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Marginal-zone (MZ) B cells represent a first line of defense against particulate blood-borne antigens.
Together with the B1 cells, they are responsible for the early response against type II T-independent antigens.
The molecular pathways controlling the development of MZ B cells are only poorly understood. We found that
these cells are virtually absent in mice deficient in the BOB.1/OBF.1 coactivator. Loss of these B cells was
demonstrated by the lack of cells showing the appropriate cell surface phenotype but also by histological
analyses and tri-nitro-phenol–Ficoll capturing. The lack of these cells is a B-cell-intrinsic defect, as shown by
bone marrow complementation experiments. We also show that the expression of BOB.1/OBF.1 in peripheral
B cells is required for the development of MZ B lymphocytes. Our analysis of BOB.1/OBF.1-deficient splenic
B cells reveals alterations in cell motility, tumor necrosis factor receptor expression, and B-cell receptor (BCR)
signaling. These changes could contribute to the loss of MZ B lymphocytes by altering the maturation of the
cells. Interestingly, development of and BCR signaling in B1 B cells are completely normal in BOB.1/OBF.1
mutant mice.

Three sets of peripheral effector B lymphocytes have been
described. B1 cells are largely confined to the peritoneal cav-
ities. Conventional B cells, also called recirculating follicular B
cells or B2 cells, are present in the secondary lymphoid organs
like the spleen, lymph nodes, and tonsils, and they also recir-
culate in the blood. A third kind of effector B cells are the
marginal-zone (MZ) B cells. MZ B cells are specifically
present in the region surrounding the marginal sinuses of the
lymphoid follicles in the spleen (27, 38, 41). Because of their
special location, they are involved in filtering of the blood on
its way from the arterial sinuses to the venous sinuses. They
therefore have immediate contact with blood-borne antigens,
and recent experiments suggest that they are involved in the
mounting of a primary immune response against such blood-
borne antigens, in particular, particulate antigens (42).

Several other features also characterize MZ B cells in addi-
tion to their specific location. They express high levels of im-
munoglobulin M (IgM) and low levels of IgD on their surface,
and they are CD21high, CD1high, and CD23low (3, 40). Like B1
B cells, they appear to be poised and, as a consequence, react
rapidly upon antigen encounter (47, 48). They share a second
similarity with B1 B lymphocytes; namely, they prefer to react
against simple microbial antigens (42). MZ B cells have re-
ceived some attention recently because their development is
affected by a variety of mutations (9, 10, 17, 21, 56, 66). Al-
though there is still no common picture emerging of how the
development of this cell lineage is regulated, it is likely that
signals from a variety of receptors are involved. A simple

model of B-cell development proposes that strong B-cell re-
ceptor (BCR) signals favor the development of B1 B lympho-
cytes, intermediate-strength signals result in B2 B-cell devel-
opment, and weak signals favor the development of MZ B
lymphocytes (10).

BOB.1/OBF.1 (other names are Bob1, OBF1, and OCA-B)
is a transcriptional coactivator specifically expressed in lym-
phocytes (20, 36, 62). This coactivator specifically interacts
with the POU domain of the Oct1 and Oct2 transcription
factors present in B and T cells (11, 12, 19). Expression of
BOB.1/OBF.1 is constitutive in B lymphocytes, albeit at vari-
able levels, and can be induced in T cells upon coactivation (18,
53, 57, 58, 61, 71). BOB.1/OBF.1 seems to play a critical role in
mediating the transcriptional activity of the Oct1 and Oct2
transcription factors (31, 34, 35, 49, 51).

A mutation of BOB.1/OBF.1 in the mouse germ line re-
sulted in various defects in the B-lymphocyte lineage. The most
striking defect is the complete absence of germinal-center for-
mation (24, 46, 61). As a consequence, these mice are highly
susceptible to various infections because they are unable to
mount a strong secondary immune response (14, 24, 46, 61). In
addition to the defects in germinal-center development,
BOB.1/OBF.1-deficient animals also show defects in earlier
stages of B-cell development, most notably, at the stage of
transitional B lymphocytes that have completed the bone mar-
row phase of development and are on the way to the periphery
(22). Interestingly, development of the B1 B-cell lineage is
normal in these mutant mice (46).

When primary immune responses against various types of
antigens were analyzed in BOB.1/OBF.1-deficient mice, a de-
fect in the response to type II T-cell-independent antigens was
observed, especially at earlier stages of immunization (61).
Given that recent data suggest that this response is, to a large
extent, mediated by the MZ B cells in combination with the B1
lineage (38), we analyzed whether MZ B-cell development is
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effected in BOB.1/OBF.1-deficient mice. In contrast to an ear-
lier report that briefly stated that development of MZ B cells
is normal in BOB.1/OBF.1-deficient mice (53), we found that,
in our mice, development or survival of MZ B cells is dramat-
ically reduced. BOB.1/OBF.1-deficient splenic B cells show
alterations in signaling and motility that could interfere with
the production of MZ B cells.

MATERIALS AND METHODS

Mice. C57BL/6 wild-type and BOB.1/OBF.1-deficient mice on the same ge-
netic background were obtained from our breeding facility. The transgenic mice
used in this study, expressing the tetracycline-regulated transactivator (tTA)
under the control of the intronic � heavy-chain enhancer (�E) and a minimal
promoter or expressing transgenic BOB.1/OBF.1 and a luciferase reporter gene
under the control of a bidirectional tetracycline operator sequence (tetO), were
previously described (22). Mice were analyzed 8 to 10 weeks after birth. All
animal studies were approved by an institutional review board.

