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Summary
B cells are induced to enter the cell cycle by stimuli including ligation of the B-cell receptor (BCR)
complex and Toll-like receptor (TLR) agonists. This review discusses the contribution of several
molecules, which act at distinct steps in B-cell activation. The adapter molecule Bam32 (B-
lymphocyte adapter of 32 kDa) helps promote BCR-induced cell cycle entry, while the secondary
messenger superoxide has the opposite effect. Bam32 and superoxide may fine tune BCR-induced
activation by competing for the same limited resources, namely Rac1 and the plasma membrane
phospholipid PI(3,4)P2. The co-receptor CD22 can inhibit BCR-induced proliferation by binding to
novel CD22 ligands. Finally, regulators of B-cell survival and death also play roles in B-cell transit
through the cell cycle. Caspase 6 negatively regulates CD40- and TLR-dependent G1 entry, while
acting later in the cell cycle to promote S-phase entry. Caspase 6 deficiency predisposes B cells to
differentiate rather than proliferate after stimulation. Bim, a pro-apoptotic Bcl-2 family member,
exerts a positive regulatory effect on cell cycle entry, which is opposed by Bcl-2. New insights into
what regulates B-cell transit through the cell cycle may lead to thoughtful design of highly selective
drugs that target pathogenic B cells.
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Introduction
B-lymphocyte entry into the cell cycle is a tightly controlled process (1-5). Mitogenic signals
derive from a variety of sources: from protein or polysaccharide antigens (Ags) that stimulate
the B-cell receptor (BCR), to pathogenic products that signal via Toll-like receptors (TLRs)
(2,5,6). Proliferation occurs only at specific points during a B cell's development or during an
immune response, when the B cells expand in response to Ags and form germinal centers (GCs)
with T-cell help (1-5). Dysregulated proliferation is a hallmark of auto-immunity, where
autoreactive B cells respond to stimulation with activation rather than anergy, and in B-cell
cancers, where proliferation can be divorced from external controls (1).

The BCR complex signals B cells through the immuno-receptor tyrosine-based activation motif
(ITAM)-containing proteins immunoglobulin α (Igβ) (CD79a) and Igβ (CD79b) (2,6). BCR
ligation initiates the activation of protein tyrosine kinases (PTKs) (2,6) including Lyn, a Src
family kinase that phosphorylates the ITAMs, and Syk. Syk phosphorylates the adapter
molecule B-cell linker (BLNK)/SLP-65 and promotes activation of signaling pathways
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depending on Btk and PLCγ2 including release of intracellular free calcium [Ca2+]i, protein
kinase C (PKC) activation, and mitogen-activated protein kinase (MAPK) family kinase
activation (2,6). Signals initiated at the BCR regulate transcriptional, post-transcriptional, and
post-translational events, which determine the fate of the B cell: whether it survives, dies,
proliferates, or differentiates.

However, signal initiation through the BCR complex does not occur in a vacuum. There are
several mechanisms which regulate the quality of signaling after encounter with Ag. The
propagation of signaling pathways relies on the close association of elements that do not
interact before stimulation. Adapter proteins, while containing no intrinsic enzymatic activity
themselves, are crucial in the nucleation of signaling pathways leading to cell fate decisions.
Syk phosphorylation of the adapter protein BLNK recruits enzymes such as PLCγ2 and
additional adapters like Vav that connect the BCR to downstream pathways (7). In BLNK
knockout (KO) mice, development past the pre-B-cell stage is severely impaired, and those
cells that do progress often fail to fully mature (7). These cells also show deficiencies in
[Ca2+]i release, nuclear factor-κB (NF-κB) activation, and BCR-induced proliferation (2).

Another level of regulation of BCR signaling is mediated by the association of the BCR
complex with co-receptors such as CD22, CD19, CD21, and FcγRIIB, whose co-ligation with
the BCR help modulate signaling (6,8-10). When complement receptor 2 (CR2) (CD21) is
associated with CD19, Ag complexed with C3d can co-ligate the BCR and CD19/CD21 and
enhance signaling by increased recruitment of phosphoinositide 3-kinase (PI3K). Lipid
products of PI3K then recruit Btk to the plasma membrane, enhancing a variety of signaling
pathways, including those reliant upon calcium mobilization. Phosphorylation of CD22's
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) by Lyn results in recruitment of the
Src homology 2 (SH2) domain-containing phosphatase-1 (SHP-1) protein tyrosine
phosphatase (PTPase), which can then downmodulate BCR-dependent pathways, possibly by
dephosphorylating Syk or PLCγ2 (8-10).

Unstimulated B cells are maintained in a state of quiescence, known as G0. Mitogenic signals
promote exit from G0 and entry into the cell cycle. During G1, the first phase of the cell cycle,
the cell devotes itself to preparing for the DNA replication that will occur in the next phase,
S-phase (11). In late G1, the cell passes a restriction point, after which it will enter S-phase and
proceed to cell division with minimal input from external stimuli. The mechanisms that control
entry into and progression through the cell cycle are varied and complex. Quiescence is in fact
an active process and is not maintained merely through a lack of stimulation; thus, mitogenic
stimuli must transmit signals that promote not only the upregulation of positive cell cycle
regulators but also the deactivation of those factors responsible for repressing the cell cycle.
Factors such as the Kruppel-like family of transcription factors, the FOXO subset of forkhead
transcription factors, and inhibitors of cyclin-dependent kinases (cdks) all contribute to the
active maintenance of quiescence (11-13). Forced expression of these factors in cells motivated
to enter the cell cycle often results in arrest in G1, as the cells are unable to pass the restriction
point. The restriction point is primarily regulated by retinoblastoma (Rb) family interactions
with the E2F transcription factors. In quiescent cells, hypophosphorylated Rb proteins bind
the E2F transcription factors and work to shuttle them out of the nucleus, preventing the
initiation of events leading to DNA replication (11). Mitogenic stimulation results in the
upregulation of factors termed cyclins, due to the cyclic nature of their expression over the
course of the cell cycle (14). In G1, D-type cyclins bind to cdks 4 and 6, and these activated
complexes begin the process of phosphorylating Rb. Late in G1, cyclin E binds cdk2, and this
complex completes the second phosphorylation step of Rb. Hyperphosphorylated Rb releases
the E2F transcription factors, which enter the nucleus and promote the transition to S-phase
(14).
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The binding of cyclins to their cdk partners does not in itself guarantee activity; a variety of
factors work to inhibit these complexes. One of these is the cyclin-cdk inhibitor p27Kip1.
p27Kip1 can inhibit cyclin-cdk complexes, and forced expression of p27Kip1 results in cell cycle
arrest before the restriction point (15). To ensure that cyclin-cdk complexes are free to target
Rb/E2F complexes, p27Kip1 is targeted for degradation as cells enter the cell cycle, and its
levels decrease over the course of G1. Although p27Kip1 is regulated in G1 primarily post-
translationally (11), its transcription is positively regulated by the FOXO family members that
contribute to a quiescent state (16). FOXO overexpression also leads to cell cycle arrest, partly
through a p27Kip1-dependent mechanism (17).

