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Abstract

Both the B cell antigen receptor (BCR) signaling and Notch signaling pathway play important roles in marginal zone (MZ) B
cell development; however, if and how these two signaling pathways engage in crosstalk with each other remain unclear. In
the present study, IgH transgenic mice (TgVy3B4) were crossed with mice with Notch downstream transcription factor RBP-J
floxed alleles (RBP-J”f) and Mx-Cre transgene. Subsequently, MZ B cell development was analyzed in 3B4/Cre/RBP-J"f mice
that expressed the transgenic 3B4 IgH and exhibited a deficiency in Notch signaling in B cells uponfoly (I:C) injection. We
observed that MZ B cell numbers were severely reduced, but still detectable in 3B4/Cre/RBP-J” mice, in contrast to
increased numbers of MZ B cells in TgV;3B4 mice and almost no MZ B cells in Cre/RBP-J7f mice. The majority of the MZ B
cells in the 3B4/Cre/RBP-J7f mice had the same antigen specificity with that of 3B4 antibody, indicating that a particular BCR
specificity might direct MZ B cell development in the absence of Notch signaling. The number of MZ B precursor (MZP) cells
was reduced sharply in 3B4/Cre/RBP-J7f mice, and the number of transitional stage 1 and transitional stage 2 cells did not
change that much, indicating that the interaction between BCR and Notch signaling likely occurred during the T2-MZP
stage. Based on the transgenic mouse model, our data indicate that MZ B cells with certain BCR specificity can develop in
a Notch-RBP-J independent manner.
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Introduction during which B cell clones that respond to self-antigens are cleared
through apoptosis, anergy, or receptor editing [10—-12]. Immature
B cells that are weakly or not self-reactive mature further. Newly
generated B cells that have yet to acquire the ability to recirculate
are known as transitional stage 1 (T'l) B cells. Upon entering the

Marginal zone (MZ) B cells are a separate B cell lineage distinct
from mature follicular (FO) B cells and B-1 cells, and are critical
determinants of the host defense against blood-borne bacterial

pathogens [1,2]. MZ B CC%]S rcsi.dc in the outer white pulp of the follicles, these cells acquire surface IgD and CD23 expression
spleen between the marginal sinus and the red pulp; they are while maintaining the expression of markers of immaturity. These

. . . hi, aolow hi low hi
identified as being CD217CD23 CDY"CD1d™ gD " IgM cells are considered transitional stage 2 (12) B cells [13,14]. T2 B

[3,4]. MZ B cells are generated as naive B cells that intrinsically cells then differentiate directly into FO B cells or pass through the

possess several properties that resemble those of memory B cells, T2-MZ B cell progenitor (MZP) stage into the MZ B cell
including a pre-activated phenotype and the ability to self-renew

compartment [2].
and survive for the duration of the life span of the host [1,2,5].

) i : Several signaling pathways triggered by cell surface receptors

The mechanisms underlying .NIZ B c.ell de\/.elc?pment rematns are required for MZ B cell development, including BCR signaling
unclear. B cells undergo a series of differentiation checkpoints [15-17], Notch signaling [18,19], canonical and non-canonical
before they become mature functional antibody-secreting cells NF-xB signaling ['20,21]" and BAFFR signaling [22-24]. BCR
[6,7]. After B lincage commitment, progenitor B cells (pro-B) signaling is the fundamental driving force for MZ B cell

begin to rearrange their B cell antigen receptor (BCR) genes at the development. It has been well documented that weak BCR

Vi loci and differentiate into precursor B (pre-B) cells [8]. Next, signaling leads B cells to develop into MZ B cells. For example,
pre-B cells undergo a second round of BCR rearrangement at the mutations of molecules that attenuate BCR signaling, such as
Vi, loci to generate immature B cells that possess a functional BGR Aiolos or CD22, result in an increased number of FO B cells, while
[9]. These immature B cells next undergo negative selection, MZ B cells are absent [25,26]. Conversely, deficiencies in
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molecules that reduce BCR signaling, such as CD21/CR2
deficiency, increase the number of MZ B cells [25]. Additionally,
increased Btk signaling promotes FO B cell development, while
weakening of this signaling pathway promotes MZ B cell
development [2]. Certain BCR specificities also drive MZ B cell
development. In V81X transgenic mice, B cells differentiate into
MZ B cells, while in anti-hen egg lysozyme and anti-class I MHC
transgenic mice, B cells differentiate into FO B cells [27,28].
However, it has been suggested that once a cell has been selected
to become a FO B cell or a MZP B cell based on BCR specificity
and signaling strength, further development into a mature FO or
a MZ B cell, respectively, does not occur by default [29]. Signaling
from other pathways, such as Notch2-mediated signaling, is
required for MZ B cell generation.

