because the TR stage is the last before entrance to
mature naive B cell populations, throughput at this
point is effectively the production rate of primary B
cells. This rate, in combination with the lifespan of pri-
mary cells themselves, determines the steady-state size
of naive B cell pools. Accordingly, identifying the mole-
cular determinants of these two parameters is crucial to
understanding the homeostatic control mechanisms
operative within primary pools.

Observations demonstrating that interclonal compe-
tition determines the ability to survive within mature
peripheral pools provided some of the earliest clues to
these mechanisms [31, 37, 84, 121]. Most of these stud-
ies employed mixed marrow radiation chimeras and
yielded results implying that primary B cells compete for
limited, viability-promoting resources. Moreover, all of
these studies suggested that BCR specificity impacts
clonotypic fitness to capture or utilize these resources.
The notion that interclonal competition moderated by
BCR specificity underlies the homeostatic control of
primary B cells carries two critical implications. First,
the probability of survival in TR and FO pools is plastic
rather than absolute, depending on the abundance of
viability-promoting resources. Moreover, this plasticity
will itself be tied to total B cell numbers and their rela-
tive competitive advantage. Second, because BCR
specificity plays a dominant role in determining intrinsic
competitive fitness, the molecular metric for biological
space must be integrated with BCR signaling.

THE BLyS FAMILY OF LIGANDS
AND RECEPTORS

The BLyS family of receptors and ligands is a rela-
tively recent addition to the large array of tumor necro-
sis factor (TNF) superfamily ligands and receptors and
plays a central role in determining the selection and
maintenance of naive and antigen-experienced B cell
subsets. Consequently, intense investigation has been
focused on these molecules and their mechanisms of
action. A brief summary of this family’s characteristics
is provided here inasmuch as numerous excellent
reviews detailing their discovery and general character-
istics have been published [14, 16, 49, 50, 61, 76-78, 117,
123].

The BLyS family consists of two ligands, BLyS (also
known as BAFF) [89, 118] and a proliferation-inducing
ligand (APRIL) [45], and three receptors, BLyS recep-
tor 3 (BR3 also known as BAFFr) [115, 128, 142], trans-
membrane activator and CAML interactor (TACI)
[135, 136], and B cell maturation antigen (BCMA) [44].
BLyS can bind to all three receptors, but interacts most
strongly with BR3. In contrast, APRIL can interact only
with TACI and BCMA. APRIL also binds to sulfated
proteoglycans on cell surfaces [53, 59]. While the conse-
quences of this interaction are unclear, recent evidence
indicating that TACI requires oligomeric ligands sug-
gests such tethered arrays may be important for foster-
ing TACI signaling [11, 59].

BLyS is produced by many cell types, including den-
dritic cells, neutrophils, and radioresistant stromal ele-
ments [62, 71, 92]. The soluble trimeric form of BLyS
generated by furin cleavage at the cell surface is cur-
rently the only known biologically active form. Splice
variants that might afford membrane-tethered or regu-
latory forms remain a possibility [38, 39]; however,
whether these or other membrane-bound forms might
possess biological activity, especially in anatomically dis-
crete sites, warrants further investigation. While the sol-
uble trimeric form of BLyS is able to interact with BR3
efficiently, oligomerization into a 60-mer allows signal-
ing through TACI [11]. Similar to BLyS, APRIL is also
cleaved by furin convertase, but this event occurs within
the Golgi apparatus, making soluble APRIL the only
biologically active form [75]. APRIL is produced by
some tumors and by osteoclasts in humans [90] and in
mice (Quinn, unpublished). These differences in pro-
duction and availability may help to explain the different
roles these cytokines play in the maintenance, selection,
and differentiation of B cells.

