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Abstract

Bcl-3 is an atypical member of the family of 1xB proteins. Unlike the classic members, Bcl-3
functions as a nuclear transcriptional cofactor that may, depending on context, promote or
suppress genes via association with p50/NF-xB1 or p52/NF-xB2 homodimers. Bcl-3 is also an
oncogene, since it is a partner in recurrent translocations in B cell tumors, resulting in deregulated
expression. Bcl-3’s functions, however, remain poorly understood. We have investigated Bcl-3’s
role in B cells and discovered a previously unknown involvement in the splenic development of
these cells. Loss of Bcl-3 in B cells resulted in significantly more marginal zone (MZ) and fewer
follicular (FO) B cells. Conversely, transgenic expression of Bcl-3 in B cells generated fewer MZ
and more FO B cells. Both Bcl-37/~ FO and MZ B cells were more responsive to LPS stimulation
compared with their wild-type counterparts, including increased proliferation. By contrast,
Bcl-37/~ FO B cells were more prone to apoptosis upon B cell receptor (BCR) stimulation, also
limiting their expansion. The data reveal Bcl-3 as a regulator of B cell fate determination,
restricting the MZ path and favoring the FO pathway, at least in part via increased signal-specific
survival of the latter, a finding of relevance to its tumorigenic activity.

Introduction

Bcl-3 is a member of the 1xB family, which is distinguished by shared ankyrin repeat
domains capable of interacting with the Rel homology domains present in NF-xB
transcription factors. While the classical members 1xBa, IxBp and IxBe primarily retain and
thus inhibit p65- and c-Rel containing NF-xB dimers in the cytoplasm, Bcl-3 instead
associates with nuclear p50 or p52 homodimers bound to DNA. Depending on the cellular
context and target gene, Bcl-3 may promote or suppress transcription of certain NF-xB-
regulated genes (13, 44). However, the specific biologic functions and mechanisms of action
of Bcl-3 in cells remain poorly understood.

Nevertheless, Bcl-3 can have profound biological impact in vivo. The bcl3 gene was first
identified and cloned at the breakpoint of recurring chromosomal translocations t(14;19) in
B cell chronic lymphocytic leukemias (33). Subsequently additional translocations of the
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bcl3 were discovered in other B and some T cell tumors, resulting in increased and
deregulated expression of otherwise unchanged Bcl-3 (29, 31, 32, 38). High levels of
nuclear Bcl-3 have also been detected in a variety of B cell tumors in the absence of
translocations, including classic Hodgkins lymphomas (4, 6, 16). In addition, a number of
solid tumors express high levels of Bcl-3 (23).

It has been suggested that Bcl-3 may contribute to the survival and/or proliferation of tumor
cells by positively regulating the expression of proteins such as Cyclin D1 and Hdm-2 (17,
41, 47). However these and other reports implicating possible targets of Bcl-3 in tumors
remain isolated accounts, and how Bcl-3 actually promotes tumor formation is still an open
question. Adding to this uncertainty, Bcl-3 has been suggested to intrinsically slow rather
than promote proliferation of hon-tumorigenic T cells (3), to contribute to apoptosis in some
tumor lines (5, 30) and in distinction to earlier views, may not have a role in survival of
activated CD8 T cells in vivo (8).

Apart from its tumorigenic potential, Bcl-3 is critical in host defense against certain
pathogens, makes contributions to immune development, and can suppress autoimmunity
(12, 34, 40, 42, 43, 49). However, the mechanisms underlying these in vivo roles also remain
obscure. In vitro, Bcl-3 negatively regulates LPS-induced expression of some chemokines
and cytokines in macrophages and dendritic cells. The proposed mechanism envisions Bcl-3
to aid p50 homodimer-mediated transcriptional inhibition (20, 42, 46) by preventing
ubiquitin-mediated degradation of the homodimers (7). However, it remains to be
determined whether this is the only or even primary mechanism by which Bcl-3 inhibits, and
it leaves open the question when and how Bcl-3 promotes transcription. In this regard it is
important to note that the functional activities of Bcl-3 may be controlled not only by its
inducible expression (5, 10, 20, 39), but also by post-translational means, including
phosphorylation and ubiquitination (15, 18, 19, 25, 45).

Based on such findings Bcl-3 appears to have diverse cell-, signal- and gene-specific effects
and how it operates in specific biologic contexts largely remains to be discovered. Despite
its oncogenic potential in B cells, Bcl-3’s role in normal B cells has not been addressed.
Surprisingly we find here that Bcl-3 delimits the development of marginal zone B cells,
favoring development of follicular B cells instead. Bcl-3 promotes survival and thus overall
proliferation of cells stimulated via their B cell receptor, while it impairs responses to LPS.
We will discuss how these activities may be relevant to the cell fate decision of developing
B cells, as well as the tumorigenic potential of Bcl-3.