The mammalian Notch family consists of four highly conserved
transmembrane receptors that regulate cell fate determination in
various tissues [30]. Ligand binding to Notch receptors leads to
proteolytic processing within the transmembrane domains and the
subsequent release of the intracellular domain [31,32]. The Notch
intracellular domain then translocates into the nucleus, where it
forms a ternary complex with RBP-J/CBF1 (the vertebrate
homolog of Suppressor of Hairless) and Mastermind, a transcrip-
tional coactivator, to mediate gene transcription activation [33].
The role of Notch signaling in the development of MZ B cells has
been firmly established. When RBP-] is conditionally deleted in B
cells, MZ B cells are absent and FO B cell numbers are enhanced
[18]. Also, conditional knockout studies revealed that Delta-likel
(DI1) [19], Notch2 [34] and Mastermind-like (MAML) proteins
are all required for MZ B cell development.

Although both BCR and Notch signaling pathways are required
for MZ B cell development, if and how these two signaling
pathways interact with each another remains unknown. Pre-
viously, we generated IgH transgenic mice TgVy3B4 with the Vg
derived from the natural autoantibody producing hybridoma 3B4.
These mice exhibited an increased proportion of MZ B cells
[35,36]. In the present study, TgVy3B4 mice, transgenic mice
containing a floxed allele of RBP-J (RBP-J”) and Mx-Cre mice
were crossed to obtain mice that have the transgenic IgH, but
deficient in Notch signaling in B cells following the conditional
deletion of RBP-J. The results demonstrated that there were
increased numbers of MZ B cells in TgV;3B4 mice and almost no
MZ B cells in Cre/RBP-J”" mice. In 3B4/Cre/RBP-J”" mice,
although MZ B cell numbers were substantially reduced, MZ B
cells were still detectable. The majority of the MZ B cells in the
3B4/Cre/RBP-J"" mice had the same antigen specificity with that
of 3B4 antibody, indicating that the abrogation of Notch-RBP-]
signaling in B cells can attenuate BCR-directed MZ B cell
development, likely by reducing BCR diversity.

Results

Abrogation of Notch signaling attenuated MZ B cell
development in IgH transgenic mice

To induce the deletional inactivation of RBP-] through Cre
expression in the IgH transgenic mice TgVx3B4, mice containing
the floxed RBP-]J allele were bred with TgVx3B4 mice and Mx-
Cre transgenic mice in which Cre recombinase expression is
transactivated by the Mx promoter after the IFN-ot inducer ploy
(I:C) injection [37]. Mice with the Cre/RBP-]"*, $B4/Cre/RBP-
J7*, Cre/RBP-J”" and 3B4/Cre/RBP-J" genotypes were ana-
lyzed after the injection of poly (I:C). Consistent with a previous
report [37], deletion of the RBP-] allele was nearly 100% in the
bone marrow (BM) and approximately 80% in the spleen as
confirmed using Southern blot analysis (data not shown).
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Next, we analyzed B cell development in the spleen following
RBP-J deletion. Anti-CD19, anti-CD21 and anti-CD23 antibodies
were used to discriminate between FO B (CD19*CD21™CD23™)
and MZ B (CD19*CD21"CD23') cells. Consistent with previous
results [35,36], we observed an increased proportion of MZ B cells
in 3B4/Cre/RBP-J”* mice, which was predominately due to
decreased FO B cell production (Figure 1). Also in agreement with
earlier findings, the MZ B cell proportion was significantly
reduced in the Cre/RBP-J*" mice because of the abrogated Notch
signaling (Figure 1) [18]. Interestingly, the population of MZ B
cells in the 3B4/Cre/RBP-] 7T mice was greatly reduced compared
with the 3B4/Cre/RBP-J* mice; however, the proportion of MZ
B cells in 3B4—/CrC/RBP-‘]r/r mice was still much higher compared
with the Cre/ RBP—\]Hf mice (Figure 1). There was no difference in
phenotype between wild-type and the Cre/RBP-J”* mice. These
data indicate that abrogation of Notch signaling attenuated but
not abrogated the MZ B cell differentiation in 3B4 IgH transgenic

mice.