B lymphocytes enter and progress through the cell cycle utilizing many of the same regulatory
components identified in other cell types. The PI3K pathway has been demonstrated to be
critical for BCR-induced cell cycle entry (18-20). This pathway regulates the inhibition of the
FOXO transcription factors in B cells (18) as well as modulating other pathways, such as the
NF-κB pathway, which positively regulates the cell cycle (19,20). These pathways, in turn,
upregulate cell cycle-promoting factors such as cyclin D2 and c-myc (19,20). However, the
developmental stage of the B cell, B-cell subset, extent of co-receptor ligation, and contribution
of other signals modulate the mechanisms that are initiated in a mitogenically stimulated B cell
(21). For instance, cyclin D2, while dispensable for B2 B-cell development, is critical for
CD5+ B1a B-cell development (22). However, B2 cells rely on cyclin D2 for BCR-induced
proliferation (22); extra stimulation through CD40 rescues the proliferative defect in cyclin D2
KO B cells via the upregulation of cyclin D3 (23). Immature B cells stimulated through the
BCR complex upregulate cyclin D2 and cdk4 but do not upregulate cyclin E and cdk2, and so
fail to transition to S-phase. This defect is overcome by co-treatment with IL-4 (24). While the
key role of the PI3K pathway in B-lymphocyte proliferation implicates CD19 co-ligation as
an important step for efficient BCR-induced proliferation, other co-receptors can also influence
mitogenesis in B cells. CD22 plays a dual role in modulating BCR signals. While it recruits
SHP-1 to negatively regulate the BCR, loss of CD22 results in defective BCR-induced
proliferation (25). Thus, a variety of signals contribute to whether a stimulated B cell will enter
and progress through the cell cycle.

To fully understand how B-cell proliferation is regulated, one must consider not only the role
of Ag affinity and upstream adapter proteins, but also the role of B-cell surface co-receptors
which can alter BCR and TLR signaling pathways as well as the elements that regulate cell
cycle progression in all cells (Fig. 1). Our laboratory studies the signals that regulate B-cell
proliferation. This review first discusses recent work in the laboratory elucidating the opposing
roles that the adapter protein Bam32 (B-lymphocyte adapter of 32 kDa) and the NAPDH
oxidase (Nox) play in regulating B-cell cycle entry. Then we discuss the role of the co-receptor
CD22 in regulating dendritic cell (DC)-dependent B-cell entry into the cell cycle. Finally, we
review how the Bcl-2 family members Bcl-2 and Bim and caspases, most notably caspase 6,
modulate B-cell cycle entry and survival. Whether an activated B cell enters the cell cycle and
then makes the decision to divide or mature depends on the relative balance (or composite) of
a number of factors (Fig. 1).

Regulation of B-cell entry into the cell cycle by the adapter Bam32 and the
NADPH oxidase

After BCR triggering, the PTKs Syk and Lyn initiate signaling cascades by phosphorylating
target proteins (6). The balance between phosphorylation and dephosphorylation is important
for modulating signaling cascades, ensuring proper attenuation of signaling (6). B-cell-
associated adapter proteins play a key function to integrate signaling and bring together active
enzymes with their respective targets (6,26).
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Our laboratory has focused on characterizing Bam32, also known as DAPP1 (27,28). We found
that Bam32 is expressed at high levels in GC B cells and is regulated downstream of PI3K
(28). Bam32 contains a C-terminal pleckstrin homology (PH) domain as well as an SH2 domain
in its N-terminus. After BCR ligation, Bam32 is quickly phosphorylated on tyrosine 139
(Y139) in a Src kinase-dependent manner (28) and translocates to the plasma membrane via
its PH domain (Fig. 2). Bam32's recruitment to the plasma membrane relies not only on an
intact phosphoinositide-binding motif in the PH domain but also on the activity of PI3K (27).
Additionally, Bam32 in chicken DT40 and human BJAB B-cell lines regulates [Ca2+]i via an
association with phospholipase Cγ2 (PLCγ2) (29,30). Further studies using B-cell lines
revealed Bam32's role in a variety of processes. Most striking was the finding that Bam32
regulates the actin network in B cells via the Rac1 guanosine triphosphatase (GTPase) (31,
32). Rac1, a Rho-family GTPase, has been shown to regulate actin polymerization and
membrane ruffling, and these studies linked Bam32 to Rac regulation (30,31,33). In cells
overexpressing Bam32, Rac1 activity as well as basal levels of F-actin increased. To regulate
actin-associated cytoskeleton, Bam32 must be phosphorylated on Y139, most likely by Lyn,
and must have intact PH and SH2 domains (Fig. 2), indicating that this process relies on
Bam32's binding to target inositides and its role as an adapter (31). In conjunction with its role
linking the BCR to actin polymerization, Bam32 also enhances signaling pathways leading to
MAPK pathways and cell survival (30).

One of the most striking aspects about Bam32 is the unusual propensity of its PH domain to
bind PI(3,4)P2 more strongly than PI(3,4,5)P3 (28,34) (Fig. 2). After BCR ligation, PI3K
catalyzes the formation of PIP3 from PI(4,5)P2. The SH2-containing inositol polyphosphate
5-phosphatase (SHIP) then converts PI(3,4,5)P3 to PI(3,4)P2 (35). Thus, while plasma
membrane recruitment of Bam32 is dependent on PI3K activity, Bam32 is different from other
PI3K-dependent proteins such as Btk, as its recruitment occurs under circumstances where
most PI3K-dependent pathways are attenuated (34).

The data demonstrating the crucial role of Bam32 in proximal BCR signaling persuaded two
groups to investigate Bam32 in primary B cells by creating Bam32 KO mice (36,37). While
Han et al. (36) detected a defect in B-cell development, a reduction in the percent of peritoneal
CD5+ B1a cells, Fournier et al. (37) did not. However, both groups found that Bam32 KO B
cells have a dramatic reduction in BCR-induced proliferation but little perturbation in response
to other mitogens (36,37). In conjunction with a defective response to BCR-induced
proliferation, T-independent type 2 (TI-2) responses in vivo were severely decreased, including
a severe reduction in the level of Ag-specific serum IgG3, a hallmark TI-2 isotype (36,37).
Additionally, Bam32 KO B cells did not have any obvious defects in survival in vitro,
suggesting that Bam32 participated in a BCR pathway regulating proliferation but not survival
(36). In neither case was the biochemical basis for the hypoproliferative defect demonstrated.

Further studies discussed by Marshall et al. (38) link in vivo data to the specificity of Bam32's
PH domain for PI(3,4)P2 (34). Bam32's translocation to the membrane is dependent upon PI3K
activity, but Bam32 translocates under situations where most PI3K-dependent pathways are
attenuated, namely after SHIP hydrolyzes the PI3K product PI(3,4,5)P3 to PI(3,4)P2 (34).
Bam32's later recruitment suggested the model that Bam32 may function to help maintain or
sustain certain signaling pathways. Marshall's group (38) studied the T-dependent antibody
responses in Bam32 KO mice more closely; they demonstrated that while total IgG appeared
normal, maintenance of GCs and affinity maturation were reduced in KO mice. This correlated
with isotype-specific deficiencies in class-switching. These data led to the hypothesis that
Bam32 works to sustain BCR-induced responses.

Our laboratory has investigated the cell cycle defect in Bam32 KO B cells. We were interested
in defining at which point in the cell cycle Bam32 exerts its regulatory activity, given that a
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lack of proliferation did not distinguish between cells unable to exit quiescence, cells arrested
in G1, or cells arrested at some later point in the cell cycle and unable to proceed through
division. We first looked at the cell cycle status of BCR-triggered Bam32 two ways. After
mitogenic stimulation, blasting lymphocytes increase their size and RNA as they progress
through G1-phase and prepare for S-phase. We used forward scatter to measure cell size, and
the RNA stain Pyronin-Y (P-Y) to distinguish between G0 and G1 cell cycle stages (39). After
stimulating wildtype (WT) and Bam32 KO B cells with graded doses of anti-IgM, we found
that Bam32 KO B cells displayed defective increases in size and RNA content (40). This finding
suggested that Bam32 KO B cells were defective either in exit from quiescence or progression
to later stages of G1. Because the data did not distinguish between these two possibilities, we
investigated the cell cycle defect in Bam32 KO B cells further.