Materials and Methods

Mice

Antibodies

Bcl-3 KO mice have been described previously (12). Bcl-3 transgenic mice with mb-1-Cre-
driven, B cell-specific expression of the transgene are described in Supplemental Materials.
These mice were bred and co-housed together with genetically matched C57BL/6 wild-type
controls in NIAID Institute facilities. They were analyzed at 6-8 weeks of age and all
experiments were done with approval of the NIAID Animal Care and Use Committee and in
accordance with all relevant institutional guidelines.

Monoclonal antibodies were purchased from BD Biosciences (San Diego, CA), eBioscience
(San Jose, CA), Southern Biotech, and AbD Serotech (Raleigh, NC): FcyRIII/IT (2.4G2),
IgM (R6-60.20), IgD (11-26), CD1d (1B1), CD9 (M-L13), CD11a (2D7), CD18 (C71/16),
CD21 (7G6), CD23 (B3B4), CD24 (M1/69), CD29 (9EG7, HMb1-1), CD40 (3/23), CD43
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(S7), CD45R/B220 (RA3-6B2), CD45.2 (104), CD49d (R1-2), CD54 (3E2), CD69
(H1.2F3), CD80 (16-10A1), CD86 (GL1), CD93 (AA4.1), I-A/I-E (2G9), integrin p7
(M293), MOMA (CD169 AF647), MAJCAM (MECA-89).

Cell purification

Total B cells were purified from erythrocyte-lysed single cell suspensions of splenocytes by
negative selection with anti-CD43-microbeads on midi MACS columns or by AutoMACS
(Miltenyi Biotec), according to the manufacturer’s instructions. For isolation of MZB and
FOB cell subsets, purified total B cells pooled from 4-5 mice were incubated with FcR-
blocking antibody 2.4G2, stained with APC-anti-CD21, PE-anti-CD23, APC-Cy7-anti-
B220, PE-Cy7-anti-AA4.1 and PE-Cy5-CD24, and sorted with a FACSria cell sorter
(Becton Dickinson). (MZB cells: AA4.1-B220*CD21NCD24!owCD23~/1oW and FOB cells:
AA4.17B220*CD21* CD24!oWCD23%). Alternatively, FOB cells were sorted from total,
anti-CD43 negatively selected B cells via positive selection for CD23 with AutoMACS.

Flow cytometry

FACS® analyses were performed on freshly prepared splenocytes (in PBS/0.5% BSA/2 mM
EDTA) or on cultured flow- or bead-sorted B cell subsets (see above). For surface marker
staining, cells were pre-incubated with anti-FcyRI111/11 for 10 min on ice and then stained
with conjugated antibodies for 30 min. The LIVE/DEAD Fixable Aqua Dead cellstain kit
(Invitrogen) was used for live cell-gating. Staining was analyzed on a FACS Calibur or
Canto Il (BD Biosciences). Data were analyzed with FlowJo software.

Bone marrow chimeras

Bone marrow cells were harvested by flushing femurs and tibias of mice with cold HBSS.
3-5x106 erythrocyte-lysed bone marrow cells were injected into the tail veins of lethally
irradiated (900rads) recipient mice in 0.2 ml HBSS and recipient mice were analyzed 6-8
weeks after transfer.

Cell culture and proliferation and Caspase 3 assays

Flow cytometrically-sorted MZB and FOB cells were stimulated with anti-lgM (Fab’,
Jackson Immunoresearch Laboratories, West Grove, PA) or LPS (Sigma, St. Louis, MO) in
96-well-bottomed plates. For proliferation assays, 2x10° cells/well were stimulated for 72h
and pulsed with 1p.Ci per well of [3H] thymidine for the final 4-6 hours before harvest. For
analysis of proliferation by CFSE dilution, flow-sorted FOB and MZB cells were labeled
with 0.51uM CFSE (Invitrogen), and stimulated for 72h with anti-IgM and LPS, respectively.
Incorporation of BrdU (BD Biosciences) was performed on bead-sorted FOB (see above)
incubated with anti-IgM for 72hrs, with BrdU present for the last 24hrs. The anti-BrdU
antibody (eBioscience) was used according to the manufacturer’s instructions. For caspase 3
activation assays, bead-sorted FOB cells were stimulated for 48h with anti-lgM or LPS and
caspase 3 activation was measured using the NucView 488 Caspase 3 Assay Kit for Live
Cells (Biotium, Hayward, CA) according to the manufacturer’s instructions. Negatively
bead-selected total B cells were also stimulated with LPS or anti-lIgM prior to surface
staining and analysis. Unless otherwise stated, cultured cells were stimulated with 6.25 jug/
ml anti-IgM or 200 ng/ml LPS.