A small population of MZ B cells exist in the absence of
RBP-J in IgH transgenic mice

BM transplantation was utilized to further analyze the MZ B
cell development. This methodology was selected because
poly(I:C) injection induced the non-specific activation of many
cell types; further, the deletion efficiency of the RBP-] allele only
reached 80% in the spleen following poly(I:C) injection. Two
months after BM transplantation, southern blot was applied to
analyze the DNA from the BM and spleen of the recipient mice.
The result showed that the RBP-]J allele was deleted completely in
both BM and spleen after BM transplantation (Figure 2F). Then
the recipient mice were sacrificed and spleen cells were prepared
for flow cytometric (FCM) analysis. As described previously, there
were elevated frequency of MZ B cells in $3B4/Cre/RBP-J"* mice;
further, we observed almost no MZ B cell subset in Cre/RBP-J""
mice (Figure 2A). Although the proportion of MZ B cells was
significantly decreased in 3B4/Cre/RBP-J"" mice, it was higher
compared with Cre/ RBP-JW mice (Figure 2A). When analyzed
using anti-CD21 and anti-CD24 antibodies, similar results were
obtained. While the proportion of CD21"CD24™ MZ/T?2 cells
was elevated in 3B4/Cre/ RBP—J%r mice and significantly reduced
in Cre/RBP-J"" mice, the frequency of MZ/T2 cells in 3B4/Cre/
RBP-J”" mice was lower than 3B4/Cre/RBP-J”" mice and higher
than Cre/RBP-J”" mice (Figure 2B). In agreement with flow
cytometric data, histological examination of the spleen showed the
loss of MZB cells in Cre/RBP-J”* mice and 3B4/Cre/RBP-J”"
mice by staining of the MOMA-1" metalophilic macrophages that
define the border between the MZ B and FO B cells (Figure 2E).
This defect was observed in all follicles of the mice.

The total numbers of FO and MZ B cells were estimated from
FCM profiles and the total number of CD19" cells (Figure 2C). In
3B4/Cre/RBP-J”* mice, we observed a four- to five-fold decrease
in the number of FO B cells, while the MZ B cell numbers
remained unchanged. In Cre/RBP-J”" mice, we observed a slight
increase in FO B cell numbers and MZ B cells were almost absent.
However, in 3B4/Cre/RBP-]"! mice, both FO and MZ B cell
numbers were reduced; importantly, the number of MZ B cells in
3B4/Cre/RBP-J”" mice was still elevated compared with Cre/
RBP-J”" mice. The ratio of MZ B cells to FO B cells was estimated
from the above data (Figure 2D). These results indicated that MZ
B cells were relatively elevated in $B4/Cre/RBP-J”* mice and
were reduced in Cre/RBP-J" mice. The proportion of MZ B cells
remained at a normal level in 3B4/Cre/RBP-J”" mice. Taken
together, these data suggested that Notch signaling is required for
MZ B cell development in mice with or without transgenic IgH;
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Figure 1. Analysis of MZ and FO B cells following Mx-Cre-induced RBP-J deletion. Mice with genotypes of Cre/RBP-J*, 3B4/Cre/RBP-J7*,
Cre/RBP-J*f and 3B4/Cre/RBP-Jf were compared. Deletion of the floxed RBP-J exons was induced through the injection of poly(l:C); mice were then
sacrificed and subjected to MZ and FO B cell analysis by FCM. The cells were first gated by anti-CD19 and then CD21 and CD23 expression was
utilized to discriminate between FO (CD197CD21™CD23") and MZ B (CD197CD21"CD23') cells. The numbers denote the percentages of cells in the
indicated squares. Data are representative of five independent experiments.

doi:10.1371/journal.pone.0038894.g001

however, a substantial number of MZ B cells can develop
independent of Notch signaling in IgH transgenic mice.