We compared activated WT and Bam32 KO B cells for several hallmarks of G1 progression:
sequential Rb phosphorylation and the upregulation of cyclins. As mentioned previously, the
Rb protein is phosphorylated in two stages: firstly by D-type cyclins complexed with cdk4/6
and secondly by cyclin E complexed with cdk2 (14). It is this second phosphorylation event
that marks the restriction point, the bottleneck to entering S-phase (11,14). When we probed
Rb phosphorylation events in BCR-stimulated WT and Bam32 KO B cells, we detected delayed
phosphorylation at the cyclin D-dependent site. Phosphorylation at the second, cyclin E-
dependent site was almost undetectable (40). Additionally, while cyclin D2 protein levels were
upregulated normally, cyclin D3 was not upregulated in BCR-stimulated Bam32 KO B cells.
C-myc, a positive regulator of the cell cycle, and cdk4, which cooperates with D-type cyclins
in G1, were poorly upregulated in BCR-stimulated Bam32KO B cells compared with WT
(40). In conjunction with noticeable defects in cyclin E-dependent phosphorylation, we
demonstrated that p27Kip1, an inhibitor of cyclin E, was not downregulated efficiently in
Bam32 KO B cells. These data indicate dysregulation in events controlling the late-G1
restriction point. Although Bam32 KO B cells may be able to enter into early G1-phase, they
exhibit inefficient progression to later G1 stages that promote S-phase entry.

Because it was unclear which pathway leading from the BCR to cell cycle entry is defective
in Bam32 KO mice and it had been proposed that Bam32 may play a role in sustaining PI3K-
dependent signaling pathways (38), we tested the idea that Bam32 may play a role in
maintaining signals initiated through the BCR complex. We compared BCR-induced
proliferation between WT B cells, Bam32 KO B cells, and WT B cells where the stimulating
antibody was washed away after 24 h. Bam32 KO B cells proliferated as poorly or even more
poorly than the WT B cells whose stimulus was prematurely removed. Considered with the
data described by Marshall et al. (38), these data support the possibility that Bam32 may act
to sustain a signaling pathway, the outcome through which relies on signal maintenance (34).

We also studied the role of Bam32 in regulating more proximal BCR-induced signaling
pathways. Using WT and Bam32-deficient DT40 B-cell lines and DT40 cells overexpressing
Bam32, we tested if Bam32 might play a role in BCR-induced superoxide generation.
Surprisingly, cells lacking Bam32 generated increased levels of superoxide after BCR ligation
compared with WT cells (40). Similarly, Bam32 KO splenic B cells also had elevated BCR-
induced superoxide production. Conversely, in cells overexpressing Bam32, BCR-induced
superoxide was barely detectable (40). The generation of superoxide after BCR ligation in
Bam32 KO B cells was inversely correlated with the effect of Bam32 on Rac activity and actin
polymerization (31) (Table 1). Thus, Bam32 may play both positive and negative roles in
regulating pathways downstream of the BCR.

These surprising data intrigued us, particularly because a growing body of evidence has
implicated superoxide and its derivatives, known as reactive oxygen species (ROS), in the
modulation of signaling pathways in non-phagocytic cells. Non-phagocytic cells, rather than
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producing large amounts of superoxide targeted at killing pathogens, are able to produce small,
localized amounts of superoxide after stimulation through a variety of receptors (41-45, M.
Reth, this volume). In these cells, ROS act on the balance between tyrosine phosphorylation
and dephosphorylation. Rather than acting to enhance the activity of PTKs, superoxides instead
act to inhibit dephosphorylation, shifting the balance toward phosphorylation and helping to
modulate the intensity of receptor signaling (41-45). ROS target the cysteines in the active site
of PTPases. Reversible phosphorylation of these cysteines renders the PTPase temporarily
inactive, allowing the PTK to work unimpeded (44). Superoxide can be produced from a variety
of sources, including the mitochondria (42), and an inducible, membrane-bound complex
known as Nox (46).

Nox is a multi-component enzyme present not only in phagocytic cells but also in a variety of
non-phagocytic cell types (46). In a resting cell, Nox is inactive and comprised of two
component groups: the membrane-bound catalytic component flavocytochrome b558
(gp91phox and p22phox), and the cytosolic complex of p47phox, p67phox, and p40phox. After
activation, PKC phosphorylates the cytosolic components, leading to conformational changes
that allow them to translocate to the surface and complex with gp91phox and p22phox. Integral
to this translocation step is the phox (PX) domain of p47phox, which binds to PI(3,4)P2 in the
plasma membrane (47). Also required for generation of the oxygen radical by this enzyme is
activated Rac GTPase (46) (Fig. 2). B lymphocytes express these same components utilized
in phagocytic cells for inducible superoxide generation. Compared with the levels of
superoxide produced by phagocytes, B cells generate only 5−10% as much, which may be
levels explained by the much reduced expression in B cells of gp91phox, the catalytic component
of the oxidase (48).

Among the receptors identified as capable of stimulating superoxide generation is the BCR
complex (48). A few studies have also implicated ROS in the regulation of BCR-initiated
signaling pathways (45,49,50). It has long been known that treatment of B cells with hydrogen
peroxide generates strong tyrosine phosphorylation in mimicry of BCR stimulation, at least in
part (45,49). But these studies left open the question of whether superoxides generated in lower
levels by BCR triggering actually play a significant role in modulating signaling pathways. A
recent study examined superoxide derivatives and BCR signaling in A20 cells (50). Utilizing
pharmacological inhibitors, Singh et al. (50) identified a positive feedback loop between
calcium signaling and superoxide signaling. Additionally, this study implicated Lyn as a PTK
whose activity was targeted by an unknown superoxide-regulated PTPase (50). These data
suggested a model whereby Lyn activity is increased in the presence of BCR-induced
superoxide through a Lyn-inhibiting PTPase being itself inhibited by ROS. In other words,
superoxides may enhance signaling pathways through the BCR by indirectly targeting a
proximal PTK (51).

A limitation of the research on the role of ROS in B-cell signaling is that it is based on data
from cell lines. Given that the regulation of key signaling pathways can be different or altered
in continuously dividing cell lines and primary lymphocytes, we decided to further investigate
the role of Nox in B cells using a mouse model. We obtained mice deficient in the gp91phox

catalytic component of Nox (52). These mice are a model for chronic granulomatous disease
and produce no detectable superoxide after BCR stimulation (51,53). As with Bam32 KO mice
(32-34), we detected no defects in B-cell development in gp91phox KO mice (53). Our results
using gp91phox KO B cells differ from that produced by Singh et al. (50) using A20 cells. Based
on their data, Singh et al. proposed that superoxide downstream of the BCR acts to modulate
the amplitude of [Ca2+]i mobilization; however, we detected no differences in BCR-induced
[Ca2+]i between WT and gp91phox KO B cells (53). These results in conjunction with other
data generated in DT40 cell lines (40) have led us to conclude that BCR-induced [Ca2+]i is
upstream of superoxide generation (53, authors’ unpublished data).
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Given the hypoproliferative phenotype of the Bam32 KO B cells as well as the increase in
superoxide production in the Bam32 KO cells, we decided to assess BCR-induced proliferation
in gp91phox KO B cells. In direct contrast to Bam32 KO B cells, B cells deficient in
gp91phox responded to BCR stimulation with enhanced proliferation (53). More gp91phox KO
B cells than WT B cells increased their RNA content after BCR stimulation, indicating a higher
propensity to exit G0 and enter the cell cycle (53). But why would more cells enter the cell
cycle? We measured protein levels of various cell cycle regulators, including cyclin D2 and
p27Kip1 (11,14). While BCR-induced cyclin D2 upregulation appeared unperturbed in
gp91phox KO B cells, the downregulation of p27Kip1 protein levels was accelerated (53). Thus,
it appears that the enhanced G1 entry or progression in gp91phox KO B cells is due to faster
induction of cyclin-cdk activity, as the inhibitory factors are downregulated more quickly.