Immunofluorescence

Spleens were embedded in OCT and frozen. Cryostat sections were fixed for 10 min in ice-
cold acetone and sequentially blocked with blocking buffer containing 10% rabbit or goat
serum. Sections were washed in 50mM TBS, pH 7.6, or PBS between all steps. Sections
were incubated sequentially with rat anti-mouse MAdCAM (4C overnight) (detected with
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Alexa Fluor-568 anti-rat 1gG), and then biotin-conjugated anti-CD1d at room temperature
for 2h followed with Streptavidin-conjugated Alexa Fluor- 647 Sections were examined
using a Leica AF6000X fluorescence microscope and images were acquired with a
Hamamatsu video camera and processed with Imaris software.

Statistical analysis

Results

Data were recorded as the mean +SEM for direct ex vivo experiments and the mean +SD for
in vitro culture experiments. Results were analyzed using Student’s t-tests. p< 0.05 was
considered significant.

Bcl-3~/~ mice harbor increased numbers of marginal zone B cells

Splenic B cells consist of immature-transitional B cells and two types of mature B cells,
follicular (FO) and marginal zone (MZ) B cells; the latter two differ with respect to
phenotypic markers, location and function. Previous studies showed a mild overall reduction
of total B cells in Bcl-37/~ spleens due to stromal defects (12, 37). To investigate potential
roles of Bcl-3 in splenic B cells we performed flow cytometric analyses to enumerate
subpopulations, using several different gating strategies (1, 26, 48). These analyses revealed
a profound increase in relative and absolute numbers of
B220*AA4.1-CD21MCD24iMCD23!9-MZB cells in spleens of Bcl-37/~ (KO) as compared
to Bcl-3*/* (WT) mice (Fig. 1A; enumerated in 1B). The increase in MZB cells was
confirmed in additional flow cytometric analyses (Fig. 1C, D) (MZB cells:
cD1dhicD23/-1gM*1gD!°; B220*CD1d"CD9* or B220*IgM*CD21MCD23!9-). We also
detected an increase in relative and absolute numbers of MZB cell precursors (MZP) in
Bcl-37/~ mice compared to controls (MZP cells: B220*AA4.1-CD21MCcD23"CcD241M [Fig.
1A, B] and CD1d"IgD"NCD23N [Fig. 1C]). These increases were accompanied by
compensatory decreases in relative and absolute numbers of FO and transitional B cells
(enumerated in Fig. 1B) (FOB cells: B220*AA4.1~CD21*CD24!°CD23"; transitional T1:
B220*AA4.1*CD21°CD24MCD23; transitional T2: B220*AA4.1*CD21*CD24MCD23).

To assess whether the phenotypically assessed increase in MZB cells was also reflected by
an increase in B cells residing in the splenic MZ, we stained frozen sections with antibodies
to CD1d and MAdCAM1. We observed more CD1d" B cells in the MZ (located just outside
the ring of MAdCAMZ1-staining endothelial cells) of Bcl-37/~ than WT mice (Fig. 1E).
Collectively, the data indicate that loss of Bcl-3 significantly skewed B cell development
towards the mature and precursor MZB cells, and conversely, away from mature FOB cells.
Given that FOB cells are more abundant than MZB cells, the relative change in the latter
appeared to be more dramatic.

Like MZBs, B1 B cells have innate functions; they contribute to homeostatic serum
immunoglobulin levels and respond well to TLR signals, such as LPS. Nevertheless,
Bcl-37/~ deficient mice did not exhibit a noticeable change in the number of peritoneal B1 B
cells compared to WT mice (not shown). This may not be surprising, since B1 B cells
represent a self-renewing and developmentally distinct lineage derived from fetal liver
precursors (27).

The increase in MZB cells in Bcl-3~/~ mice is intrinsic to B cells and cell-autonomous

To determine whether the increase in MZB cells and corresponding decrease in FO (and
transitional) B cells might result from a defect in hematopoietic (but not stromal) cells, we
reconstituted lethally irradiated WT mice with either Bcl-3*/*(WT) or Bcl-37/~ (KO) bone
marrow cells. Following full reconstitution, chimeras with Bcl-3~/~ bone marrow presented
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with a marked relative increase in MZ and a relative decrease in FOB cells, while mice
reconstituted with WT bone marrow presented with a normal ratio (Fig. 2A; enumerated in
2B). The results indicate that the increase in MZ and loss of FOB cells in Bcl-37/~ mice was
due to defects intrinsic to hematopoietic cells.