Fluorescence-activated cell sorter (FACS) analysis. Single-cell suspensions of
Lympholyte-M (Cedarlane Laboratories Ltd., Hornby, Ontario, Canada)-puri-
fied splenocytes (5 � 105) were incubated for 30 min at 4°C with different
combinations (as indicated in Results) of the following antibodies: anti-B220–
biotin, anti-CD21–fluorescein isothiocyanate (FITC), anti-CD23–phycoerythrin
(PE), anti-IgM-PE, anti-IgD–biotin, anti-CD1–FITC, anti-B220–PerCP and an-
ti-tri-nitro-phenol–biotin (all produced by Pharmingen, San Diego, Calif.). Stain-
ings were performed in phosphate-buffered saline (PBS) containing 0.1% bovine
serum albumin (BSA; Roche Diagnostics, Mannheim, Germany), 0.1% Na-
azide, and a saturating concentration of anti-CD16/CD32 (Pharmingen) to block
Fc� III/II receptors. Biotin-labeled antibodies were revealed by streptavidin–Cy-
Chrom (Pharmingen) or, in four-color analyses, by streptavidin–allophycocyanin
(Pharmingen). Cell surface marker expression was analyzed by using a four-color
flow cytometer (FACScalibur) and Cell Quest software (Becton Dickinson, Hei-
delberg, Germany). Antibodies used for sorting of splenic follicular and MZ B
cells were anti-B220–biotin, anti-CD21–FITC, and anti-CD23–PE. Cells were
sorted with a FACSORT plus cytometer (Becton Dickinson).

TNP-Ficoll treatment. Ten-week-old wild-type and BOB.1/OBF.1�/� mice
were injected intravenously with 100 �g of TNP-Ficoll (Biosearch Technologies,
Inc.) dissolved in 500 �l of PBS. Control animals received the same amount of
PBS only. Thirty minutes after injection, mice were sacrificed and spleens were
isolated. One-half of the spleen was used for histological examinations, while the
other half was used for FACS analysis.

Histological analysis. Spleens were embedded in Tissue-Tek O.C.T. com-
pound (Sakura), snap-frozen in liquid nitrogen, and stored at �80°C. Cryostat
sections of 4 �m were prepared, air dried, and fixed in acetone (10 min at room
temperature). Slides were incubated for 45 min with staining buffer (PBS con-
taining 0.1% BSA, 0.1% Na-azide, and anti-CD16/CD32) and then stained for 45
min with a 1:100 dilution of both anti-IgM–PE (Pharmingen) and MOMA-1–
FITC (Serotec) or IgM-PE and IgD-FITC antibodies (both from Pharmingen).
Sections from TNP-Ficoll-treated animals were stained with a combination of
anti-TNP–biotin (Pharmingen) and anti-MOMA-1–FITC antibodies. Biotinyl-
ated antibodies were revealed with streptavidin-Cy-Chrom (Pharmingen). Slides
were mounted in Mowiol containing the nucleic acid-specific fluorescent dye
4�,6�-diamidino-2-phenylindole (DAPI; 0.1 �g/ml; Roche).

For analysis of BOB.1/OBF.1 protein expression in the spleen, sections were
fixed with 4% paraformaldehyde in PBS and permeabilized with 1% Triton
X-100. Afterward, samples were stained with rabbit anti-mouse BOB.1/OBF.1
antibody, raised against the N terminus, and then stained with donkey anti-rabbit
horseradish peroxidase-conjugated antibody (Santa Cruz). Binding of horserad-
ish peroxidase-labeled antibody was revealed with 3-amino-9-ethylcarbazo com-
pound.

All slides were analyzed with a Leica microscope (DMIRB/E) and OpenLab
software (version 2.2.5). The excitation wavelength for FITC was 494 nm, that for
PE was 576 nm, that for Cy-Chrom was 581 nm, and that for DAPI was 359 nm.

Repopulation. For the bone marrow reconstitution experiments, BOB.1/
OBF.1�/� and wild-type donors, as well as �MT (26) recipients, on a BALB/c
background were bred under specific-pathogen-free conditions at our institute.
�MT mice were irradiated with 250 and then 200 rads (with a 3-h interval
between irradiations). After a rest period of 18 to 20 h, the mice were injected
intravenously with 2 � 106 bone marrow cells in the tail vein. The donor bone
marrow cells were prepared by pooling total cells isolated from both femurs of a
donor and then treated with 2 ml of Gey’s hypotonic solution for 5 min at 4°C.

Cells were than centrifuged through a 1-ml 100% fetal calf serum cushion,
washed twice with PBS, and counted. Two separate wild-type and BOB.1/OBF.1-
deficient donor mice each were used to inject three recipients each. At day 32
after repopulation, the animals were sacrificed and the spleen, peritoneum, and
bone marrow were harvested for FACS and histological analyses.

Migration assay. Lympholyte-M-purified splenocytes (106) and peritoneal la-
vage cells were assayed for transmigration with 5-�m-pore-size Transwell culture
inserts (Costar). The medium used for the experiments was RPMI 1640 medium
(Gibco) supplemented with 0.25% of bovine serum albumin (Sigma). To assay
chemotaxis, the bottom chambers were filled with 1 �g of MIP-3� per ml, 0.5 �g
of BLC per ml, or 0.1 �g of SDF-1� per ml (all were from R&D). The migration
occurred at 37°C in a humidified atmosphere with 5% CO2 over 4 h. After
incubation, cells that had migrated to the lower chamber were harvested, stained
with anti-B220–PerCP (Pharmingen), and counted by FACScalibur and analyzed
by CellQuest software.

Calcium influx measurement. Peritoneal exudate cells obtained by conven-
tional methods and Lympholyte-M-separated splenocytes from both wild-type
and BOB.1/OBF.1�/� animals were incubated with 4 �g of Fluo-3-AM per ml
and 10 �g of FuraRed per ml (both were from Molecular Probes) in RPMI 1640
medium for 45 min at 37°C. Thereafter, the cells were washed thoroughly and
stained with anti-B220–PE and anti-heat-stable antigen (HAS) (splenocytes) or
anti-B220–PE and anti-Mac-1–biotin antibodies (peritoneal cells). After wash-
ing, cells were resuspended at 106/ml of RPMI medium. After a 15-min incuba-
tion at 37°C, cells were stimulated with 30 �g of anti-IgM-F(ab�)2 (Jackson
ImmunoResearch) per ml and the resultant variation in intracellular Ca2� was
monitored by flow cytometry. Data were analyzed with FlowJo software.