To extend these studies to in vivo regulation of B-cell proliferation, we immunized WT and
gp91phox KO mice with a TI-2 Ag, dinitrophenol (DNP)-Ficoll, and monitored the development
of anti-DNP antibodies. We reasoned that this in vivo response would be most likely to rely
on B-cell-intrinsic factors, with less confounding contributions from T cells, and also that it
would be valuable to compare gp91phox KO mouse responses with the known TI-2 defect in
Bam32 KO mice (36,37). Surprisingly, gp91phox KO mice generated a strongly enhanced anti-
DNP antibody response. Ag-specific IgM levels in gp91phox KO mice were significantly
increased compared with levels in WT mice. Furthermore, we also found that Ag-specific
serum IgG1 was also elevated in gp91phox KO mice after immunization, suggesting a possible
dysregulation in the response of gp91phox KO B cells to IL-4 (53)

While studies in cell lines have pointed to superoxides as factors that enhance phospho-
tyrosine-dependent signaling pathways, the story may be more complex. Loss of superoxide
signaling in primary cells leads to a hyper-responsive phenotype to BCR stimulation, indicating
that superoxides target an inhibitory pathway rather than just an excitatory pathway (53).
Although our data differ in some aspects with those of Singh et al. (50), we agree with the
model that the PTK Lyn is a likely target for the superoxide pathway. In this model, the presence
of superoxide in WT B cells results in the inhibition of a PTPase that targets Lyn, leading in
turn to enhanced Lyn activity. Loss of superoxide would lead instead to enhanced PTP activity
and reduced Lyn activity. Consistent with our findings and this model, B cells from mice
expressing constitutively active Lyn respond to BCR triggering with reduced proliferation
(54), while those lacking Lyn respond with enhanced proliferation (55). We propose that loss
of superoxide will result in enhanced proliferation in the presence of enhanced PTPase activity.

Bam32 and BCR-induced superoxide appear to differentially modulate signaling pathways
leading to BCR-induced cell cycle entry and proliferation (36,37,40,53). However, several
aspects of the data indicate to us that there is a balanced interplay between these regulators of
BCR signaling (Fig. 2). First, both Bam32 and p47phox contain domains specific for PI(3,4)
P2, unusual among proteins specific for phosphoinositides, and these domains are crucial for
their membrane targeting and roles in modulating signaling pathways (27,34,47). Second, both
Nox and Bam32 rely on GTP-bound Rac to mediate their regulatory functions (31,46). We
propose that the Bam32 and Nox compete for a limited pool of resources, and this competition
explains in part the opposite phenotypes we detected in Bam32 and gp91phox KO B cells (Fig.
2). Bam32 may regulate the level of superoxide generated by reducing the amount of
phosphoinositide accessible to p47phox, as well as the availability of active Rac to stimulate
the Nox. When Bam32 is missing, more Nox complexes are able to form at the membrane, and
more of these are activated due to the inclusion of a greater supply of Rac1. This increase in
superoxide may contribute indirectly to the Bam32 KO B-cell phenotype, where more
superoxide is available to stimulate a pathway inhibitory to cell cycle entry.
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Regulation of DC-dependent B-cell proliferation by CD22
The regulation of T-cell responses by DCs has been extensively studied (56-58); it is less well
appreciated that DCs can also directly influence B-cell responses. For instance, DCs produce
soluble factors including IL-12, IL-6, B-cell activating factor of the tumor necrosis factor
family (BAFF), also know as B-lymphocyte stimulator (BLyS), and type I interferons, which
have a range of different effects on B cells including regulation of proliferation, differentiation,
antibody secretion, and isotype class switching (59-64). In addition to secreting soluble factors,
DCs can also exert their effects on B cells by direct cell-to-cell interactions. The interaction
between CD40 on B cells with CD40L on DCs results in production and secretion of IgG and
IgA (65,66). Furthermore, DCs have the ability to retain native Ag that is re-expressed on the
cell surface on certain Fc receptors (FcγRIIB) via a non-degrading recycling pathway. This
native Ag can be presented to B cells, suggesting that the interaction of B cells with DCs may
be important for antibody production (67). B cells also interact with DCs that retain specific
Ag after exiting the high endothelial venules but before entry into the follicles of lymph nodes
(68). This interaction, which requires direct cell-to-cell contact, results in B-cell activation and
Ag transfer from the DCs to the Ag-specific B cells.

Our laboratory previously showed that human monocyte-derived DCs can promote B-cell
proliferation through a process dependent on BAFF (62). In assessing whether the same was
true of mouse DCs, we found that while mature bone marrow (BM)-derived DCs (mDCs)
promoted B-cell proliferation, immature BM-derived DCs (iDCs) and purified CD11c+ splenic
DCs inhibited BCR-induced proliferation of B cells (69). This decreased proliferation induced
by iDCs was not due to increased cell death, because B-cell viability was higher when iDCs
and B cells were in contact with one another. Additionally, this iDC-dependent inhibition of
B-cell division could be overridden by adding graded doses of BAFF to the cultures. These
data are consistent with the model that DCs are unable to induce B-cell proliferation unless the
B cell receives two signals, one through the BCR and a second signal from the DCs (60). We
also observed that this inhibition of B-cell proliferation also requires direct contact between
the B cells and iDCs, because there was no inhibition observed when the two cell types were
physically separated using transwells. This inhibition of B cells by iDCs but not mDCs is
reminiscent of the ability of DCs to regulate T-cell responses (70,71): mDCs stimulate while
iDCs inhibit T cells by inducing anergy.

How then is contact-dependent inhibition of B cells mediated by certain types of DCs? We
suspected that an inhibitory receptor expressed on B cells was involved, because physical
interaction between DCs and B cells was required for DC-mediated inhibition. We discovered
that the inhibitory receptor was the B-cell-restricted surface molecule CD22. CD22 was an
attractive candidate, because it is an adhesion molecule with ligands (CD22L) expressed on
hematopoietic cells. In addition, the cytoplasmic domain of CD22 contains three tyrosine
residues that exist within ITIMs. Finally, CD22 can physically interact with the BCR complex
and inhibit BCR signaling through recruitment of the SHP-1 PTPase via the ITIMs (72-74).
Unlike WT B cells, CD22 KO B cells continued to proliferate equally well in the presence or
absence of iDCs and at the different B cell:DC ratios we examined.

The known ligands for CD22 contain α2−6 sialic acid linkages generated by the ST6Gal-I
sialyltransferase; thus, we decided to test if iDCs obtained from ST6Gal-I sialyltransferase
(ST6Gal-I) KO mice (75) fail to inhibit B-cell proliferation. Surprisingly, ST6Gal-I KO iDCs,
even though they do not express α2−6 sialic acid-containing ligands for CD22, inhibited B-
cell proliferation (69). Thus, DC-mediated inhibition of B cells requires CD22 but not a2−6
sialic acid-containing CD22L. Using a soluble CD22 fusion protein (76), we found that iDCs
and splenic and BM CD11c+ DC subsets from either WT or ST6Gal-I KO mice express a
second CD22L, or set of CD22Ls (DC–CD22L), that is not dependent on α2−6 sialic acid
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linkages. The CD22L that is comprised mostly of α2−6 sialic acid-containing glycans generated
by ST6Gal-I is expressed at high levels on WT B cells but not on ST6Gal-I KO B cells, and
thus we refer to it as B–CD22L. Thus, B cells and DCs clearly express distinct sets of CD22
ligands.