THE BLyS-BR3 AXIS REGULATES
THE PRIMARY B CELL POOL SIZE
AND COMPOSITION

Extensive evidence indicates that BLyS/BR3 interac-
tions are critical to TR throughput and FO B cell lifes-
pan, thus serving as the chief determinant of primary
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pool size and composition. Initial clues to this relation-
ship were provided by studies showing that exogenous
BLyS administration could nearly double the size of FO
and MZ pools within days [89] and that BR3 mutants or
knockouts displayed profound reductions in TR, FO,
and MZ cell numbers [48, 58, 68, 69, 115, 142].
Moreover, a similar phenotype was seen in BLyS-defi-
cient mice [115]. The dominance of BR3 in maintaining
naive B cells was further revealed by both TACI and
BCMA knockout mice [21, 137, 141], where relatively
normal FO and MZ compartments indicated that nei-
ther of these receptors is functionally redundant with
BR3. Likewise, exogenous administration of BR3 antag-
onists [109, 110] as well as neutralizing BLyS antibody
(Scholz and Crowley, unpublished) yields a reduction in
all primary B cell subsets.

Several observations link the BLyS-BR3 axis to prior
observations showing that primary B cell homeostasis
involves interclonal competition. First, in mixed BM
chimeras, B cells derived from BR3-deficient progeni-
tors cannot compete effectively with their BR3-suffi-
cient counterparts for survival [48]. Second, the lifespan
and proportional throughput of TR B cells increase dur-
ing sustained exogenous BLyS administration [58].
Perhaps most importantly in this context, this increased
TR throughput reflects relaxation of the specificity-
-mediated selection occurring at this checkpoint. Thus,
in several transgenic models, increased BLyS levels
allowed cells that are normally deleted to survive and
enter the FO and MZ compartments [70, 127].
Similarly, mice transgenic for a DNA reactive BCR that
were given exogenous BLyS had a dramatic increase in
the number of mature autoreactive B cells [56].
Together, these studies demonstrate that TR selection
and BLyS sensitivity are linked, such that changes in
BLYyS levels can alter the stringency of TR selection.

IMPLICATIONS FOR HOMEOSTATIC
INTERVENTION AND MANIPULATION

The interplay between TR selection and homeostat-
ic competition raises implications, both cautionary and
exciting, for manipulation of the primary pools. In par-
ticular, these considerations suggest that ablative strate-
gies should be undertaken with cognizance that
BLyS-mediated compensatory homeostatic mechanisms
may ensue, especially during autoreconstitution.
Indeed, because the threshold for TR negative selection
is directly affected by BLyS, cells that would normally be
lost at this point might proceed into the mature periph-
eral pools. Although experimental systems demonstrat-
ing this principle have employed either exogenous
administration or transgenes to elevate BLyS, precipi-
tous ablation of primary B cells, the major consumers of
BLYyS, is likely to increase systemic BLyS levels. This
possibility has significant repercussions for effective
clinical management of ablative treatments and raises
intriguing possibilities for new therapeutic strategies.

MAINTAINING SELECTIVE STRINGENCY
REQUIRES CAREFUL CALIBRATION

Ironically, despite the clear promise of B cell abla-
tive therapies for autoimmunity, these approaches may
actually promote the survival of autoreactive TR cells as
peripheral autoreconstitution progresses. Temporary
elimination of primary B cells and subsequently elevat-
ed BLyS levels is predicted to alter TR selection in such
a way as to allow maturation of specificities that would
normally undergo elimination. Further, while minimally
autoreactive clones are unlikely to be pathogenic in
most people, studies from mice demonstrate the role of
different genetic backgrounds in creating permissive
environments for the development of autoimmune dis-
ease. Likewise, elevated serum BLyS levels and autoim-
mune disease severity are correlated [9, 27, 28, 82]. In
non-diseased states, appropriately functioning control
mechanisms governing antigen presentation, T cell help,
and selection within the germinal center (GC) prevent
autoreactive naive clones from developing into longer-
-lived variations [30, 57]. However, in autoimmune-
-prone backgrounds, these control parameters may be
aberrant. For example, B cells in mice with an autoim-
mune-prone background resist depletion with anti-
-CD20 antibody [1]. Likewise, increased BLyS levels can
induce autoimmunity in mice possessing an autoim-
mune genetic background by three months of age,
whereas mice without such predisposition fail to devel-
op disease until advanced age [126].