Analysis of mRNA expression levels. For analysis of chemokine receptor
mRNA expression, total RNA isolated from wild-type and BOB.1/OBF.1�/�

splenocytes, peritoneal cells, and cultivated pre-B cells of both genotypes was
used. Pre-B-cell lines were established by culturing bone marrow cells from mice
of the indicated genotype under the stimulatory influence of irradiated adherent
stromal ST2 cells and interleukin-7. The culture medium used was IMDM (PAN)
supplemented with 2% fetal calf serum, antibiotics (penicillin and streptomycin),
50 �M �-mercaptoethanol, and 2% supernatant from an interleukin-7-producing
J558 transfectant. Expression of BOB.1/OBF.1 RNA was investigated in FAC-
Sortplus-sorted follicular (B220pos CD21med CD23high) and MZ (B220pos

CD21high CD23low/neg) wild-type splenocytes. RNA was isolated with a High
Pure RNA isolation kit (Roche) and reverse transcribed with Moloney murine
leukemia virus reverse transcriptase (Promega) and random hexamer primers.
For reverse transcription (RT)-PCR, the PCR primers used were BOB.1/OBF.1
(5�-CAA GCT CCT GCC CCA CCA AGG-3� and 5�-GAG GTT GAT ACT
GCA GGC TGG AGG TG-3�), BAFFR (5�-GCA ATC AGA CCG AGT GCT
TCG-3� and 5�-CTA TTG CTC TGG GCC AGC TGT-3�), BCMA (5�-TCT TTC
AGT GAT CCA GTC CC-3� and 5�-CAC TTT GCA AAG CAG TTG GC-3�),
TACI (5�-ATG GCT ATG GCA TTC TGC CC-3� and 5�-TCA GAT CCC TGG
TGC CTT CC-3�), LT-� (5�-ATG ACA CTG CTC GGC CGT CT-3� and
5�-CCC TTA CTG AGC AGG AAC AC-3�), and �-actin (5�-GGT CAG AAG
GAC TCC TAT GTG-3� and 5�-AGA GCA ACA TAG CAC AGC TTC-3�).

Quantification of the BAFFR mRNA expression level in the pre-B cells was
performed by real-time PCR. The PCR was performed in a Roche LightCycler
with the LightCycler-FastStart DNA Master SYBR Green I system (Roche). The
cDNAs were serially diluted (4:2:1) to check the efficiency of the PCR. Each
PCR was performed with each dilution at least three times. Porphobilinogen
deaminase (PBGD) primers (5�-CAG ACC GAC ACT GTG GTG GC-3� and
5�-CTT CCG AAG GCG GGT GTT GAG-3�) were used as a control for a
housekeeping gene. Calculations were performed with the LightCycler software,
version 3.39. Quantification was performed relative to the expression levels of
wild-type cells (7).

Western blot. Sorted MZ and follicular B cells from wild-type mice were lysed
with RIPA buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.1% sodium dodecyl
sulfate, 0.5% deoxycholic acid, 1% NP-40 with 1 mM dithiothreitol and 1 mM
phenylmethylsulfonyl fluoride), and the proteins were separated on sodium do-
decyl sulfate–12.5% polyacrylamide gels. Antibodies used for Western blot as-
says were polyclonal anti-BOB.1/OBF.1 (50) and anti-RelA (Santa Cruz).

In vitro stimulation of B cells. B cells were enriched from spleens of wild-type
and BOB.1/OBF.1-deficient mice by incubation of Gey’s-treated splenocytes with
anti-CD43 antibodies coupled to paramagnetic beads (MACS; Miltenyi Biotech,
Cologne, Germany) as recommended by the supplier. The nonbound cells were
then stimulated by incubation with 27 �g of goat anti-mouse IgM per ml for the
times indicated. Cells were then harvested, and whole-cell extracts were made
and analyzed for tyrosine phosphorylation as previously described (67).

For electrophoretic mobility shift assays, wild-type and BOB.1/OBF.1�/�

splenocytes and peritoneal cells were incubated for 2 h in the presence or
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absence of 30 �g of anti-IgM-F(ab)2 per ml. Afterward, cells were lysed with
Dignam C buffer (20 mM HEPES [pH 7.9], 0.42 M NaCl, 1.5 mM MgCl, 0.2 mM
EDTA, 25% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride),
and the protein concentrations were determined with the Bradford reagent. The
electrophoretic mobility shift assay with NF-	B was performed as described
before (32) with 5 �g of total protein extracts.

RESULTS

Reduced numbers of MZ B cells in BOB.1/OBF.1�/� mice.
In order to investigate whether BOB.1/OBF.1 deficiency af-
fects the size of the MZ B-cell compartment, we performed a
flow cytometry analysis of splenocytes isolated from wild-type
and BOB.1/OBF.1�/� mice. As previously reported (40), anal-
ysis of CD21 and CD23 expression among B cells (B220/
CD45R�) allowed us to discriminate between newly formed
(CD21neg CD23neg), follicular (CD21med CD23high), and MZ
(CD21high CD23low/neg) B cells (Fig. 1A). Consistent with pre-
vious data, BOB.1/OBF.1�/� mice showed a reduced number
of total B cells (46, 61). However, while the reduction in the
total number of B cells was in the range of two to threefold, we
observed a much more pronounced reduction in the number of
MZ B cells. In wild-type mice, about 5% of the total splenic B
cells had an MZ B-cell phenotype (CD21high CD23low/neg). In
contrast, the proportion of cells with this cell surface pheno-
type was below 1% in BOB.1/OBF.1-deficient mice (Fig. 1A).
Analysis of absolute cell numbers showed that MZ B cells in
BOB.1/OBF.1�/� mice were reduced by about 20-fold (Fig.
1B). This reduction of the MZ B-cell population was further
confirmed by the absence of CD21high and CD1high cells within

the IgMhigh IgDlow population in BOB.1/OBF.1�/� animals
(data not shown). The lack of CD1high cells excludes the pos-
sibility that these results were just a consequence of a specific
reduction of CD21 expression in BOB.1/OBF.1�/� MZ B cells.