Little is known about the identity of the CD22Ls. What is known is that CD22 can bind to its
ligands both in cis (on the same cell surface) and in trans (on a different cell surface) (77-79).
The distinct CD22Ls on B cells and non-B cells are likely to have different functions. CD22
binding to ST6Gal-I-dependent B-cell CD22L in cis may have a function distinct from CD22
binding to ST6Gal-I-independent DC–CD22L in trans (Fig. 3). The binding of CD22L in cis
on B cells is very likely to be important for the regulation of BCR signaling thresholds (77,
80-82). In resting B cells, CD22 binds to CD22Ls, including the BCR and CD22 itself.
Although the majority of CD22 is present in homomultimeric complexes, some CD22
molecules form heterotypic interactions with the BCR (74,83) (Fig. 3A). Both of these
homotypic and heterotypic cis interactions require α2−6 sialic acid modifications. This binding
to B–CD22L in cis is likely to attenuate BCR signaling. Therefore, in the absence of ST6gal-
I, one would expect the BCR signal strength to increase. Some groups have reported that the
BCR and CD22 colocalize more in the absence of ST6Gal-I (78,84). Although the microscopy
data are compelling, these reports did not show direct interaction between the BCR and CD22.
It is possible that even though the BCR and CD22 can co-localize to the same area within
clathrin-rich domains of the plasma membrane of B cells, they may be unable to interact
normally due to a lack of α2−6 sialic acid modifications. This lack of interaction could lead to
a stronger BCR signal.

What would be the expected effect of cis CD22–CD22L-mediated attenuation on BCR
signaling? A number of studies suggest that weaker BCR signaling favors the development of
marginal zone (MZ) B cells and stronger signaling favors the development of follicular (FO)
B cells (2,85). For instance, Cariappa and colleagues (78) found that Aiolos KO mice with
enhanced BCR signaling have more FO B cells and fewer MZ B cells. Casola et al. (86) showed
that reducing the strength of BCR signaling favors MZ B-cell maturation. These findings would
suggest that CD22 and ST6Gal-I KO mice, which lack attenuation of BCR signaling via the
cis B–CD22L, would have reduced numbers of MZ B cells, and indeed both MZ precursors
and MZ B cells are reduced in CD22 and ST6Gal-I KO mice (Fig. 3A).

What might be the in vivo role of trans CD22–CD22L interactions occurring between B cells
and DCs? A significant clue comes from comparing the phenotype of CD22 KO mice, which
are missing both cis and trans activities, compared with ST6Gal-I KO mice, which have no
cis CD22–CD22L interactions but have intact trans CD22–CD22L signaling (69). When we
and others examined the number of long-lived BM B cells (B220+IgM+CD24lo) (87,88) in the
CD22 and ST6Gal-I KO mice, ST6Gal-I KO mice were found to have normal numbers of long-
lived BM B cells compared with WT mice (69,75,84). CD22 KO mice, however, had fewer
mature BM B cells compared with WT mice (25). The fact that the CD22L on DCs can still
interact with CD22 in trans in the ST6Gal-I KO mice might explain why these mice have
normal numbers of BM B cells, even in the absence of cis interactions (Fig. 3B). According
to this model, CD22 can bind to its trans ligands on DCs, leading to disruption of the
homomultimeric CD22 complexes. Indeed, it was previously reported that on some cells, CD22
binding to trans ligands may be favored over binding to cis ligands (89). Once dispersed, more
individual CD22 molecules could then interact with BCR complexes via cis interactions,
resulting in the inhibition of B-cell proliferation (Fig. 3B; 1). Alternatively, binding of CD22
in trans to DC–CD22L (Fig. 3B;2) might also result in BCR signal inhibition. Direct ligation
of CD22 can induce BCR-independent tyrosine phosphorylation of CD22, the recruitment of
SHP-1, and an inhibitory signaling cascade (25,72,90,91). This activity could prevent
proliferation while at the same time maintaining quiescence and thus survival (Fig. 3B).
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Although the cis interactions between the BCR and CD22 provide a low level of inhibitory
signaling (Fig. 3A), the CD22 trans interactions with the DC–CD22L increase the inhibitory
signals to the B cells via both BCR-dependent and -independent mechanisms. Therefore, we
would propose that in the absence of CD22, the numbers of mature long-lived BM B cells are
reduced, because CD22 is not present and hence interactions between B cells and DCs via the
trans CD22L cannot occur. This model also would explain why B cells turnover faster in CD22
KO mice (25). Lanoue et al. (92) reported that Ag-bearing cells expressing CD22L attenuated
B-cell activation. They suggested that trans CD22–CD22L interactions may be important for
attenuating B-cell responses to self-Ag. The model in Fig. 3B is consistent with this suggestion,
while underscoring the importance of CD22Ls that are not dependent on modifications
generated by ST6Gal-I.

We propose that BCR signaling threshold is controlled mainly by CD22 cis interactions, while
B-cell survival is regulated by CD22 trans interactions with DC–CD22L, which affects the
maintenance of long-lived B cells in the BM (Fig. 3). This model may be over-simplistic; for
instance, it is likely that there is some interplay and competition between cis CD22L and
trans CD22L. Finally, testing the validity of this model with require the characterization of the
DC–CD22L and understanding more about how both B cell and CD–CD22L expression and
interactions with CD22 are regulated. Some evidence suggests that the CD22L may play an
important role in the maintenance of tolerance to self-Ag (92). Discovering the identity of the
second CD22L could certainly be of great therapeutic value and could possibly be used in the
treatment of autoimmune diseases involving B cells.

Regulation of B-cell entry into the cell cycle by Bcl-2 family members
The ‘Bcl-2 homology 3 (BH3)-only’ subgroup of the Bcl-2 family (Bid, Bad, Bik, Bim, Bmf,
Hrk/DP5, Noxa, and Puma) shares the BH3 domain with other Bcl-2 family members and is
pro-apoptotic (93-95). BH3-only proteins serve as sentinels for specific apoptotic stimuli and
initiate apoptosis via interaction and blockade of pro-survival Bcl-2 family members (94) or
alternatively some BH3-only proteins such as Bim may directly activate Bax and/or Bak
(96). The BH3-only protein Bim, in particular, regulates apoptosis of hematopoietic cells
including B and T cells, macrophages, and granulocytes (97). Bim is required for negative
selection of T cells and is upregulated after T-cell receptor (TCR) ligation (98). Similarly,
BCR-induced death is decreased in Bim KO B cells, and the deletion of autoreactive B cells
is inhibited in Bim KO mice (99,100). Anergic B cells from tolerant anti-Ig/HEL-double
transgenic (Tg) mice express elevated levels of Bim mRNA and protein (101), suggesting that
Bim may help regulate B-cell anergy or selection. Bim expression in B cells is regulated by
the B-cell survival and maturation factor BAFF, which down-regulates Bim protein levels and
blocks association of Bim with Bcl-2 (100).

Surprisingly, Bim KO and Bcl-2 Tg mice have very similar alterations in their splenic B-cell
populations: both have elevated numbers of T2 and FO B cells, yet unexpectedly, both have
decreased numbers of MZ B cells (100,102-104). Interestingly, defects present in Bcl-2 KO
mice – polycystic kidney disease, runting, graying, and lymphoid organ degeneration – are
restored in Bcl-2/Bim double KO mice (105,106). These results suggest that Bcl-2 and Bim
are major functional antagonists in some cell types, including hematopoietic cells.

The fact that the regulation of lymphocyte cell survival is coupled to control of cell growth is
clearly illustrated by the fact that Bcl-2 family members not only control cell fate but also
control entry into the cell cycle. Hence, B and T cells overexpressing Bcl-2 have delayed cell
cycle entry and increased survival (107,108), while Bcl-2-deficient T cells more rapidly enter
cell cycle and die (109). The slower cell cycle entry induced by Bcl-2 is associated with both
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increased expression and delayed degradation of p27Kip1 (described earlier in review) and of
the Rb family member p130, and not with changes in cdk inhibitor p21Cip1 (110,111).

Because Bim may be an antagonist of Bcl-2, we tested whether Bim deficiency affects entry
of B cells into the cell cycle (112). Compared with WT B cells, Bim KO B cells had reduced
proliferation in response to BCR, TLR3, or TLR4 signaling but not to TLR9 signaling. Reduced
cell division correlated with a delay in the transition from G0 to G1 and a reduction of p130
and p27kip1 degradation. These results are consistent with the antiproliferative defects observed
in Bcl-2 Tg B cells (107,108).