MZ B cells in 3B4/Cre/RBP-J”* mice had identical antigen
specificity

To explore the features of the MZ B cells in the absence of
Notch signaling, we analyzed the antigen specificity of the MZ B
cells in 3B4/Cre/RBP-]"" mice. As we did not have access to an
idiotype-specific antibody against the monoclonal 3B4 antibody,
we utilized FITC-conjugated actin to analyze BCR specificity
[36], as the antibodies from the 3B4 hybridoma bind actin. The
flow cytometry data shown in Figure 3A is the proportion of MZ B
and FO B cells gated from actin-positive cells of spleen. Absolute
number of actin-bound MZ B cells was then calculated and
divided by total MZ B cells to get the data shown in Figure 3B, the
percentage of MZ B cells that bound actin. The results showed
that the majority of the MZ B cells in 3B4/Cre/RBP-J"" mice
bound actin, while in 3B4/Cre/RBP-J”* mice only approximately
10% of MZ B cells bound actin (Figure 3A and B). Similar results
were obtained when keratin-FITC and myosin-FITC were used to
analyze the antigen specificity of the MZ B cells, as 3B4 antibody
can also bind these two antigens (data not shown). These results
indicated that only MZ B cells with certain antigen specificity
could survive the Notch deficiency, and Notch signaling may affect
MZ B cell development by interfering with BCR signaling.

Integration of BCR and Notch signaling occurs at the T2-
MZP stage

We next sought to determine the developmental stage during
which BCR and Notch signaling interact to influence MZ B cell
development. To discriminate between T1, T2, MZP, FO and
MZ B cells, we analyzed splenic B cell surface expression of IgM,
CD21 and CD23. We found that the number of T1 (CD23 " IgM-
MOD21") cells was decreased by approximately one-fold in 3B4/
Cre/RBP-J”* mice and 3B4/Cre/RBP-]”" mice compared with
the Cre/RBP-J”* mice and Cre/RBP-J" mice (Figure 4A and B).
These results are consistent with the data in Figure 2B, in which
CD21 and CD24 surface expression was utilized for analysis.
There was also a slight reduction in the number of T2
(CD28 IgM™CD21™) cells in 3B4/Cre/RBP-J”* mice and
3B4/Cre/RBP-]”" mice compared with the other two groups
(Figure 4A and B). Interestingly, the greatest reduction occurred at
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the MZP (CD23*IgM"'CD21") stage. In the Cre/RBP-J”" mice
and 3B4/Cre/RBP-J”" mice, the number of MZP B cells was less
than one fifth of that in the Cre/RBP-J”* and 3B4/Cre/RBP-J*
mice (Figure 4A and B). 3B4/Cre/RBP-J"" mice possessed more
MZP cells than Cre/RBP-J”" mice. However, there was no
difference in the number of MZP B cells between Cre/RBP-J7*
and 3B4/Cre/RBP-J”* mice. These data indicated that in 3B4/
Cre/ RBP-JWJr mice, the biased development to MZ B cells began
at the T2-MZP stage, after this point the development of FO B
cells was interrupted while MZP and MZ B cell differentiation
remained intact. In Cre/RBP-J"" mice, the effects of Notch-RBP-J
deficiency may also begin at the T2-MZP stage, resulting in the
marked reduction of MZP and MZ B cell numbers. In 3B4/Cre/
RBP-J"! mice, while the number of both T2 cells and MZP cells
was decreased, the number of MZP and MZ B cells was doubled
compared with Cre/RBP-J”" mice, indicating that abrogation of
Notch signaling may interfere with BCR-directed MZ B cell
development at the T2-MZP stage.