To determine whether the increase in MZB cells was due to a B cell-autonomous process,
we carried out mixed bone marrow transfers. CD45.1* marked WT (Bcl-3*/*) bone marrow
cells were co-transferred together with equal numbers of either CD45.2* Bcl-3*/* (WT) or
CD45.2* Bel-37~ bone marrow cells to serve as donors for lethally irradiated Rag1-deficient
recipient mice. We observed a significant relative increase in the numbers of MZB cells and
a corresponding reduction in FO (but not transitional AA4.1*) B cells in 45.2*
Bcl-3~/~donor-derived B cells, while the co-transferred 45.1* (45.27) Bcl-3*/* donor-
derived B cells showed a normal distribution (Fig. 2C; enumerated in 2D). Together these
results indicate that the increase in MZB and reduction in FOB cells in Bcl-3-deficient mice
were due to B cell-intrinsic and cell-autonomous defects.

Loss of Bcl-3 accentuates MZB cell phenotypes and responses

MZB cells are superior to FOB cells in inducing expansion of CD4* T cells both in vitro and
in vivo, consistent with higher basal and LPS-induced levels of MHC class 11 and co-
stimulatory molecules on MZ B cells (2). We stimulated freshly bead-isolated B cells with
LPS (or did not stimulate them) and then analyzed these cells for expression of various
surface markers after gating on live FO or MZ B cells. Loss of Bcl-3 resulted in increased
basal and LPS-induced levels of MHC 11, CD86, CD40, CD69 and CD54 (and a smaller
increase in basal CD80 levels), in both FO and MZ B cells when compared with their WT
counterparts (Fig. 3A). Consistent with this, Bcl-37/~splenic B cells resulted in better
proliferation of CD4* T cells in co-cultures when compared to WT B cells (not shown).
BCR stimulation (algM) is known to also induce MHC class 11 and co-stimulatory markers
on FO B cells, albeit to a lesser extent than LPS (2, 21); loss of Bcl-3 resulted in slight
increases in algM-induced levels of some of these markers in live Bcl-37/~ FO B cells when
compared to their WT counterparts (Supplemental Fig. 1A, B).

Modulation of integrin levels in Bcl-3=/~ B cells

Several signals have been proposed to positively impact whether transitional B cells become
MZB cells and then are maintained as such (35). This includes Notch2 signals (28) and a
preference to respond to S1P over CXCL13, agents which direct the egress and entry of B
cells into follicles, respectively (9). We did not find any evidence that Bcl-3 is involved in
the Notch2 pathway, as expression of the target gene Deltex1 was not changed by the
absence of Bcl-3 in FO or MZB cells; similarly, in initial experiments we failed to observe
skewed chemotaxis of Bcl-3 deficient FO or MZ B cells towards S1P over CXCL13 (data
not shown). BAFF-induced activation of the alternative NF-xB pathway is another signal
critical for MZB cell development (11). Loss of Bcl-3 did not alter activation of this
signaling pathway (Supplemental Fig. 2), although this does not rule out possible effects of
Bcl-3 on target genes of alternatively activated NF-xB.

MZB cells express somewhat higher levels of the integrins LFAL (aL/p2) and VLA4 (a4p1)
than FOB cells; these integrins are thought to contribute to the long-term retention in the
splenic MZ (22). We observed a modest increase in the expression of aL and 2, and a slight
increase in p1, though not a4, in both Bcl-37~ FO and MZ freshly isolated B cells when
compared to their WT counterparts (Fig. 3B and Supplemental Fig.1C). Slightly increased
levels of in particular LFAL in Bcl-37/~ B cells may therefore favor retention in the MZ and
could contribute modestly to increased levels of MZB cells. However, overall these findings
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suggest that Bcl-3 likely regulates additional steps to control the process whereby B cells are
fated to become either MZ or FO B cells.

