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Abstract
The interplay of selective and homeostatic processes dominates the behavior of B lineage subsets
following B cell antigen receptor (BCR) expression, and extends to determinants of immune response
quality and the persistence of immunologic memory. A key concept emerging from these
considerations is that primary events acting upstream of mature B lymphocyte pools can profoundly
impact downstream populations as the system attempts homeostatic adjustments. Since advancing
age is accompanied by profound changes in B cell generation and homeostasis, establishing the
relative contributions of primary lesions versus compensatory homeostatic processes is critical to
understanding these perturbations. Exploration of this problem requires an understanding of: 1) the
identity, dynamics, and progenitor/successor relationships of marrow and peripheral B cell subsets;
2) the nature and interactions of selective and homeostatic processes acting in these subsets; and 3)
how these change with age. Our data show that BLyS and its receptors mediate peripheral B cell
homeostasis, and that the size, dynamics and behavior of all B cell subsets influenced by B
Lymphocyte Stimulator change with age. These findings suggest that homeostatic processes
mediated through B Lymphocyte Stimulator are altered with age, and that these perturbations may
primarily reflect compensatory homeostatic adjustments to upstream reductions in B cell generation.

Introduction: Lymphocyte homeostasis and the aging immune system
The relationship between homeostasis and selection in the maintenance of primary B cells has
only recently been appreciated, and suggests that events acting upstream of mature lymphocyte
pools impact downstream populations as the system makes homeostatic adjustments (reviewed
in (Cancro and Sprent 2005)). Advancing age is accompanied by substantial changes in all B
cell compartments and, consequently, humoral immune function. These changes include shifts
in the magnitude of all B cell compartments (Figure 1), specificity repertoire changes, modified
peripheral B cell dynamics, and weakened humoral responses. Accordingly, insights about
how age-related shifts in homeostatic pressures impact functional B cell populations is key to
a mechanistic understanding of age-associated changes in B cell compartments.

Homeostatic demands control B cell survival and selection
B lymphocytes are continuously generated throughout adult life, arising in the marrow and
transiting a series of developmental stages during which they undergo rearrangement and
expression of antigen receptor genes. Successive B cell developmental stages are thus defined
according to surface markers and Ig gene rearrangement status and are summarized in Table
1. In the pro-B stage, cells rearrange their Ig heavy chain genes. This is followed by surface
Ig heavy chain expression with surrogate light chain, delineating onset of the pre-B cell stage.
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Early pre-B cells undergo a proliferative burst, followed by Ig light chain gene rearrangement.
Successful light chain rearrangement and surface expression of a complete B cell antigen
receptor (Ig heavy-light chain pair) identifies the immature marrow B cell, which may complete
maturation after migrating to the periphery. These late peripheral B cell maturation
intermediates are termed “transitional” stages, and are divided into subsets T1, T2, and T3.
Cells that successfully complete transitional differentiation enter the mature peripheral B cell
pools. Mature follicular B cells, also referred to as B-2 or “conventional” B cells, encompass
the majority (>80%) of B lymphocytes in peripheral tissues, and are to be the progenitors of
both primary antibody forming cells and memory B cells. In addition to follicular B cells,
several additional subsets of mature B cells exist. Marginal Zone B cells are phenotypically,
functionally, and anatomically distinct from follicular B cells and play a major role in responses
to T cell independent (TI) antigens. A final subset, the B1 B cells, is the first to appear in
ontogeny and is maintained throughout life by self-renewal.

Over 95% of immature and transitional cells die before joining mature pools, reflecting
extensive specificity-mediated negative and positive selection (Fulcher and Basten
1994;Hayakawa, Asano et al. 1999;Wang and Clarke 2004). The remaining cells mature and
enter the follicular (follicular) B cell pool, with a smaller subset joining the marginal zone
(marginal zone) population. Homeostatic mechanisms controlling B cell numbers are
superimposed on these BCR-mediated selection processes. In general, newly formed and
mature B lymphocytes compete for trophic resources, so that when these resources become
limiting, steady state B cell numbers are achieved and maintained by means of equal production
and loss rates.

BLyS (also termed BAFF), a recently characterized Tumor Necrosis Factor (TNF) family
member, is the limiting resource for which transitional, follicular and marginal zone B cells
compete (reviewed in (Cancro 2004;Miller, Stadanlick et al. 2006)). BLyS can be produced
by a broad variety of cell types either constitutively or following activation stimuli. These
include macrophages, dendritic cells, some lymphocytes, and unidentified, radioresistant
stromal elements. Although BLyS binds three receptors - BR3 (also termed BAFFr), TACI
and BCMA – the interaction of BLyS with BR3 mediates homeostatic survival among
transitional, follicular, and marginal zone B cells (Harless, Lentz et al. 2001;Schiemann,
Gommerman et al. 2001;Yan, Brady et al. 2001). Through this competition mechanism, steady
state numbers of mature B cell numbers are governed by controlling the proportion of
transitional cells that complete maturation, as well as the lifespan of mature follicular and
marginal zone B cells (Harless, Lentz et al. 2001).