CORRELATES OF TR SELECTION MAY YIELD
PROGNOSTIC INFORMATION

While elevated BLyS levels may be either causative
or correlative, either possibility suggests that the devel-
opment of successful targeted therapies will benefit
from following homeostatic parameters in both animal
and clinical studies. Accordingly, careful monitoring of
BLyS levels and the reconstitution rates of different B
cell subsets might yield prognostic information. For
example, if TR pools reach steady state and are followed
by rapid reconstitution of the FO and MZ pools, then a
window of reduced TR selective stringency is likely. On
the other hand, slower FO reconstitution rates may indi-
cate maintenance of “normal” TR selection, indicating
it is less likely that mature pools are being repopulated
with autoreactive cells. Ratios of TR to FO cells might
prove the most robust figure, since normal ratios will be
subject to B cell production rates and will thus vary
according to age, gender, and other factors. Likewise,
prospectively tracking serum BLyS levels might detect
conditions conducive to relaxed TR selection. Finally,
determining the occurrence of markers for negative
selection, such as specific V gene usage, CDR3 lengths
and sequences, or expression of cell surface markers,
may also have predictive value in identifying patients at
risk for relaxed selection.
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CAN HOMEOSTATIC RESPONSES
TO ABLATIVE STRATEGIES BE MIODULATED?

Tracking biomarker surrogates of selective strin-
gency might allow intervention when the probability of
admitting autoreactive cells into mature pools appears
high. Such interventions might exploit recent advances
in our knowledge of how homeostasis and selection
intersect during TR differentiation. A general model for
such homeostatic manipulation is shown in Fig. 1. In
contrast to the selective stringency imposed at normal
steady state (panel A), ablated autoreconstituting indi-
viduals may offer an environment in which autoreactive
B cells can mature. Following B cell ablation, BLyS con-
sumption will be minimal and available BLyS levels con-
sequently high (panel B). This may yield a window dur-
ing which virtually all TR B cells, regardless of specifici-
ty, mature. With time, the FO pool will fill and TR
throughput should return to normal. During the inter-
vening period however, such cells may have had the
opportunity to progress into downstream niches, such as
memory or plasma cell (PC) pools, which no longer
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Fig. 1. Peripheral BLyS availability regulates the quality and quan-
tity of developing B cells in the steady state as well as during abla-
tion/reconstitution. Developing B cells become responsive to
BLyS (diamonds) as they emigrate from the BM to the periphery.
Once they have emerged as TR cells, they require signals from
BLYyS receptors for survival and subsequent progression into the
mature pool. Panel A: At normal steady state, clonotypes that
effectively compete for BLyS mature and, because autoreactive
clonotypes (shaded) are comparatively poor competitors, they are
eliminated from the emerging repertoire. Panel B: In ablative
regimes, mature peripheral B cells are eliminated, yielding surplus
free BLyS. Competition for BLyS is thus reduced among TR cells,
relaxing selective stringency so that the emerging primary pool
may include self reactive clonotypes. Panel C: In controlled abla-
tive regimes where compensatory homeostatic responses are
blunted by blocking BLyS/BR3 interactions, steady state BLyS can
be functionally mimicked, resulting in TR throughput and selec-
tion similar to that found in unmanipulated animals.

compete with primary cells and are beyond all check-
points guarding against autoimmune effector function
and pathology. This model can be generalized inasmuch
as analogous homeostatic controls likely operate at each
level of B cell development and differentiation. For
example, a similar representation might be constructed
for cells occupying short- or long-lived plasma cell
(LLPC) niches, memory niches, or any other indepen-
dently regulated subset (see below). Thus, in each situa-
tion there may be both opportunity and danger in abla-
tive manipulations or other approaches perturbing
homeostatic regulation. Based on this model, immedi-
ately accessible interventions might involve reducing
available BLyS by targeting either BLyS per se or
BLyS-producing cells (panel C). This possibility
assumes that BLyS production rates are relatively sta-
ble, and further work is needed to examine this assump-
tion. Alternatively, blocking BR3 interactions with syn-
thetic antagonists might reduce fruitful BLyS-BR3
interactions, regardless of how BLyS production is con-
trolled.