To our surprise, Bim KO B cells also displayed a proximal defect in BCR signaling: BCR-
induced increases in cytosolic calcium levels were significantly delayed in Bim KO compared
with WT B cells due to reduced calcium mobilization from intracellular stores (112). The
finding that Bim affects [Ca2+]i release suggests that it may act at the level of the endoplasmic
reticulum (ER). Bim can associate with ER membranes (113), so it could affect [Ca2+]i at the
ER by directly interacting with Bcl-2. Because Bcl-2 can dampen TCR-induced calcium release
through its interaction with IP3R (114), Bim may promote BCR-induced calcium release by
binding either directly to Bcl-2 or by competing with Bcl-2 so that it does not bind to IP3R.
This mechanism could have feedback controls, because Bim expression is regulated by calcium
(115,116).

These data suggest that Bim may regulate B-cell entry into the cell cycle at a point triggered
very early after BCR activation, which leads to enhanced degradation of p27kip1 and increased
proliferation (Fig. 1). Thus, Bim and Bam32 appear to have related functions, in that they both
regulate early events in B cells that promote cell cycle entry. However, to what extent the effect
of Bim on [Ca2+]i contributes to cell cycle entry remains unclear. Because Bim regulates cell
cycle entry of B cells stimulated with either lipopolysaccharide (LPS) or polyinosinic–
polycytidylic acid, which do not induce a strong release of [Ca2+]i,itseemsunlikely that Bim
affects B-cell cycle entry solely via regulation of [Ca2+]i.

Interestingly, Bcl-2 Tg mice have moderately delayed but dramatically prolonged IgM and
IgG antibody responses to sheep erythrocytes (116), consistent with an initial reduction in
proliferative rate followed by greatly enhanced B-cell survival. Further studies are required to
establish whether Bim KO mice also exhibit similar defective immune responses to T-D and/
or T-I 2 Ag. Overall, our results suggest that the balance of pro- and anti-apoptotic Bcl-2 family
proteins is critical for controlling both cell cycle progression and apoptosis in B cells.

Caspases regulate B-cell activation, proliferation, and differentiation
Caspases are a family of well-known aspartic acid-specific proteases, which regulate apoptosis
in multiple organisms ranging from invertebrates to mammals. Fourteen mammalian caspases
have been identified that can be divided into three groups based on their structure and function:
cytokine activators caspases (caspase-1, -4, -5, -11, and -12); apoptotic initiator caspases
(caspase-2, -8, -9, and -10); and effector caspases (caspase-3, -6, and -7) (117). Although
caspase-independent programmed cell death has been described, caspase-dependent apoptosis
pathways are well characterized and also conserved in metazoan evolution (118-120).
Generally, after apoptotic stimulation, initiator caspases are activated, which in turn cleave and
activate effector caspases (121). Activated effector caspases target many cellular molecules as
their specific substrates; over 400 substrates have been identified, including those that regulate
cell structure, cell cycle, and cell survival during apoptosis (122,123).

Besides their role in apoptosis, caspases also have been reported to regulate non-apoptotic
functions including cell proliferation, differentiation, morphogenesis, and migration in the
immune system (124,125). Caspase-8, in particular, has been well investigated and shown by
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the Lenardo group (126) to have a critical role in the activation of the NF-κB transcription
factor after signaling through Ag receptors on B cells, T cells, and NK cells. According to this
group (127), after TCR stimulation, PKCθ is activated and initiates caspase-8 activity in the
cytosol by forming a complex with CARD-MAGUK protein 1 (CARMA1), B-cell lymphoma
10 (BCL-10), and paracaspase mucosa-associated-lymphoid-tissue lymphoma-translocation
gene 1 (MALT1) (the CBM complex). Activated caspase-8 binds specifically to a ubiquitin
ligase, tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6), which promotes the
movement of the CBM complex to lipid rafts. This large signalosome of activated caspase-8,
TRAF6, and the CBM complex within lipid rafts recruits I-κB kinase (IKK), leading to NF-
κB activation and T-cell proliferation (127). Thus, caspase-8 may play an essential role in NF-
κB pathway activation through TRAF6 (127). Consistent with these findings, mice with a T-
cell-specific deletion of caspase-8 (tcasp8 KO mice) have defective T-cell proliferation
(128). Tcasp8 KO mice also develop an age-dependent lethal lymphoproliferative disorder
(129). Interestingly, despite the fact that both old and young tcasp8 KO T cells exhibit defective
in vitro proliferation to various stimuli, a subset of T cells in old tcasp8 KO mice actively
proliferate in the absence of any apparent stimulation. One explanation for this phenotype is
that tcasp8 KO T cells are resistant to CD95-induced apoptosis and thus accumulate in vivo
with age. In addition to the role of caspase-8 in TCR-induced NF-κB activation, caspase-8 can
cooperate with caspase-10 and is required for double-stranded RNA-induced NF-κB activation
and inflammatory cytokine production after viral infection (130). Thus, caspase-8 may play a
role in both TCR-induced and TLR-induced NF-κB activation.

Less is known about the non-apoptotic functions of caspases in B cells. Recently, mice with a
B-cell-specific deletion of caspase-8 (bcasp8 KO mice) were described (131,132). Unlike in
T cells, caspase-8 is not required for BCR-induced proliferation in B cells. Caspase-8 is
required, however, for signaling B cells through some TLRs, including TLR3 (receptor for
double-stranded RNA) and TLR4 (LPS), but not for others like TLR9 (CpG DNA). TLR ligand
binding initiates NF-κB activation (133). Indeed, in tcasp8 KO B cells, proliferation and
transcriptional activation of NF-κB target genes IL-6, IFN-γ, TNF-α, and IP-10 were defective
in response to LPS (132). After TLR4 activation, caspase-8 may be transiently recruited to
IKKα/β, which is essential for the phosphorylation and degradation of I-κB. In the absence of
caspase-8, the translocation of NF-κB-p65 into the nucleus was delayed in B cells in response
to TLR3 or TLR4 stimulation (126,132). Overall, these studies suggest that caspase-8
positively regulates some TLR pathways through NF-κB signaling in B cells.

In caspase-dependent apoptotic pathways, the majority of substrates, which include cell-cycle
regulators, are preferentially cleaved by effector caspases. A KO mouse of the effector caspase,
caspase-3 (casp3 KO), displays an interesting B-cell phenotype (134). Casp3 KO mice have
splenomegaly with an increased total number of mature B cells but also have decreased
numbers of B-lineage cells in the BM. This observation suggests that B-cell maturation is
accelerated in casp3 KO mice. Indeed, casp3 KO BM-derived B cells show increased
proliferation and cell division in response to IL-7, a cytokine essential for B-cell development
(134). Splenic B cells from casp3 KO mice, in contrast to casp8 KO B cells, show increased
proliferation in response to BCR, CD40, or TLR4 stimulation with or without IL-4. The cdk
inhibitor p21Cip1 in some cell types is cleaved by caspase-3 during the early stage of apoptosis
(135,136). Although the function of p21Cip1 as a cell cycle inhibitor has been well
characterized, p21Cip1 can also promote proliferation when associated with proliferating cell
nuclear Ag (PCNA), an essential factor for DNA replication (137); p21Cip1 also can promote
cell cycle progression when associated with the Cdk4–cyclinD1 complex (138-141). In casp3
KO B cells, the levels of p21Cip1 and PCNA are greatly increased and accompanied by elevated
CDK2 and CDK4 kinase activity. Thus, caspase-3 may regulate B-cell proliferation and
homeostasis by cleaving p21Cip1.
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Caspase-6 regulates the entry and transit of B cells through the cell cycle
We previously reported that the effector caspase, caspase-6, is required for cell cycle entry in
human tonsil B cells (142). CD40- and CD180-induced human B-cell proliferation was
strongly blocked by a caspase-6 selective peptide inhibitor VEID. This strong inhibition
accompanied decreased expression of proteins that promote cell cycle progression, including
cyclin D2, cyclin A, cdk4 and phospho-Rb. After human B-cell activation, SATB1, a caspase-6
substrate, was cleaved concurrently with caspase-6 activation. VEID treatment diminished
both caspase-6 activation and SATB1 cleavage. Thus, we hypothesized that caspase-6 regulates
B-cell entry into G1, using SATB1 as a substrate (118). Consistent with this model, Werz et
al. (143) showed that in human B cells, caspase-6 cleaves 5-lipoxygenase, which initiates the
synthesis of bioactive leukotrienes from arachidonic acid. This cleavage correlated with
proliferation of a Burkitt's lymphoma line BL41.