Transgenic overexpression of Bcl-3 suppresses development of MZB cells

To confirm and further explore the role of Bcl-3 in MZ vs. FO B cell development we
generated mice in which expression of a Bcl-3 transgene could be induced specifically in B
cells via mb1-cre-mediated (14) removal of a LoxP-flanked Stop casette (Supplemental Fig.
3A-C). B cell-specific expression of the Bcl-3 transgene resulted in reduced relative and
absolute numbers of MZB cells when compared to WT, and especially when compared to
KO B cells (Fig. 4 A-C) (MZB cells: B220*AA4.1-CD21MCD23!9~; B220*CD1d"CD9*
and B220*CD1d"cD23!9-IgD'° [Fig. 4A]; and CD19*CD21MiIgMNiB220*CD23!%~ [Fig.
4B]). Conversely we noted a relative and absolute increase in transgenic FOB cells
(CD19*CD21*IgD*IgM*MAA4.1-CD23*) when compared to WT and KO B cells (Fig.
4B). FOB cells were further subdivided into the major FO I and the minor FO 11 fraction,
expressing low/intermediate and high levels of IgM, respectively (Fig. 4B). (Data for
analyses as in Fig. 4B enumerated in Fig. 4C [relative fractions and cell numbers of B cell
subpopulations and total numbers of all B cells in WT, Bcl-3 KO and Bcl-3 transgenic (TG)
mice]). Interestingly, among the Bcl-3~/~ (KO) B cells the fraction of FO Il B cells was
increased relative to that of WT (and TG), even though the total fraction of FO, and in
particular FO | B cells was decreased. The increase in FO Il mutant B cells may be
consistent with the increase in MZB cells, since FO 1l B cells may be a reservoir for MZB
cells (see Discussion).

While the fraction of MZB was significantly decreased and that of FO I B cells increased in
Bcl-3 transgenic as compared to WT B cells, we did not observe reductions in the fractions
of MZP or FO 11 B cells, indicating that overexpression of Bcl-3 did not result in the
complete opposite of what was seen in the absence of Bcl-3 (Fig. 4C). Nevertheless,
consistent with the substantial relative decrease of MZB cells in transgenic B cells as
determined with surface markers, immunofluorescence analysis showed a relative paucity of
B cells in the MZ (Supplemental Fig. 3D). Thus B cell-specific overexpression of Bcl-3
appears to have largely, though not entirely, opposite effects to the loss of Bcl-3. These
results further confirm that Bcl-3 negatively impacts MZB cell generation, while promoting
generation of FOB cells.

Bcl-3 differentially modulates algM- versus LPS-induced B cell proliferation

It has been hypothesized that very weak BCR signaling pushes developing B cells towards
the MZB cell fate, while relatively stronger BCR signaling (by self-antigens) favors the
FOB cell fate (35, 36). We FACS-sorted MZB and FOB cells from B cells pooled from 4-5
mice and examined their proliferative responses to LPS and algM stimulation. Both
Bcl-37"MZB and FOB cells proliferated somewhat better than their WT counterparts when
stimulated with LPS, as judged by thymidine incorporation, but the reverse was true when
stimulated with algM, as now wild-type FOB cells proliferated somewhat better than their
Bcl-37/~ counterparts (Fig. 5A), despite similar levels of surface IgM (not shown). We
confirmed this by examining BrdU incorporation in algM-stimulated, bead-isolated FOB
cells, gating on live cells (Fig. 5B). In addition, we examined algM- and LPS-driven
proliferation of CFSE labeled, FACS-sorted FO and MZ B cells, respectively; in each
instance we compared WT, Bcl-37/~ and Bcl-3 transgenic B cells after 72 h of stimulation,
gating on live cells (Fig. 5C; summary data shown as proliferation and division indices in
Fig.5D). Bcl-37/~ MZB cells again showed significantly increased LPS-induced
proliferation over WT B cells, with Bcl-3 transgenic MZB cells proliferating similar to or
slightly less well than WT (Fig.5 C, D; upper panels). In contrast, Bcl-37/~ FOB cells
proliferated less well upon algM stimulation than their WT counterparts, consistent with
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findings above (Fig.5 C, D; lower panels). Bcl-3 transgenic FOB cells also proliferated
slightly less well than WT, albeit not significantly so, which indicated that transgenic
overexpression of Bcl-3 did not result in the exact opposite of the Bcl-3 deficient phenotype.
Of note, algM stimulation of Bcl-37/"FOB cells showed a significant decrease relative to
WT in the division index, but only a trend in that direction in the proliferation index. This
suggested the possibility that Bcl-3~/~ FOB cells were more susceptible to apoptosis after
algM stimulation, or else less responsive.

To investigate whether the absence of Bcl-3 in FOB cells might increase their rate of
apoptosis upon BCR stimulation, we measured caspase 3 activation in bead-isolated FOB
cells from WT, Bcl-37/~ and transgenic mice after 48h of stimulation with algM, LPS or no
stimulation, gating on live cells. BCR stimulation activated more caspase 3 than LPS across
all three genotypes. Importantly, caspase 3 activation was significantly more prominent in
BCR-stimulated Bcl-3~/~ FOB compared to their WT counterparts, while Bcl-3 transgenic
cells exhibited slightly lower levels than WT cells (Fig. 5E). Bcl-3 may thus help protect
FOB cells in particular from BCR-induced apoptosis and this likely contributed to the lower
level of apparent proliferation observed above in the absence of Bcl-3.