A more distant option for influencing TR selective
stringency includes targeting the intracellular mediators
of signaling via BLyS receptors. For example, BR3 pref-
erentially utilizes the alternative NF-xB pathway, while
TACI relies upon classical NF-xB signaling [63, 108].
Further, these two receptors employ different TNF
receptor-associated factors (TRAFs), with TACI using
TRAF2, 5, and 6 and BR3 relying exclusively on TRAF3
[51, 96, 139, 140]. Thus, by pharmacologically targeting
these mediators in a lineage- or subset-specific manner,
BLyS receptor signal strength might be “tuned” to
afford appropriate selective stringency.

HOMEOSTATICALLY RELAXED SELECTION
AS A MEANS TO MANIPULATE DIVERSITY
AND TOLERANCE

Although potentially detrimental in the context of
autoimmunity, interventions that deliberately relax TR
selection might be a useful tool when an expanded
repertoire diversity is sought. Situations where this
might prove beneficial include the generation of vac-
cines where some degree of self reactivity is wanted (e.g.
tumor vaccines) as well as settings in which clonotypes
with neutralizing activity are normally eliminated at TR
stages. While intentionally increasing BLyS levels per se
would carry obvious risks even on a temporary basis, the
directed augmentation of BLyS responsiveness among
desired clonotypes may eventually prove possible.

The potential to modulate TR selection also has
exciting implications for transplantation. For example,
the ablation of B cell pools coupled with controlled TR
selection during autoreconstitution might facilitate graft
acceptance inasmuch as emerging B cells would under-
go appropriate tolerogenic selection to peripheral
autoantigens, including those of the graft, with appro-
priate stringency. Consistent with this idea, anti-CD20
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treatment improved the survival of pancreatic islet
transplants in non-human primates and protracted
return to normal TR cell proportions were correlated
with extended graft acceptance [72].

HOMEOSTATIC CONTROLS
IN ANTIGEN-EXPERIENCED SUBSETS

While the mechanistic understanding of primary B
cell homeostasis has advanced substantially in recent
years, our knowledge of the analogous mechanisms
operating in antigen-experienced subsets remains rudi-
mentary. Ample evidence indicates that antigen-experi-
enced pools are free of the controls governing primary
B cells. For example, antigen-activated B cell clones
expand considerably, indicating their release from inter-
clonal competition with quiescent naive B cells and sug-
gesting that they utilize different resources for survival.
Moreover, several alternative fates can be adopted by
daughter cells generated during antigen-driven activa-
tion, yielding multiple subsets with disparate homeosta-
tic properties. Indeed, some descendants of activated B
cells display relatively short lifespans of days to weeks,
whereas others persist indefinitely [79, 81, 104, 116].
Analogous to emerging primary cells, specificity-based
selective events play a strong role in determining these
fates [34]. Finally, trafficking, homing, and residency
attributes vary, raising the possibility of local microenvi-
ronmental contributions. For example, early PCs appear
primarily in extrafollicular areas of the spleen [13, 35],
whereas LLPCs rely on elements of the BM for survival
[55, 87, 88].