Analysis of BM B cell development

We also analyzed B cell development in the BM following the
deletion of the RBP-] allele. When analyzed using anti-CD43,
anti-IeM  and anti-B220 antibodies to discriminate pro-B
(IgM ™ B220"CD43") and pre-B (IgM~B220"CD437) cells, we
found a slightly elevated proportion of pro-B cells in Cre/RBP-J"*
mice and 3B4/Cre/RBP-J”! mice compared with Cre/RBP-J"*
mice and 3B4/Cre/RBP-]”* mice, indicating that the absence of
Notch signaling promote pro-B cells production (Figure 5A).
Clonsistent with our previous study, pre-B cell population in 3B4/
Cre/ RBP-JWJr mice were decreased to less than one half of the
other three strains of mice [36]; this decrease was predominately
due to the aberrant paring of the p chain with the surrogate light
chain to form pre-BCR (Figure 5A). However, there was no
decrease in the proportion of pre-B cells in the $B4/Cre/RBP-J""
mice, indicating that the abrogation of Notch signaling may help B
cells to pass through the pre-BCR checkpoint. To analyze newly
formed immature B cells (CD23~ IgM*B220%), CD23™ cells were
gated and subsequently identified using anti-IgM and anti-B220
antibodies. We observed a marked reduction in the number of
immature B cells in 3B4/Cre/ RBP—‘]WJr mice; further, no
differences between Cre/RBP-]”*, Cre/RBP-J" and 3B4/Cre/
RBP-J”" mice were noted (Figure 5B). Our data suggests that when
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Figure 2. Analysis of MZ and FO B cells following BM transplantation. (A) and (B) Two months following BM transplantation, the four groups
of mice were sacrificed and spleen cells were stained using anti-CD19, anti-CD21 and anti-CD23 (A), or anti-CD19, anti-CD21 and anti-CD24 (B) and
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then analyzed using FCM. The cells were initially gated using anti-CD19. CD24"CD21" cells represent MZ/T2 B cells, and CD21M°9CD24"" cells
represent T1 cells. The numbers denote the percentages of cells in the indicated squares. Data are representative of five independent experiments.
(C) Absolute numbers of MZ and FO B cells. Numbers were calculated by multiplying the fraction of each FCM B cell subset analyzed in (A) by the
total number of CD19" cells. Data are mean=S.D. obtained from five independent experiments. (D) The ratio of MZ to FO cell number was calculated.
(E) Immunofluorescent staining of splenic cryosections with Cy3-anti-lgM and FITC-anti-MOMA-1. MOMA-1* metalophilic macrophages define the
border between the MZ B and FO B cells. Data are representative of five independent experiments. Scale bar, 100 um. (F) Southern blot analysis of
the DNA from the BM and spleen of the recipient mice. 4 Kb fragment represents wild-type, and 3 Kb fragment represent deletion.

doi:10.1371/journal.pone.0038894.g002

pre-BCR signaling is aberrant, loss of Notch signaling can
overcome the developmental block in the BM of 3B4/Cre/RBP-
J7" mice.

Discussion

The aim of the present study was to explore the integration of
BCR and Notch signaling in MZ B cell development. B cell
development in mice with a transgenic IgH that lack Notch
signaling was analyzed by using IgH transgenic mice TgVy3B4,
RBP-J-floxed mice and Mx-Cre mice. Our data indicated that the
elevated population of MZ B cells observed in TgVy3B4 mice was
greatly reduced following abrogation of Notch signaling in 3B4/
Cre/RBP-J”" mice. These finding were consistent with those
obtained from Cre/RBP-‘]W " mice, and indicated that Notch
signaling is required for BCR-directed MZ B cell development.
However, in contrast to Cre/RBP-J”" mice, a small number of
MZ B cells that escaped the Notch-RBP-] checkpoint were
observed in 3B4/Cre/RBP-J”" mice. Further analysis of the BCR
specificity of these remaining MZ B cells indicated that these cells
exhibited identical antigen specificity derived from the original
3B4 antibody. These data suggested that certain B cells with
particular BCR specificity can develop into MZ B cells without
Notch signaling. Our study revealed for the first time that MZ B
cells can develop in a Notch-independent manner.

Both the BCR and Notch signaling pathways play important
roles in B cell development, activation, and lymphomagenesis.
However, if and how the BCR and Notch signaling pathways
interact with each other remains unclear. Several studies reported
that BCR and Notch signaling cooperated to promote B cell
activation. He et al. used a soluble human DIl fragment and anti-
IgM to stimulate Burkitt’s lymphoma Raji cells and found that
Notch signaling may interact with BCR signaling at the level of c-
myc expression to regulate B-lymphoma cell proliferation and
apoptosis [38]. Thomas et al. demonstrated that costimulation of
follicular B cells with DII1 leads to significant increases in BCR-
and CD40-mediated proliferation and enhances production of
IgG1-positive cells i vitro and in vivo; taken together, these data
suggest that the BCR and CD40 signaling pathways collaborate
with the Notch pathway to optimize B cell activation [39].
However, the interaction between BCR and Notch signaling in
MZ B cell development remains unclear.