We also assayed algM- and LPS-induced expression of select genes in FACS-sorted FOB
cells and found a trend towards lower expression of proliferation-related genes in BCR-
stimulated Bcl-37/~FOB cells and a trend towards higher expression of anti-apoptotic genes
and IL-10 upon LPS stimulation of these mutant cells, consistent with generally diminished
proliferative responses to algM and increased responses to LPS (Supplemental Fig. 4).

Discussion

Here we report that Bcl-3 controls the relative proportion of mature MZB and FOB cells that
are generated during splenic B cell development. This atypical member of the 1xB family
acted as a gatekeeper for the MZB cell lineage; it delimited the number of MZB cells,
apparently exerting its influence during the time when developing B cells transition into and
establish themselves as mature FO or MZ B cells. While many proteins have been found to
positively contribute to, or even be required for MZB cell development, including in
particular NF-xB factors (24, 35, 36), Bcl-3 is unusual since it negatively impacted this
process. Bcl-3 restricted maturation of MZB cells, and conversely, appeared to favor
maturation of FOB cells; Bcl-3 may have had similar effects during the maintenance phase
of these cells. The findings are based on analyses of mice lacking Bcl-3 or overexpressing
Bcl-3 in B cells: Loss of Bcl-3 resulted in a significantly higher proportion of MZB cells and
their immediate precursors, while it led to a reduction in the proportion of FOB cells, a
phenomenon we showed to be intrinsic and autonomous to B cells. Conversely, transgenic
overexpression of Bcl-3 in B cells reduced relative numbers of MZB cells when compared
to WT, while it increased those of FOB cells. Analyses of splenic tissue sections
furthermore revealed more B cells in the splenic MZ of Bcl-3 deficient mice and fewer in
Bcl-3 transgenic mice relative to WT mice, which confirmed the conclusions based on cell
surface marker expression. Potential mechanisms for how Bcl-3 so profoundly impacted B
cell maturation were suggested by the findings that Bcl-3-deficient B cells exhibited
impaired survival and, likely in consequence, impaired proliferation following BCR
stimulation, while these cells exhibited increased responses to LPS, including increased
proliferation.

MZ and FOB cells are thought to derive primarily from transitional T2 B cells in the spleen.
How the decision is made which cell type to develop into is not really understood, but
current theory postulates that BCR signaling strength may be the deciding factor (35): In this
model B cells carrying BCRs that recognize self-antigens quite well, albeit not too strongly,
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are destined to become FOB cells, and in the process also become impervious to other
signals, such as those delivered via Notch2. Such BCR signals may also help maintain these
cells. By contrast, B cells carrying BCRs that recognize self-antigens only quite weakly are
postulated to set out along the MZB cell path; these cells remain receptive to and require
other signals for full development, localization to and retention in the MZ of the spleen,
events that may be linked. Such additional signals include inputs via Notch2, BAFF
receptors, integrins, chemokine receptors and likely others (1, 36). How a gradient in BCR
signaling strength may be read out is not known, but may involve NF-xB (35, 36).

Our findings may be incorporated into this presently held model of splenic B cell
development. We hypothesize that Bcl-3 may promote FOB cell development (and possibly
also maintenance) over that of MZB cells by strengthening BCR-mediated proliferation, at
least in part by promoting survival of these so-stimulated cells. B cells recognizing self-
antigens in vivo may thus be helped by Bcl-3 on their way to become FOB cells. Conversely
we hypothesize that Bcl-3 may inhibit MZB development by dampening responses to
signals that may promote the development (and possibly also maintenance) of these cells;
such signals may include Toll-like receptor signals, which are most likely encountered in the
MZ. Loss of Bcl-3 leads to LPS hyper-responsiveness not only in B cells, but also in
macrophages, where Bcl-3 has been postulated to aid p50-homodimer-dependent
suppression of NF-kB target genes (7, 46). Interestingly, p50/NF-«xBL1 is required for MZ B
cell development, opposite the role of Bcl-3 revealed here (35). However, p50 is also a
subunit of several trans-activating NF-xB heterodimers that are necessary for MZ B cell
development. The differential in vitro effects of Bcl-3 on BCR-versus LPS-induced
proliferation may appear to be modest, but when integrated over time in vivo could well
explain the ultimate relative differences in numbers of FO and MZ B cells. Future
experiments will be needed to prove this hypothesis.