The prompt formation of plasmablasts, proliferating
cells that produce low levels of antibody, is a feature
common to most early humoral responses. These cells
are found predominantly in extrafollicular spaces and
have a short lifespan, with most dying within three days
[54]. Plasmablasts can also terminally differentiate into
PCs, which produce large amounts of antibody but have
lost proliferative capacity. Short-lived PCs can isotype
switch and, under certain circumstances, undergo
somatic hypermutation despite residence outside GC
reactions [138]. While nearly all forms of antigenic stim-
uli generate short-lived plasma cells (SLPCs), some
forms of activation, such as Toll-like receptor (TLR) lig-
ands and T-independent (TI) antigens, yield SLPCs
almost exclusively. Little is known about the control
mechanisms governing either the initial expansion of
plasmablasts or the survival of SLPCs. However,
increasing evidence suggests that TACI may play a piv-
otal role among these cells. For example, stimulation via
either TLR4 or TLRY increases TACI expression sub-
stantially, and TACI-deficient mice show reduced TI
responses [132, 137]. Additionally, since SLPCs are
maintained in anatomically distinct locations, ligand
availability may afford a mechanism for local regulation.

Although T-dependent responses also generate
early PCs, they are unique in their ability to form GCs in

secondary lymphoid organs. These structures are the
primary sites of somatic hypermutation and affinity mat-
uration; they are initiated by costimulation provided via
cognate T cell help. Again, the ultimate fates of B cells
that enter GCs vary widely. It is generally accepted that
positive selection of high-affinity and deletion of lower-
affinity clones occurs within the confines of a GC reac-
tion, but these mechanisms are poorly understood
(reviewed in [52]). Those GC B cells that maintain or
improve antigen affinity may become LLPCs or memo-
ry cells [83]. LLPCs maintain serum antibody levels,
providing protection against known antigens, and have a
half-life of greater than six months [36, 57]. Memory
cells do not produce antibody but are long lived [116]
and are thought to differentiate rapidly into PCs during
a recall response [23]. The exact physical and molecular
niches required to support memory B cells have been
difficult to define. LLPCs and memory cells primarily
reside in the BM and in the spleen, respectively.
Memory cells have further been traced particularly to
splenic follicles and the MZ [5, 6]. Further, these cells
do not rely on the same cytokines that are required by
naive B cells, such as BLyS [19].

EXOGENOUS ACTIVATION
AND REGULATORY SIGNALS
MODIFY BLyS RECEPTOR SIGNATURE

Activated B cells show altered BLyS receptor
expression patterns, suggesting that BLyS receptor “sig-
natures” may specify cytokine requirements for survival,
thereby delineating independent homeostatic niches.
For example, BCR ligation induces an increase in BLyS
binding capacity [8], and both BCR and TLR ligation
have dose-dependent effects on BLyS receptor expres-
sion, in particular increasing TACI expression [131].
Further, early PC populations generated during T-de-
pendent and TI responses express increased levels of
TACI [80, 131]. The TACI knockout mouse suggests
this upregulation may be important because their
responses to TI-II antigens are reduced [43, 143].
Further, TACI appears key to generating isotype-
-switched cells secreting distal isotypes, in accord with
arole in the survival or differentiation of PCs. This char-
acteristic likely extends to humans inasmuch as TACI
mutations have been reported in IgA deficiency and
common variable immunodeficiency [18, 114]. Both
conditions are typified by the inability to produce anti-
bodies in response to TI antigens or infections with
pneumococcal bacteria.

The other BLyS receptors, BR3 and BCMA, appear
to play different roles during an immune response.
Unlike early PCs, cells within the GC express elevated
levels of BR3 (Crowley, unpublished) compared with
the general naive population. Increases in this receptor
suggest a dependence on BLyS for initiation of GC reac-
tions, but it has been difficult to test this directly
because naive B cells that would enter into a GC are
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also highly sensitive to BLyS levels. Data from the
Kalled laboratory indicate that BLyS is required for GC
maintenance, if not initiation [95], and the BR3 mutant
A/WySn]J strain initiates but does not expand GCs
(Lentz, unpublished). On the other hand, BCMA is crit-
ical in the maintenance and/or production of LLPCs
[98]. This receptor binds BLyS, but has a more than100-
-fold greater affinity for APRIL, suggesting that APRIL
may be its more relevant physiological ligand [7, 103].
Likewise, BCMA is expressed on memory B cells and
may thus be important in their generation or survival
(Crowley, unpublished).