The link between BCR specificity and relative competitive ability implies that the emerging
cohort of specificities, in concert with BLyS availability, can set thresholds for negative and
positive selection in the transitional compartment. This has been tested in experiments using
the HEL/anti-HEL double transgenic model (Lesley, Xu et al. 2004;Thien, Phan et al. 2004),
and in our recent collaborative studies using the 3H9 transgenic model of dsDNA autoreactivity
(Hondowicz, et al, submitted). Together, these studies show that the likelihood of autoreactive
clonotypes being eliminated at the transitional stage is determined by the availability of BLyS
and the degree of competition from other, concomitantly emerging clonotypes. Moreover, these
data suggest that decreased B cell generation rates – a feature of the aging immune system -
might afford admission of autoreactive cells to peripheral pools (Miller, Stadanlick et al.
2006).
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B lineage progenitors decline with age, suggesting new homeostatic
demands

Age related changes in bone marrow B cell commitment and development include declines in
the frequency of precursors, lowered expression of key genes, reductions in pro- and pre-B cell
compartments, and attenuated responsiveness to differentiation factors (Frasca, Nguyen et al.
2004;Labrie, Sah et al. 2004;Miller, Izon et al. 2002;Riley, Kruger et al. 1991;Sherwood, Xu
et al. 2000;Stephan, Reilly et al. 1998;Stephan, Sanders et al. 1996;Szabo, Shen et al. 2003).
Overall, these findings suggest reductions in the generation and throughput of B cell
progenitors.

In vivo labeling analyses of marrow B lineage subsets reveal features consistent with
compensatory homeostatic responses to reduced B lineage commitment (Johnson, Owen et al.
2002;Kline, Hayden et al. 1999;Labrie, Sah et al. 2004). These studies have shown that pro-
to pre B cell transit success is reduced, yielding a 4-fold reduction in pre-B cell numbers, as
well as a decrease in the generation rate of immature B cells. Interestingly, these studies also
show that the proportional success rate of pre-B cell differentiation to the immature pool is
increased, so a larger fraction of pre-B cells enters the immature pool in aged mice. Moreover,
the residency time within immature BM pools is extended. Together, these two features
partially compensate for the reduced absolute generation rate; indeed, they yield an immature
pool that is only reduced about two-fold compared to that of young adults. Given the generally
reduced throughput of newly formed B cells, many of these changes might reflect
compensatory homeostatic processes that yield altered turnover kinetics and shifting requisites
for either negative or positive selection.

Peripheral B cell pools display altered homeostatic properties with age
The behavior of transitional pools mirrors the marrow immature subset: residency time is
extended; yielding a reduction in magnitude somewhat less than would be predicted by the
upstream drops in pro- and pre-B cell production rates. Moreover, the turnover rate of the
follicular pool slows as much as two-fold (Kline, Hayden et al. 1999), and the marginal zone
pool enlarges. These changes in the dynamics of peripheral subsets are provocative, given
recent insight into the relationship between homeostatic and selective events during transitional
differentiation.

Within this context, BCR mediated selection at the marrow/periphery interface may shift with
age as a homeostatic response to reduced marrow output. For example, because thresholds for
selection at transitional stages can be varied based on the available space and competition,
reduced throughput and increased residency time may yield an explanation for the regular
appearance of polyreactive and autoreactive antibodies with age (Eaton-Bassiri, Mandik-
Nayak et al. 2000). A second prediction is that features associated with homeostatic
competition in the transitional pools may vary with age. Since BLyS and its receptors are
closely tied to these processes, we have begun to analyze BLyS receptor levels of peripheral
B cell populations in aged versus young mice. Initial results suggest that the usual selection
for cells expressing relatively high levels of TACI during transitional differentiation is blunted
in aged individuals, such that clonotypes expressing low TACI levels persist and appear to join
the mature follicular pool (Quinn, Scholz et al. 2005). While these ideas and findings are
consistent with a shift in specificity-based selection leading to increased frequencies of
autoreactive specificities with age, rigorous assessments will require analysis of the emerging
repertoire as parameters of throughput and space are varied.

We have also observed that follicular and transitional cells from aged mice respond more
robustly to BLyS in vitro (Fig. 2). When similar numbers of pooled transitional or follicular
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cells from young vs. aged mice are cultured in the presence of varying amounts of BLyS, more
aged B cells persist as BLyS becomes limiting. This result suggests that enhanced BLyS
responsiveness may contribute mechanistically to the increased lifespan and decreased
turnover rates of the aged B cell pool. The basis for this enhanced responsiveness to BLyS
remains unclear. It may reflect the selection of emerging B cells capable of surviving with
limiting trophic resources, since Stefan et al have shown that aged marrow stroma generates
lower levels of key survival cytokines (Stephan, Reilly et al. 1998). Alternatively, it might
reflect the outcome of life-long selection for follicular B cells with the strongest ability to
capture and process BLyS-BR3 signals. Regardless of exact mechanism, it is tempting to
speculate that – even under physiologically normal BLyS levels – aged B cells that are BLyS
hyper-responsive will mimic the behavior of young B cells given increased BLyS: relaxed
negative selection thresholds and enlarged marginal zone pools.
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Figure 1.
Numbers of cells in each B cell subset in young and aged mice. These numbers represent
samples of >18 mice in each case with c.v.≤ 10%.

Miller and Cancro Page 6

Exp Gerontol. Author manuscript; available in PMC 2007 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Similar numbers of transitional and follicular cells were obtained from C57BL/6 mice and
cultured in vitro for 72 hours in the presence of varying amounts of BLyS, and then viability
assessed by TOPRO-3 staining and FACS analysis. Cultures were performed in triplicate. At
all doses, the survival of B cells from aged (18 month old) mice differs from those from young
(3 month old) mice based upon student's T test (p ≤ 0.01). Bars show means ± S.D. of triplicate
cultures from pooled cells of three mice; and these data are representative of three independent
experiments.
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Table 1
Magnitude and kinetics of developing and primary B cell subsets

B cell subset Pool Size
(millions of cells)

Turnover Rate
(%/day)

Production rate
(106/day)

Bone Marrow
Progenitors

pro-B 5 30 1.5
pre-B 50 30 15

Immature 35 30 10-15

Transitional
T1 1.5 30
T2 2.0 30 ∼1.5

overall
T3 1.0 30

Mature
Primary

Follicular ∼45 <2 0.5
Marginal

Zone 5-7 ∼4 varies
B1 1.5 ? ?
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