We performed a histological examination of spleens from
wild-type and BOB.1/OBF.1�/� mice to examine whether
there were B cells present in the MZ. We used the MOMA-1
antibody, a specific marker for metallophilic macrophages
(28), to visualize the border between the follicle and the MZ.
Spleen sections from wild-type mice clearly show IgM-positive
cells outside of the metallophilic (MOMA-1�) macrophage
rim (MZ) (Fig. 1C). However, such IgM-positive cells were
virtually absent from this splenic region in BOB.1/OBF.1-de-
ficient mice (Fig. 1C). We also stained spleen sections of wild-
type and BOB.1/OBF.1�/� mice with a combination of anti-
IgM and anti-IgD antibodies. Staining of wild-type spleens
showed the presence of cells positive for both IgM and IgD
(follicular B cells) surrounded by only IgM-positive MZ B cells
(Fig. 1D). In concordance with the results obtained in the
IgM/MOMA-1 stainings, rims of IgM single-positive cells were
almost completely absent in spleen sections of BOB.1/
OBF.1�/� mice (Fig. 1D).

TNP-Ficoll capturing is reduced in BOB.1/OBF.1�/� mice.
It has been shown that intravenously injected TNP-Ficoll is
initially recognized and captured by MZ B cells but not by
follicular B cells (9, 21, 30). In order to check for the presence
of functional MZ B cells in the spleen, wild-type and BOB.1/
OBF.1�/� mice were injected intravenously with TNP-Ficoll
and then analyzed 30 min later for the presence of antigen in

FIG. 1. The MZ B-cell compartment is reduced in BOB.1/OBF.1�/� mice. (A) Splenocytes isolated from wild-type (wt) and BOB.1/OBF.1�/�

mice were stained with a combination of anti-B220, anti-CD21, and anti-CD23 antibodies. Within the B220pos cell gate, MZ, follicular (FO), and
newly formed (NF) B cells are indicated. Mean percentages of MZ B cells (with standard deviations) in 20 analyzed animals of both genotypes
are given. (B) Absolute numbers of MZ B cells in wild-type and BOB.1/OBF.1�/� mice obtained by analysis of five animals of both genotypes are
given. Data are presented as the mean plus the standard deviation. Spleen sections from wild-type and BOB.1/OBF.1-deficient mice were stained
with a combination of PE-labeled anti-IgM (red) and FITC-labeled anti-MOMA-1 (green) antibodies (C) or anti-IgM–PE (red) and anti-IgD–
FITC (green) antibodies (D). Representative results obtained with spleen sections of 10 animals of both genotypes are shown. Sections were viewed
at an original magnification of �400.
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the spleen with an anti-TNP antibody. In wild-type animals,
TNP-Ficoll capturing was detected in the gate of CD21high

CD23low B cells (MZ B cells) (Fig. 2A) but not in the gate of
follicular and newly formed B cells (data not shown). Histo-
logical analysis also showed binding of anti-TNP antibody in
the MZ, outside the rim of metallophilic macrophages (Fig.
2B). In contrast, both flow cytometric and histological analyses
revealed that in BOB.1/OBF.1�/� mice, almost no TNP-Ficoll-
capturing cells were present in the MZ, confirming the absence
of functional MZ B cells in BOB.1/OBF.1-deficient animals
(Fig. 2).

The lack of MZ B cells in BOB.1/OBF.1-deficient mice is due
to an intrinsic defect in the B-cell lineage. To investigate
whether the lack of MZ B cells in BOB.1/OBF.1-deficient mice
is due to an intrinsic defect in the B-cell lineage, bone marrow
reconstitution experiments were performed. Sublethally irra-
diated �MT mice were used as recipients for intravenous in-
jections of total bone marrow isolated from either wild-type or
BOB.1/OBF.1-deficient donors. �MT mice lack B cells but
otherwise show normal traits, including normal numbers of T
cells (25). Injections of wild-type bone marrow resulted in the
generation of both follicular and MZ B cells (Fig. 3A and B).

FIG. 2. T-cell-independent type II antigen capturing in wild-type and BOB.1/OBF.1�/� mice. (A) Splenocytes from TNP-Ficoll-immunized
wild-type and BOB.1/OBF.1�/� mice were stained with a combination of anti-B220, anti-CD21, anti-CD23, and anti-TNP antibodies. MZ B cells
(B220pos CD21high CD23low) were gated, and histograms presenting anti-TNP staining of immunized and unimmunized animals are shown. The
data shown are representative of three sets of experiments. (B) Spleen sections from TNP-Ficoll-immunized animals were stained with biotin-
labeled anti-TNP (red) and FITC-labeled anti-MOMA-1 (green) antibodies. Sections were mounted with Mowiol containing the DNA-specific
fluorescent dye DAPI (blue), which stained all nucleated cells. Magnification, �400.
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BOB.1/OBF.1-deficient mouse-derived bone marrow gave rise
to follicular but not MZ B cells (Fig. 3A and B). Control �MT
recipients injected with PBS lacked IgM-positive cells in the
spleen. We also investigated the overall MZ architecture for
the presence of reticular fibroblasts and MZ macrophages. We
found that the BOB.1/OBF.1 deficiency affects neither the
general splenic MZ architecture nor the distribution of MZ
macrophages (data not shown). Together, these data strongly
suggest that the lack of MZ B cells in BOB.1/OBF.1�/� mice
is due to the lack of BOB.1/OBF.1 in the B cells themselves.