MODULATION OF HOMEOSTATIC CONTROLS
IN ANTIGEN-EXPERIENCED SUBSETS:
POTENTIAL THERAPEUTIC APPROACHES

While a detailed understanding of the homeostatic
controls operating among antigen-experienced B cell
subsets has not yet been achieved, several plausible
avenues for targeted strategies are already apparent.
For example, subsets might be targeted based on the
BLyS receptors they express. Since BCMA predomi-
nates on memory B cells and LLPCs, APRIL signaling
through BCMA may be the key pairing for these pools,
just as BLyS-BR3 is the major axis for naive B cell sur-
vival. Exogenous APRIL might be administered to
potentially increase the frequency of memory cells or
LLPCs generated or maintained in response to immu-
nization, thereby leading to increased antibody titers
and enhanced long-lived immunity for individuals with
attenuated immune responses, such as the very young
and the elderly. Conversely, BCMA function might be
blocked in order to reduce autoreactive specificities in
the memory and LLPC pools of autoimmune individu-
als. Clearly, methods for targeting specific antigen-expe-
rienced subpopulations would be most useful, thereby
allowing for elimination of undesirable types (e.g.
autoimmune specificities) with concurrent retention of
desirable types such as memory populations from prior
vaccinations.

Another avenue for manipulation of antigen-experi-
enced subsets might involve targeting of soluble or sur-
face-bound ligands. For instance, it has recently been
reported that signaling through the TACI receptor
requires an oligomeric ligand [11]. APRIL contains
a QKQKKQ motif required for binding to proteogly-
cans, and thus oligomerization [59]. If this mechanism
proves to be unique to TACI, targeting these residues to
reduce oligomerization of APRIL may eliminate signal-
ing through TACI. This could allow for the regulation of
TACI-expressing SLPCs while leaving BCMA-express-
ing LLPCs unaffected. Blocking APRIL oligomeriza-
tion while leaving its receptor binding function intact
could potentially be used to treat autoimmunity, as ani-
mal models have found that chromatin-reactive anti-
body-secreting cells express TACI exclusively [56].
Conversely, in scenarios where survival and selection of

rare PC clonotypes is desirable, a TACI oligomerizing
agent might be used to extend SLPC survival, perhaps
leading to their acceptance into the LLPC or memory
pools.

Alternative targets might involve adhesion mole-
cules or chemokine receptors associated with the ability
of pathogenic cells to home to or be retained in a spe-
cific physical niche. For instance, it has been shown that
CXCR4 expression is necessary for the recruitment of
newly formed PCs to the bone [47]. Blocking this recep-
tor could thus deny newly formed PCs access to the spe-
cialized location required for LLPC differentiation [47].

CONCLUSION

The emerging understanding of mechanisms govern-
ing the homeostatic control of B cell subsets should
allow refined methods for clinical manipulation of the
humoral immune response. Current therapies targeting
B cells are based on relatively broad strokes of ablation
and reconstitution. Thus the elucidation of consequent
compensatory homeostatic mechanisms should permit
the fine-tuning of therapeutic outcomes. The capacity to
titer cytokine levels may be vital in maintaining compet-
itive selection, or blocking the maintenance of antigen-
-experienced cells, thereby preventing the survival of
autoimmune cells following reconstitution. Moreover,
this knowledge should afford the selection of particular
previously rare or unavailable clonotypes, ultimately
allowing novel vaccine strategies. Likewise, in patholog-
ical settings such as lupus, limitation of BLyS may
restrict the selection of autoreactive clonotypes without
adversely affecting other peripheral populations, includ-
ing immunological memory.
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