Caspase-6 (casp6) KO mice established by Zheng et al. (144) are grossly normal, breed with
a Mendelian ratio, and do not show a striking apoptosis-related phenotype, being only slightly
protected from anti-Fas/CD95-induced cell death (144,145). To further analyze the function
of caspase-6 in B cells, we examined B-cell activation in casp6 KO mice (146). First, we
confirmed that caspase-6 is cleaved after CD40 or TLR stimulation of WT B cells within 12
h, correlating with the beginning of cell cycle entry. To examine each stage of the cell cycle
precisely, we used P-Y staining (39). Using this system, we detected an ample number of large,
activated, splenic B cells already in the G1 stage ex situ in casp6 KO mice. After activation,
small resting B cells derived from casp6 KO mice have enhanced entry into G1 but surprisingly
do not enter S or G2/M phase more frequently compared with small resting WT B cells. Despite
the fact that casp6 KO B cells show accelerated G1 entry, their proliferation was not increased,
and, if anything, it was decreased (146). This suggested a possible defect in restriction point
regulation, as discussed below. The viability and levels of spontaneous cell death of casp6 KO
B cells were normal.

The results using stimulated casp6 KO mouse B cells differed from results with human B cells,
where VEID blocked CD40-induced entry into G1 (142). The different effects on B-cell
proliferation observed may be due to the fact that the VEID caspase inhibitor is selective but
not specific (125). To test this possibility, we compared the effect of VEID on WT versus casp6
KO B cells. Graded doses of VEID inhibited the proliferation of both WT and casp6 KO B
cells (authors’ unpublished data), demonstrating that VEID affects more than caspase-6 in
mouse B cells. We also observed that G1 cells were increased when human B cells were treated
with VEID in the absence of stimulation, similar to ex situ casp6 KO B cells. Thus, we
hypothesize that caspase-6 negatively regulates the entry of quiescent B cells from G0 into the
G1 stage of the cell cycle (Fig. 4).

During T-D humoral immune responses, Ag-specific B cells divide and form GCs. B cells later
exit from GCs and terminally differentiate into plasma cells (PCs) in extrafollicular foci. Like
activated casp6 KO B cells, PCs are arrested in the G1 phase of the cell cycle (147). Thus, we
tested the possibility that the accelerated G1 entry of casp6 KO B cells did not translate into
increased S phase entry due to a shift toward B-cell differentiation into PCs by G1 arrested
casp6 KO B cells. Indeed, in vitro, PC formation was increased in casp6 KO B-cell cultures
compared with WT B-cell cultures after various stimuli (146). Furthermore, in vivo IgG1,
IgG2a, and IgG2b levels were already elevated in unimmunized casp6 KO mice. After
immunization with OVA, PC and Ag-specific IgM and IgG1 levels were also increased in casp6
KO mice compared with WT mice. Thus, caspase-6 may regulate B-cell differentiation into
PCs during humoral immune responses (Fig. 4). Consistent with this model, GC B-cell numbers
were reduced in immunized casp6 KO mice, which had elevated Ag-specific Ig. Furthermore,
PCs normally appear to have dramatically reduced levels of caspase-6 compared with surface
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IgM+ B cells (148), suggesting that reduction of caspase-6 activity may be a normal and perhaps
essential step during PC differentiation.

Identifying caspase-6 targets and determining the effect of caspase-6-mediated cleavage on
their activity will be critical for understanding the mechanisms by which caspase-6 regulates
B-cell activation pathways. Some molecules reported to be caspase-6 substrates include
SATB1, p27Kip1, Notch1, AP-2α, lamin A, and Akt (143,149-154). Rb, another potential
caspase-6 substrate, regulates transition into S-phase by controlling the late G1-restriction
point. Its phosphorylation and degradation allows cell cycle progression. Rb may also block
apoptosis and is degraded by caspases in response to apoptotic stimuli (155). Unlike Rb levels
in activated WT B cells, Rb protein did not decline in activated Casp6 KO B cells, and, if
anything, increased (146). Because of this, the proportion of phosphorylated Rb was less in
Casp6 KO B cells than in WT B cells. Casp6 KO B cells may retain more hypophosphorylated
Rb capable of inhibiting E2F transcription factors, thereby preventing progression past the
restriction point. Thus, despite an accelerated entry into G1, activated Casp6 KO B cells may
not progress efficiently through S phase, because Rb is not downregulated normally in the
absence of caspase-6, thus leading to an accumulation of G1 stage B cells in casp6 KO mice
(Fig. 4B). Inefficient transit through the cell cycle may favor processes leading to cell
differentiation. Indeed, Rb has been implicated in promoting terminal differentiation of several
cell types (156). Microarray analyses showed that Rb is strongly expressed in human PCs but
not in malignant PCs (148,157). These studies suggest that in PCs, the machinery promoting
cell cycle progression and proliferation is downregulated in correlation with differentiation.
Interestingly, the elevated levels of Rb in PCs are opposite to the reduced expression of
caspase-6 in PCs (148). Thus, in the absence of caspase-6, elevated levels of Rb may promote
PC differentiation at the expense of proliferation (Fig. 4B). Additionally, caspases themselves
can affect cell differentiation (124). Caspase-3 activity is required for maturation of DCs
(158). Although caspase-6 is greatly reduced in PCs (157), it remains unclear what suppressor
of G1 entry caspase-6 targets in activated B cells (Fig. 4A). However, caspase-6 most likely
regulates B cells already in G1 by targeting Rb, which blocks B cells from going into S phase
and may promote the differentiation of B cells into PCs. Thus, we hypothesize that caspase-6
controls the balance between B-cell proliferation and differentiation through the regulation B-
cell entry into the G1 stage of the cell cycle (Fig. 4A).

Caspases have a role in B-cell development. As mentioned in casp3 KO mice, B-cell
development is accelerated at the stage where B-cell precursors develop into immature B cells.
We found that adult casp6 KO and WT mice have similar numbers of BM and splenic B-cell
subsets. However, in 1-week-old casp6 KO mice, B-cell development was accelerated: the
absolute cell numbers of all B-cell subsets in 1-week-old casp6 KO mice were markedly
increased compared with age-matched WT mice (C. Watanabe et al., manuscript in
preparation). However, as they became adults, their B-cell subsets became normal. B-1 B cells
develop early in life in the fetal liver and are found principally in the peritoneal cavity and gut-
associated lymphoid tissues in adults (159, C. Watanabe et al., manuscript in preparation). In
3-week-old casp6 KO mice, peritoneal B-1a B cells, which express B220, CD5, and CD11b,
were significantly increased compared with WT mice, but again this population was normal
in adult casp6 KO mice.