BOB.1/OBF.1 is expressed in MZ B cells. From earlier stud-
ies, it was known that germinal center B cells, which are also
lacking in BOB.1/OBF.1-deficient mice, express high levels
of the BOB.1/OBF.1 protein (18). Therefore, we analyzed
whether the BOB.1/OBF.1 protein is expressed in MZ B cells
and, if so, to what extent. We sorted MZ and follicular B cells
from wild-type mice and analyzed both mRNA and protein
levels. BOB.1/OBF.1 mRNA was present in both follicular and
MZ B cells. mRNA expression levels appeared slightly higher
in MZ B cells (Fig. 4A). Western blots also showed the pres-
ence of virtually identical BOB.1/OBF.1 protein levels in both
B-cell subpopulations (Fig. 4B). Furthermore, histological
analysis of spleen sections showed the binding of a BOB.1/
OBF.1-specific antibody to B cells on both sides of the mar-
ginal sinus (Fig. 4C). These results show that BOB.1/OBF.1 is
expressed in MZ B cells and that the expression level is com-
parable to that in follicular B cells.

MZ B-cell development is dependent on BOB.1/OBF.1 ex-
pression in the spleen. We recently demonstrated that BOB.1/
OBF.1-deficient B cells exhibit defects in the early develop-
mental stages in the bone marrow (22). We were therefore
interested in determining whether the observed defect in MZ

FIG. 3. Lack of MZ B cells in BOB.1/OBF.1-deficient mice is due to an intrinsic defect in the B-cell lineage. (A) Wild-type and BOB.1/
OBF.1�/� bone marrow cells were injected into �MT mice. Control mice were injected with PBS. After 32 days of repopulation, spleens were
analyzed for the presence of CD21high CD23low (MZ) B cells. (B) One part of the spleen was used for histological examinations. Sections were
stained with anti-IgM–PE and anti-MOMA-1–FITC antibodies.

FIG. 4. BOB.1/OBF.1 is expressed in MZ B cells. Wild-type sple-
nic B cells were sorted on the basis of the expression of CD21 and
CD23 to follicular (FO) (CD21med CD23high) and MZ (CD21high

CD23low/neg) B cells. (A) Total RNA was isolated, and RT-PCR with
primers specific for BOB.1/OBF.1 and �-actin was performed.
(B) Western blot analysis of whole-cell extracts was performed with
antibodies specific for the BOB.1/OBF.1 and RelA proteins. As a
positive control, a whole-cell extract of PD31 cells was used. (C) Wild-
type spleen sections were stained with anti-BOB.1/OBF.1 antibody
(brown), counterstained with hematoxylin, and viewed at original mag-
nifications of �100 and �200. B- and T-cell zones (B and T, respec-
tively) and red pulp (RP) are indicated.
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B cells might be a consequence of problems acquired during
bone marrow differentiation. We have established a double-
transgenic rescue system for BOB.1/OBF.1 deficiency in the
bone marrow (22). The first line (�E-tTA) contains a trans-
gene that encodes a tetracycline-regulated transactivator (tTA)
under the control of the intronic � heavy-chain enhancer (�E)
and a minimal promoter. The second line (tetO-BOB.1/
OBF.1) contains a bidirectional tetracycline operator sequence
(tetO) that simultaneously regulates the expression of trans-
genic BOB.1/OBF.1 and a luciferase reporter gene. This sys-
tem allows us to reconstitute normal early B-cell development
in the bone marrow while maintaining a lack of BOB.1/OBF.1
expression in the periphery (22). We performed FACS and
histological analyses of the MZ B-cell compartment in the
spleens of these mice. Expression of the BOB.1/OBF.1 protein
in bone marrow but not in the spleen was not sufficient to
rescue the MZ B-cell number in BOB.1/OBF.1�/� animals
(Fig. 5), suggesting that BOB.1/OBF.1 protein expression in
the spleen is necessary for MZ B-cell development.

BOB.1/OBF.1�/� B cells show altered migration properties.
It has been suggested that proper migration and compartmen-
talization of B cells are critical for the development of MZ B
cells (4, 5, 8, 17, 21, 23, 66). We therefore compared the

migration properties of splenocytes isolated from wild-type
and BOB.1/OBF.1�/� mice in an in vitro migration system.
The basal migration level (in the absence of stimulation) was
significantly higher for BOB.1/OBF.1�/� than for wild-type B
cells (Fig. 6). We also compared the migration of BOB.1/
OBF.1�/� and wild-type B cells stimulated with SDF-1�, MIP-
3�, or BLC. Increased motility of BOB.1/OBF.1�/� B cells was
also seen in the gradients of SDF-1� and MIP-3� (Fig. 6). In
contrast, whereas BLC strongly induced migration of wild-type
B cells, migration of BOB.1/OBF.1-deficient B cells toward
this chemokine was not significantly induced over the basal
level (Fig. 6). The weak response of BOB.1/OBF.1�/� B cells
to BLC is most likely due to the fact that B cells from BOB.1/
OBF.1�/� mice show reduced BLC receptor surface expres-
sion (reference 68 and our unpublished data). Since the BLC
receptor plays an important role in the development and com-
partmentalization of B cells (15), this could indicate that hy-
poresponsiveness to BLC might contribute to the defects in
B-cell development in BOB.1/OBF.1�/� mice.