Bcl-3 supported the survival of B cells especially following BCR stimulation. In the absence
of Bcl-3, BCR stimulation of freshly isolated FO B cells led to significantly increased
activation of caspase 3, and likely as consequence, reduced proliferation; conversely there
was trend towards reduced caspase 3 activation in Bcl-3 transgenic FOB cells. Therefore
deregulated expression of Bcl-3 in consequence of gene translocation may contribute to
malignant transformation by promoting survival in the face of such stimuli, although proof
will have to await future investigations. Nevertheless, transgenic overexpression of Bcl-3
increased not only the proportion of FOBs, but also total numbers of B cells in spleens.

Bcl-3 may have affected the ultimate ratio of MZ to FO B cells by exerting its influence as
early as the time when the cell fate decision is made; this is suggested by the observed trend
towards increased numbers of MZB precursors (MZP) as well as FO type 1l cells in the
absence of Bcl-3. FO 11 B cells are a small fraction of FOB cells that is thought to have
experienced little/no self-antigen stimulation and that may serve as a reservoir for MZB cells
in follicles (35). FO I cells are thus more akin to MZB cells and their precursors. Of note,
transgenic expression of Bcl-3 resulted in population shifts that were largely opposite those
seen in the absence of Bcl-3: The proportion of FO I B cells was increased and that of MZB
cells was reduced. However, relative numbers of MZP and FO |1 B cells were not
significantly changed; the reason for this is not clear, although over-expression of Bcl-3 may
not necessarily always accentuate normal functions, especially when these functions may
also be regulated by post-translational modifications. Indeed we did not observe significant
differences in Bcl-3 mRNA expression in the various splenic subpopulations (data not
shown), which suggests that Bcl-3 might also be regulated by means other than just its levels
of expression.

J Immunol. Author manuscript; available in PMC 2014 December 15.
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MZB cells play important innate roles in host defense; they respond better to LPS and
express generally higher levels of co-stimulatory molecules than FOB cells (24). Consistent
with this, we observed higher titers of IgM after LPS challenge in the serum of Bcl-3-
deficient mice compared to controls (data not shown). LPS-stimulated Bcl-3~/~FO and MZB
cells also expressed higher levels of some co-stimulatory molecules and mutant B cells were
better able to co-stimulate T cells. Furthermore, mutant FO and MZB cells expressed
slightly higher levels of an integrin thought to help retention of MZB cells and they
proliferated slightly better to LPS stimulation. These data suggest that loss of Bcl-3 shifts B
cells towards MZB-associated phenotypes. Conversely, the presence of Bcl-3 appears to
dampen innate and promote adaptive responses to an immune challenge.

We have shown that Bcl-3 skews B cells towards the FOB fate and away from the MZB
fate, thus acting as a gatekeeper for MZ B cell development. Bcl-3 limits apoptosis
associated in particular with BCR stimulation. We speculate that in this way Bcl-3 may
promote cells stimulated by self-antigens on their way to become and be maintained as FOB
cells. At the same time Bcl-3 may impair responses to LPS, including their proliferation,
signals that could be relevant for MZB development and maintenance.
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Figure 1.

Bcl-37/~ mice exhibit increased numbers of marginal zone B cells. (A) Representative flow
cytometric analysis of splenocytes from 6-week-old Bcl-3*/* (WT) and Bcl-37/~(KO) mice,
analyzed for surface markers with gates shown across top of panels as indicated.
Percentages of B cell subpopulations are shown (T, transitional; FO, follicular; MZ,
marginal zone; MZP, MZ precursor). Data are representative of two separate experiments,
each with at least n=4 independently analyzed mice per group. (B) Percentages (upper
panel) and absolute numbers (lower panel) of B cell subpopulations. Data shown are the
mean + SEM based on a flow cytometric analysis experiment from (A) (n=4). (*= p<0.05).
(C, D) Flow cytometric analyses of splenocytes from mice as in (A), analyzed for expression
of surface markers with gates as indicated. Percentages of subpopulations are shown;
abbreviations as in (A). Data are representative of at least 2 separate experiments, each with
at least n=3 independently analyzed mice per group. (E) Representative spleen section from
6-week old KO and WT mice stained for expression of CD1d and MAdCAM1 shown in
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colors as indicated. Magnification 20x. Data representative of 2 separated experiments with
at least n=4 independently processed mice per group.
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Figure 2.