These results suggested that very early B-cell development may be accelerated in the absence
of caspase-6. IL-7 is an essential cytokine for both B-cell and T-cell development. During B-
cell development in the BM, IL-7 is required for the development of mature B cells from
common lymphoid progenitors (CLPs). In particular, proB cells in the BM proliferate in
response to IL-7 and become preB cells (160). Similar to casp3 KO BM B cells (134), casp6
KO BM B cells displayed hyperproliferation in response to graded doses of IL-7 (C. Watanabe
et al., manuscript in preparation). Furthermore, the lineage negative CLP population derived

Richards et al. Page 14

Immunol Rev. Author manuscript; available in PMC 2009 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from casp6 KO mice developed into immature B cells faster than WT CLPs in an IL-7-
dependent manner. Because IL-7 induces caspase-3 and caspase-8 cleavage in proliferating
recent thymic emigrants (161), we are currently defining what elements in the IL-7-induced
Jak-STAT pathway are targeted by caspase-6. We do not fully understand how the accelerated
B-cell development in casp6 KO mice is attenuated as they become adults. Further investigation
of the caspase targets in IL-7 signaling will help to clarify the roles caspase-6 plays during
early B-cell development.

As discussed above, caspase-6 plays a unique role in balancing proliferation and differentiation
in B cells, by regulating both entry into G1 and the Rb-dependent restriction point. Caspase-6
also plays a role in early B-cell development. The mechanism underlying caspase-6's
modification of early B-cell development may differ from how it regulates mature B cells. The
substrates cleaved by caspase-6 in mature B cells may differ from the substrates targeted during
early B-cell development. Little is known regarding which substrates may be cleaved by
caspase family members after lymphocyte activation, but it is likely that the caspase cascade
triggered in activated lymphocytes differs from that triggered in apoptotic cells.

Concluding comments
Dysregulation of B-cell proliferation or antibody production can lead to cancers or autoimmune
diseases. As a result, the steps leading to B-cell division or maturation must be carefully
regulated. In this review, we have discussed Bam32 and Bim, which promote B-cell entry into
the cell cycle, and CD22, Nox, and caspase 6, which retard cell cycle entry in B cells (Fig. 1).
Some of these regulators, most notably Bam32 and Nox, may function by competing for the
same key signaling elements (Fig. 2). Likewise, Bim and Bcl-2 may compete in B cells and
other cells for the same upstream elements such as IP3 receptors or proteins associated with
mitochondria (112).

Other regulators appear to function at different points in B-cell activation pathways. Both
Bam32 and Bim promote B-cell entry into the G1 stage of the cell cycle and regulate
downstream expression of p27kip1; nevertheless, they are likely to mediate cell cycle entry
differently, because Bam32 primarily affects BCR signaling, whereas Bim affects both BCR
and LPS signaling pathways (32,112). Although Nox and caspase-6 both retard B cells from
entering G1, they too are likely to act via different mechanisms. Caspase-6 targets CD40 and
TLR-dependent activation pathways, while Nox-dependent ROS influence primarily BCR
signaling (53,146). Besides sharing similar enhanced entry into G1, these two KO B cells share
little else between their phenotypes. Casp6 KO B cells do not progress to S-phase; instead,
absence of caspase-6 activity shifts G1 B cells toward differentiation into PCs after CD40 or
TLR stimulation (146). In contrast, increased G1 entry in gp91phox KO B cells is accompanied
by progression through the cell cycle and leads to more proliferation. Additionally, while
gp91phox B cells demonstrate delayed p27Kip1 downregulation after activation, activated casp6
KO B cells downregulate p27Kip1 normally (53,146). This observation suggests caspase-6 and
Nox modulate distinct biochemical pathways in B cells.

Unlike caspase-6 regulation of B cells, CD22-mediated inhibition of B-cell division appears
to be restricted to BCR-induced activation; indeed, LPS-induced B-cell proliferation may be
positively regulated by CD22 (25). Interestingly, mice missing a promoter of cell cycle entry,
Bim, share features with mice missing CD22: both CD22 KO and Bim KO mice have reduced
numbers of MZ B cells (69,100,102-104). However, CD22 KO and Bim KO B cells differ in
other ways: CD22 KO B cells have elevated BCR-induced release of [Ca2+]i (25), while Bim
KO have reduced [Ca2+]i release (112). CD22 KO B cells turnover faster than WT B cells in
vivo, while Bim KO B cells survive longer (162). Alone in culture or with DCs, CD22 KO B
cells die more readily than WT B cells (69), while Bim KO B cells survive longer in culture
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(99,100). Both CD22 KO and Bim KO B cells have defects in cell cycle entry, which
conceivably could put MZ B-cell development at risk, because they may normally be in cell
cycle as they enter MZs (163). Alternatively, the sustained survival of splenic B cells in Bim
KO and Bcl-2 Tg mice in effect leads to a similar program induced by pronounced BCR signals
which favor FO B cells over MZ B cells (85).

Understanding more about how B-cell proliferation is regulated will be helpful for designing
new approaches for treating B-cell-associated diseases. Although great strides have been made
in the treatment of autoimmune diseases with B-cell depletion therapies, much remains to be
learned (164,165). The best approach for removing pathogenic B cell Ag-presenting cells or
auto-antibody-producing cells is not yet clear. Ideally, one would like to have therapies that
are selective for B-cell subpopulations. Selective combination therapies are promising. A
combination of antibody-based B-cell depletion therapy along with other antibody or
chemotherapeutic agents in particular appears to be effective for patients with chronic
lymphocytic leukemia (166,167). As more is learned about what regulates transit of B-cell
subsets through the cell cycle and their decisions to divide, survive, or differentiate, it should
be possible to thoughtfully design highly selective drugs that target pathogenic B-cell subsets.
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Fig. 1. Signaling elements that modulate B-cell entry into the cell cycle
B lymphocytes receive mitogenic signals through receptors such as the BCR or TLRs.
Proximally, adapter proteins like Bam32 and components of the NADPH oxidase complex
(Nox) can function to positively or negatively modulate BCR signaling. BCR signals are also
modulated by CD22 or CD19 coreceptors associating with the BCR. Finally, downstream
regulators, including caspases and Bcl-2 family members such as Bim, influence the rate of B-
cell entry into the cell cycle.
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Fig. 2. Competition between Bam32 and the NADPH oxidase complex in B cells
Ag triggering of the BCR initiates activation of PTKs Syk and Lyn. Syk activates the PI3K
pathway, responsible for catalyzing the formation of PIP3. Bam32 and p47phox are recruited
to the cell surface when the SHOP phosphatase converts PIP3 to PI(3,4)P2. Lyn phosphorylates
Y139 on Bam32, a key step in Bam32's ability to modulate downstream pathways. Bam32 and
the NADPH oxidase compete not only for access to a limited pool of inositol lipids but also
for a limited pool of the small GTPase Rac. Retardation of Bam32 KOI B-cell entry into the
cell cycle may be due in part to enhanced BCR-induced superoxide generation.
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Fig. 3. Cis and trans CD22–CD22L interactions send qualitatively different signals to B cells
(A) Cis CD22–CD22L interactions attenuate BCR signaling so the thresholds required for Ag-
induced B-cell activation and for MZ of FO B-cell development are shifted. (B) Trans
interactions between B-cell CD22 and DC–CD22L on the DC disrupts complex formation and
allows CD22 signaling to promote survival and block B-cell entry into the cell cycle. The nature
of DC–CD22L shown in orange is not known.
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Fig. 4. Regulation of B-cell entry into G1 by Caspase-6
Casp6 cleaves and inactivates substrates, which inhibit B cells from progressing from G0 into
G1 after mitogenic stimulation. Casp6 may also target as a substrate, Rb, which suppresses S
phase entry. In Caps6 KO B cells, elevated levels of Rb protein inhibit proliferation, even
though more Casp6 KO B cells enter G1. Instead, differentiation into plasma cells and Ig
production are increased.
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Table 1
Rac activation and superoxide production are regulated by Bam32 expression in DT40 cells

BCR-induced

Bam32 Levels Rac activity Superoxide

None + +++*

Wildtype ++ +*

Overexpressed +++ −

Bam32, B-lymphocyte adapter of 32 kDa; BCR, B-cell receptor.

*
Results obtained in both DT40 B cells and primary mouse B cells (based on (53) and Richards et al., unpublished data, 2008).
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