Since the number of B1 cells is normal or slightly increased
in BOB.1/OBF.1-deficient mice (46), we also analyzed the mi-
gration of these cells. In peritoneal B1 B cells, basal motility, as

FIG. 5. Expression of BOB.1/OBF.1 limited to bone marrow does not rescue MZ B-cell development. Mice expressing a tetracycline-regulated
transactivator (tTA) under the control of the intronic � heavy-chain enhancer (�E) and a minimal promoter and BOB.1/OBF.1 under the control
of a bidirectional tetracycline operator sequence (tetO) were crossed with BOB.1/OBF.1�/� or BOB.1/OBF.1�/� mice in order to obtain
expression of the BOB.1/OBF.1 transgene on a BOB.1/OBF.1�/� background. (A) Splenocytes from double-transgenic (dtg) BOB.1/OBF.1�/�,
single-transgenic (stg) BOB.1/OBF.1�/�, and double-transgenic BOB.1/OBF.1�/� animals were stained with anti-B220, anti-CD21, and anti-CD23
antibodies. Representative CD21/CD23 stainings of B220-positive cells and mean percentages of MZ B-cell numbers are shown. (B) Splenic
cryosections from the same mice were stained with anti-IgM–PE (red) and anti-MOMA-1–FITC (green) antibodies and viewed at a magnification
of �400.
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well as the chemotactic response to BLC, appeared to be
unaffected by a BOB.1/OBF.1 deficiency (Fig. 6).

Reduced BAFF receptor (BAFFR) mRNA expression in
BOB.1/OBF.1�/� B cells. Recently, it has been shown that
BAFF, a B-cell activation factor from the tumor necrosis factor
family, is an important factor for B-cell homeostasis (6, 64).
BAFF is produced by cells of myeloid origin and is the ligand
for three receptors, BAFFR (BlyS), BCMA, and TACI (63).
Disruption of the BAFF-BAFFR system leads to a strong
reduction of MZ B cells (59). We checked BAFFR mRNA
expression in follicular and MZ B-cell populations and noticed
that BAFFR mRNA was detectable in both B-cell types (Fig.
7A). Next, we compared the expression of mRNA for BAFFR
in BOB.1/OBF.1�/� and wild-type mice and observed that the
BAFFR mRNA level is reduced in the spleens of BOB.1/
OBF.1-deficient mice (Fig. 7B). The difference in the BAFFR
mRNA expression level between wild-type and BOB.1/OBF.1-
deficient mice was already detectable at the pre-B-cell stage.
The relative expression of BAFFR mRNA in cultured BOB.1/
OBF.1�/� pre-B cells was roughly twofold lower than that in
wild-type pre-B cells, and this reduction was confirmed by
quantitative real-time RT-PCR (LightCycler) (Fig. 7C).

We also compared the mRNA expression of other BAFFRs

FIG. 6. Altered migration of BOB.1/OBF.1�/� splenocytes. Migra-
tion of Lympholyte-M-purified splenocytes or peritoneal exudate cells
(106) from wild-type and BOB.1/OBF.1�/� mice was analyzed. Cells
placed in 5-�m-pore-size Transwell inserts were incubated for 4 h in a
gradient of SDF-1�, BLC, or MIP-3�. After incubation, cells that had
migrated were harvested, stained with an anti-B220 antibody or anti-
B220 and anti-Mac-1 antibodies for peritoneal B1 cells, counted, and
analyzed by flow cytometry. The data presented are mean percentages
of B cells that migrated, which were obtained by analysis of six animals
per group.

FIG. 7. Impaired BAFFR mRNA expression in BOB.1/OBF.1�/� B cells. RT-PCRs for the indicated mRNA molecules were performed with
total RNA samples from sorted wild-type (wt) follicular (FO) and MZ B cells (A), wild-type and BOB.1/OBF.1�/� splenocytes (B), and wild-type
and BOB.1/OBF.1�/� cultivated pre-B cells (C). Additionally, LightCycler analysis of wild-type and BOB.1/OBF.1�/� cultivated pre-B-cell cDNA
with was performed primers for BAFFR and PBGD. The BAFFR/PBGD ratio, relative to the expression levels of wild-type cells, is presented.
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in BOB.1/OBF.1�/� and wild-type mice. The expression of
TACI mRNA was not significantly altered in the absence of
BOB.1/OBF.1, while the BCMA mRNA level was reduced in
the spleens of BOB.1/OBF.1-deficient mice (Fig. 7B). Inter-
estingly, the BAFFR and BCMA mRNAs were also reduced in
BOB.1/OBF.1�/� peritoneal B1 B cells (Fig. 7B).

Another member of the tumor necrosis factor family, lym-
photoxin alpha (LT-�), was reported to be important for MZ
B-cell compartmentalization and maintenance (33, 45). We
therefore investigated whether the reduction of MZ B cells in
BOB.1/OBF.1�/� mice correlates with a reduction in the LT-�
mRNA level in BOB.1/OBF.1-deficient mice. LT-� mRNA in
BOB.1/OBF.1�/� spleen tissue was not reduced compared
with that in wild-type spleen tissue. If anything, the expression
of LT-� may be slightly increased in BOB.1/OBF.1 mutant
mice (Fig. 7B).

BOB.1/OBF.1�/� B cells show reduced BCR signaling. Sev-
eral recent papers suggest that MZ B-cell development is
affected by the strength of the signal elicited at the B-cell
receptor. According to this hypothesis, a weak signal favors
development of MZ B cells while a strong signal favors devel-
opment of follicular and B1 cells. Some of the support for this
hypothesis is derived from the analysis of mouse mutants that
show increased BCR signaling and a reduced MZ B-cell com-
partment (10, 21, 56). To test whether BOB.1/OBF.1�/� mice
fit this theory, we monitored Ca2� influx after IgM stimulation
of splenic lymphocytes from wild-type and BOB.1/OBF.1�/�

mice. Surprisingly, BOB.1/OBF.1-deficient B cells were much
less responsive to BCR stimulation than were wild-type mice
(Fig. 8A). The observed reduction of Ca2� influx could not be
simply attributed to the increased proportion of newly formed
(HSAhigh) (1, 2) B cells in BOB.1/OBF.1�/� mice. Similar to
the result obtained with total B220-positive cells, BCR-trig-
gered Ca2� influx into HSAhigh B cells from BOB.1/OBF.1�/�

mice is reduced compared with that into wild-type HSAhigh B
cells (Fig. 8A).