Increase in MZ B and decrease in FO B cells in Bcl-37/~ mice is due to a B cell autonomous
defect. (A) Lethally irradiated WT mice were reconstituted via transfer of bone marrow cells
from WT or KO mice. Representative flow cytometric analysis of splenocytes stained for
expression of surface markers with gates across top of panels as indicated. (B) Summary
graph of data as in (A) shown as the mean +SEM from 2 separate experiments with n=5
independently analyzed recipient mice. (C) Irradiated Ragl~"mice were reconstituted via
co-transfer of approximately equal numbers of bone marrow cells from CD45.1* (CD45.27)
WT and CD45.2* KO mice. Representative flow cytometric analysis of splenocytes stained
for expression of surface markers with gates as indicated. (D) Summary graph of data as in
(C) shown as the mean £SEM from 3 separate experiments with n=4 independently analyzed
recipient mice. Abbreviations as in Fig. 1. (*= p<0.05)
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Figure 3.

Expression of co-stimulatory molecules and integrins on Bcl-37/~ B cells. (A) Naive CD43~
B cells were obtained by MACS separation and were stimulated for 24h with LPS (200 ng/
ml) or not stimulated (NS). Cells were then analyzed by flow cytometry for expression of
surface makers after gating on MZ B cells (B220* CD1d" CD21Mi, then CD237/1°) and FO
B cells (B220* CD1d™1° CD21iM, then CD23") as indicated. MFI data are shown as mean
+SD of 3 separate experiments with n=8 independently analyzed mice per group. (B)
Splenocytes from 6-8 week-old WT and KO mice were analyzed by flow cytometry after
staining for B220, CD23, CD21 and the integrin chains aL and 2, as indicated. After gating
on MZ B cells (B220* CD23~1° cD21M) or FO B cells (B220* CD23* CD21*), expression
of integrin chains was analyzed. Representative plots are displayed next to summary MFI
data shown as the mean £SEM for 3 separate experiments, with n=6-8 independently
analyzed mice per group. (*= p<0.05)
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Transgenic expression of Bcl-3 in B cells reduces MZ and increases FO B cells. (A, B)
Representative flow cytometric analyses of splenocytes from 6-8-week-old WT, KO and
Bcl-3transgenic (Tg) mice stained for expression of surface markers with gates across top of
panels as indicated. Percentages of various subpopulations are shown; fractions (FR) I, I
and Il in (B) refer to subpopulations shown in first row of panels. (FO I, Il = follicular 1, 2;
other abbreviations as in Fig.1) Data for (A, B) representative of 3 separate experiments
with n=7-9 independently analyzed mice per group. (C) Summary of data as in (B) shown
as mean +SEM (*= p<0.05). Left panel, percentages of B-cell subpopulations; center panel,
total number of splenic B cells for each genotype; right panel, total numbers of B-cell

subpopulations.
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Figure5.

Bcl-3 differentially modulates BCR- and LPS-induced B cell proliferation. (A) Thymidine
incorporation of FO and MZ B cells. Cells were obtained by FACS-sorting from B cells
pooled from 4-5 WT and KO mice and stimulated for 72 hours with titrated amounts of LPS
(left panel) or anti-lgM (right panel), as indicated, with 3HTdR present during the last 4-6h.
Data shown are mean + SD of triplicate measurements; similar results were obtained in an
independent experiment. (B) BrdU incorporation of FO B cells (CD43~CD23"), isolated
from WT and KO mice with MACS beads and stimulated with anti-IgM (6.25p9/ml) for 72
hours or not stimulated (NS), with BrdU present during the last 24h. Percentages of BrdU*
cells shown the mean £SD for n=3 independently analyzed mice. (C) Representative flow
cytometric analysis measuring cell division with CFSE dilution. MZ and FO B cells were
isolated from WT, KO and Bcl-3 transgenic (Tg) mice as in (A), labeled with CFSE and
stimulated for 72 hours with LPS (200 ng/ml) (upper panels) or anti-IgM (6.25 jg/ml)
(lower panels), respectively, or cells were not stimulated (NS). (D) Summary of data as in
(C) shown as meanz SD for the division and proliferation index (FloJo software analysis)
for 3 separate experiments with n=5 independently analyzed pools of mice. (E) FO B cells
were isolated as in (B) from WT, KO and Tg mice and stimulated for 48 h with 200ng/ml
LPS or 6.25pg/ml anti-IgM or not stimulated (NS), as indicated. Caspase 3 activity was
determined by flow cytometry and percentages of cells with activated caspase 3 are shown

J Immunol. Author manuscript; available in PMC 2014 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

as mean +SD from 3—4 separate experiments with n=8 Tg, n=13 WT and n=13 KO
independently analyzed mice. (*= p<0.05)
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