This result led us to explore in more detail the effect of BCR
stimulation in splenocytes from BOB.1/OBF.1�/� mice. To do
this, we enriched B cells from the spleens of BOB.1/OBF.1-
deficient and wild-type mice by incubating the splenocytes with
antibodies directed against CD43 and subsequently separating
them with magnetic beads. Unbound cells, enriched for B cells,
were then stimulated for various times with anti-IgM antibody,
and whole-cell protein extracts were prepared for polyacryl-
amide gel electrophoresis, Western blotting, and reaction with
antiphosphotyrosine antibodies. The pattern of phosphory-
lated substrates in stimulated, BOB.1/OBF.1-deficient splenic
B cells was identical to the pattern obtained in wild-type cells
(Fig. 8C). However, the response was much weaker and the
time course was delayed in BOB.1/OBF.1-deficient cells. Con-
cordant with this, IgM-stimulated NF-	B activation in BOB.1/
OBF.1�/� splenocytes was significantly reduced (Fig. 8D).

These results demonstrate that the reduction of the MZ
B-cell compartment in BOB.1/OBF.1�/� mice is not due to
increased signal strength from the BCR. Thus, BOB.1/OBF.1-
deficient mice do not fit the simple version of the above-
mentioned hypothesis of MZ B-cell development.

B1-cell signaling is not reduced in BOB.1/OBF.1-deficient
mice. According to the signal strength hypothesis, B1 cells are
believed to require strong BCR signals (10). We therefore

investigated whether the reduced BCR signal strength is spe-
cific for follicular B cells or whether this reduction can also be
observed in B1 B cells. We analyzed Ca2� influx after IgM
stimulation of the B220�Mac-1� population (B1 B cells) of
peritoneal cells from wild-type and BOB.1/OBF.1�/� mice. In
contrast to that in B2 cells, Ca2� influx was not decreased
in BOB.1/OBF.1�/� B1 B cells (Fig. 8B). Furthermore, the
NF-	B activation upon BCR engagement is normal in BOB.1/
OBF.1�/� B1 B cells (Fig. 8D). These results suggest that
BOB.1/OBF.1 specifically affects BCR-mediated signaling in
follicular B cells but not in the B1 B-cell lineage.

DISCUSSION

The definition of MZ B cells is based on three parameters:
location, surface marker expression, and function in T-inde-
pendent humoral response (27, 38, 42). BOB.1/OBF.1-defi-
cient mice contain almost no cells that fulfill any of these
parameters.

Earlier analyses of B-lymphocyte development in a BOB.1/
OBF.1 (OCA-B)-deficient mouse mutants revealed only a par-
tial reduction of MZ B cells (53). One explanation for this
discrepancy could be a difference in the mouse strain back-
ground. Our mice were generated on a C57BL/6 background,
whereas the mice used in the other study were backcrosses of
the 129 strain to C57BL/6. We have analyzed the MZ B-cell
population in BOB.1/OBF.1�/� mice on a BALB/c back-
ground, as well as on a C57BL/6 � NMRI mixed background
and found that the MZ B-cell compartment was also dramat-
ically reduced (Fig. 5A and B and 7). To clarify this issue, we
obtained spleens from 129 � C57BL/6 BOB.1/OBF.1-deficient
mice from P. Matthias (61). Indeed, these mice showed a much
less pronounced reduction of MZ B cells. This indicates that
modifier genes exist that influence the consequences of the
BOB.1/OBF.1 gene mutation.

Reduction of MZ B-cell numbers in BOB.1/OBF.1�/� mice
is a B-cell-intrinsic defect. Histological analysis showed that
the general structure of the MZ is not changed in these mice.
BOB.1/OBF.1�/� bone marrow cells transferred into �MT
mice still are not able to develop into MZ B cells. Since the
microenvironment in �MT mice could be considered normal
(25), these data further confirm that development of MZ B
cells is dependent on BOB.1/OBF.1 expression in B lympho-
cytes. This finding is in line with the results obtained in the
analyses of the other defects of BOB.1/OBF.1-deficient B cells,
which all turned out to be B cell intrinsic (22, 53). Moreover,
it seems that the MZ B-cell compartment is dependent on
BOB.1/OBF.1 protein expression in the late stages of devel-
opment since expression of the BOB.1/OBF.1 protein limited
to early stages of B-cell development (22) could not rescue MZ
B-cell numbers.

The MZ B-cell compartment could be affected by defective
B-cell migration to or defective retention at the correct micro-
environmental site. B-cell compartmentalization depends on
cell motility and chemotactic responses (4, 5, 23). Altered
migration and reduction of MZ B-cell number were also ob-
served in Pyk-2-, Lsc-, and CD22-deficient mice (17, 21, 56).
Interestingly, the alterations in cell motility in these three mu-
tants show distinct patterns. Migration of Pyk-2-deficient B
cells is reduced (21). In contrast, B cells isolated from
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CD22�/� and Lsc�/� mice show enhanced motility (17, 56), as
do BOB.1/OBF.1-deficient B cells. The expression of Blr-1, a
receptor for the chemokine BLC, is reduced in BOB.1/
OBF.1�/� mice (68). Since BLC plays an important role in the
processes of splenic organization (15, 68), hyporesponsiveness
to BLC could contribute to the incorrect B-cell compartmen-
talization in BOB.1/OBF.1�/� mice. If disturbed homing was
responsible for the lack of MZ B cells, one must conclude that
the levels of surface markers characteristic of MZ B cells
requires this compartmentalization since FACS analysis of to-
tal splenocytes did not reveal B cells with this phenotype in
BOB.1/OBF.1�/� mice.

Several recent papers have described the importance of the
BAFF for B-cell homeostasis and MZ B-cell development (6,
63, 64). The mRNA expression levels of two out of three
BAFFRs, BAFFR and BCMA, are reduced in BOB.1/
OBF.1�/� splenocytes. However, while disruption of the
BAFF-BAFFR system resulted in a strong reduction in the
number of MZ B cells (59, 60), an analysis of BCMA-deficient
mice did not reveal any obvious B-cell phenotype (60, 69). We
cannot exclude the possibility that the reduction of BCMA
expression accompanied by a BOB.1/OBF.1 deficiency and/or
a reduction of BAFFR expression contributes to a reduction of
MZ B-cell numbers. However, the reduction of BAFFR

FIG. 8. Effects of BOB.1/OBF.1 deficiency on BCR signaling in B2 and B1 B cells. Calcium influx after stimulation with anti-IgM F(ab)2 into
wild-type and BOB.1/OBF.1�/� splenic total B cells (B220 positive) or newly formed B cells (B220 positive and HSAhigh) (A) and peritoneal B1
B cells (B220 and Mac-1 positive) (B) was monitored by flow cytometry. (C) Wild-type (�) and BOB.1/OBF.1�/� (�) splenic B cells were
stimulated with anti-IgM F(ab)2 for the indicated times, and a Western blot assay with antiphosphotyrosine antibodies was performed. (D) Spleno-
cytes and peritoneal cells isolated from wild-type (wt) and BOB.1/OBF.1 knockout (ko) mice were incubated for 2 h in the presence of anti-IgM
F(ab)2, and an electrophoretic mobility shift assay with an NF-	B probe was performed. The data shown are representative of three independent
experiments.
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mRNA expression seems to be the more substantial factor in
the mechanism by which the BOB.1/OBF.1 deficiency affects
the MZ B-cell compartment. BAFF was noted as being impor-
tant for the survival and maturation of B cells (6, 37, 52, 54,
55). Thus, reduced BAFFR levels could contribute to the effect
of BOB.1/OBF.1 deficiency on the MZ B-cell compartment by
affecting the survival of these cells. Interestingly, while num-
bers of follicular and, especially, MZ B cells are strongly re-
duced by disruption of the BAFF-BAFFR system, it seems that
B1 B-cell survival is not dependent on these molecules (60). In
agreement with this, the number of B1 B cells is not decreased
in BOB.1/OBF.1�/� mice although our data show that the
expression of BAFFR mRNA in these cells is reduced. How
the BOB.1/OBF.1 deficiency affects BAFFR mRNA expres-
sion is not clear. It is not known whether BAFFR is a direct
target gene for BOB.1/OBF.1. We found no obvious binding
site for Oct proteins when inspecting the mouse BAFFR pro-
moter sequence.

The role of LT-� in MZ B-cell development was confirmed
by several publications showing a reduction in the number of
MZ B cells in the absence of LT or the LT receptor (33, 45).
In BOB.1/OBF.1�/� splenocytes, we observed a slight increase
in the expression of LT-� mRNA. This excludes the possibility
that the absence of MZ B cells in BOB.1/OBF.1 mutant mice
is due to LT-� insufficiency. Primary B-cell follicles in BOB.1/
OBF.1�/� mice also have normal numbers and distribution of
follicular dendritic cells (53). Since the role of LT in the main-
tenance of follicular dendritic cells is well established (16,
43–45), this finding could be indirect evidence that LT action
most probably is not impaired in BOB.1/OBF.1�/� mice.

B cells require BCR signaling for development and survival.
B1 and MZ B cells are specialized B-cell populations selected
for by antigenic stimulation (29, 39, 41). Several recent studies
have suggested that BCR signal strength is a major regulator of
lineage decision. It has been shown that Aiolos�/� mice have
a reduced MZ B-cell compartment and increased Ca2� influx
upon BCR stimulation (10). Recently, we observed that the
same holds true for CD22�/� mice (56). In contrast, mice with
reduced signal strength, such as phospholipase C�2- and Btk-
deficient mice, have an increased proportion of MZ B cells (10,
65). Further support was derived from BCR transgenic mice
showing different signaling strengths (29, 42). Consequently, it
was postulated that a strong signal leads to the development of
follicular B (or B1) cells while weak signals favor MZ B-cell
development. It could be expected that BOB.1/OBF.1-defi-
cient mice with a severe defect in the MZ B-cell compartment
would also show enhanced BCR signaling. Surprisingly, our
results clearly show that BOB.1/OBF.1�/� splenic B cells have
significantly reduced BCR signaling, thus calling into question
the simple version of the signal strength hypothesis of MZ
B-cell generation.

How BOB.1/OBF.1 deficiency affects BCR signaling re-
mains unclear. BOB.1/OBF.1 could regulate the expression of
a gene(s) required in the BCR signal transduction pathway. No
such gene is known. Alternatively, BOB.1/OBF.1 might have a
direct role in BCR signaling. A potential direct function of
BOB.1/OBF.1 in signal transduction was suggested recently by
the discovery of a myristoylated membrane-associated BOB.1/
OBF.1 isoform (70). However, it is not clear whether this
protein isoform affects BCR signaling.

Interestingly, BOB.1/OBF.1 deficiency has different conse-
quences for BCR signaling in B1 B cells versus B2 B cells. The
number of B1 B cells is not changed in BOB.1/OBF.1-deficient
mice, although B1 B cells also express BOB.1/OBF.1 (46).
Thus, it appears that this protein is not required for B1 B-cell
development and function. B1 B cells differ from conventional
B cells both in origin and in BCR specificity and activation
threshold (38, 39, 42). Again, it is speculated that the BCR
activation threshold is the source of the most B1-B2 differences
(13). However, the differences in signaling responsible for
BCR-triggered activation of B1 and B2 cells are poorly under-
stood. Our data suggest that at least some of the potential
BOB.1/OBF.1 target genes (or even BOB.1/OBF.1 itself) are
differentially required for BCR signaling in B1 and B2 B cells.
Further work is necessary to clarify the molecular differences
in BCR signaling between B1 and B2 B cells. One interesting
possibility is the existence of a BOB.1/OBF.1-related gene that
is specifically expressed in B1 B cells.
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