Pillai et al. proposed that strong BCR signaling activates
Bruton’s tyrosine kinase, which inhibits Notch? signaling and
activates the canonical NF-kB signaling pathway, subsequently
promoting FO B cell development [29]. During MZ B cell
development, weak BCR signaling permits Notch2 signaling. The
interaction of DIIT with Notch2 leads to the activation of MAMLI
and RBP-J and MZ B cell development [29]. Pillai hypothesized
that Notch2 signaling is the primary driving force for MZ B cell
development, and that BCR signaling affects MZ B cell de-
velopment by interfering with the Notch pathway. However, our
study suggested that BCR signaling may be the primary driving
force for MZ B cell development, and that Notch signaling may
affect the BCR pathway to alter the direction of B cell
development. The helix-loop-helix transcription factor E2A is an
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important candidate molecule that might link the BCR and Notch
signaling pathways. E2A*" ™ mice exhibited increased MZ B cell
development at the expense of FO B cell development [40].
Interestingly, Notch signaling can cause the degeneration of both
E2A isoforms (E12 and E47) and may therefore contribute to MZ
B cell development by regulating the availability of the E12 and
E47 transcriptional regulators [41]. More studies are needed to
elucidate the detailed mechanisms underlying BCR and Notch
interactions.

Although Notch has long been known to regulate MZ B cell
development, the stage at which Notch signaling exerts its effects is
unknown. The ligand for Notch2, DII1, is expressed on the luminal
face of venules that are predominately found in the red pulp of the
spleen, and some DI1 expression is also present in the MZ [42].
Thus, Notch signaling would be activated when B cells migrate
from blood vessels to the MZ or when B cells shuttle between the
follicles and the MZ. Our data indicate that the reduction of MZ B
cells begins at the T2-MZP stage, indicating that the function of
Notch and the interaction between BCR signaling and Notch
signaling likely occurred during the T2-MZP stage. This
hypothesis is consistent with the finding that T2 B cells are the
common precursor of both FO and MZ B cells prior to
differentiation [2].

Analysis of BM B cell development revealed a slightly elevated
numbers of pro-B cells in Cre/RBP-]”" mice and $B4/Cre/RBP-
J¥" mice, which is different with that of CD19-Cre/RBP-J"" mice
[18]. The reason may be that Mx-Cre induces complete deletion
of RBP-J allele before the pro-B cell satge, while CD19-Cre only
partially induces the RBP-J deletion at the pro- and pre-B cell
stage. Coonsistent with previous reports, we also observed reduced
numbers of pre-B cells in $B4/Cre/RBP-J"* mice, a finding that
may be due to the aberrant paring of the p chain with the
surrogate light chain to form the pre-BCR. In the BM, appropriate
pairing of the p chains with surrogate light chains to form the pre-
BCR is critical for B cell development prior to surface IgM
expression at the pre-B cell stage [43-45]. However, the number
of pre-B cells in 3B4/Cre/RBP-J”" mice is normal compared with
Cre/RBP-J”* mice, indicating that the absence of Notch signaling
might promote pre-B cell development at the pre-BCR check-
point.

Materials and Methods

Ethics Statements

The animal husbandry, experiments and welfare were con-
ducted in accordance with the Detailed Rules for the Adminis-
tration of Animal Experiments for Medical Research Purposes
issued by the Ministry of Health of China, and were approved by
the Animal Experiment Administration Committee of Fourth
Military Medical University. Mice were raised in the specific
pathogen free conditions on the C57BL/6 background, and were
manipulated with every specific care to reduce the suffering of the
mice during the experiments.
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Figure 3. BCR specificity analysis of B cells in the spleen. (A) FITC-conjugated actin in combination with anti-CD21 and anti-CD23 antibodies
was used to analyze the antigen specificity of MZ and FO B cells by FCM following BM transplantation. The cells were first gated by actin staining and
then analyzed according to CD21 and CD23 expression. (B) The percentage of actin-reactive MZ B cells within the total MZ B cell population is shown.
Data are representative of five independent experiments.

doi:10.1371/journal.pone.0038894.g003
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Figure 4. Analysis of transitional B cells in the spleen. (A) Splenocytes were stained with antibodies specific for CD21, CD23 and IgM, and
subjected to FCM analysis. CD23~ (A) and CD23" (B) populations were gated separately and analyzed according to CD21 and IgM expression. Cell
populations were defined using the following markers: T1 cells, CD23~IgM™CD21~; T2 B cells, CD23*IgMMCD21*; MZP cells, CD23*IgM"CD21"; MZ B
cells, D23 IgMMCD21"; and FO B cells, CD23"IgM"°CD21"°. The numbers denote the percentages of cells in the indicated squares. Data are
representative of five independent experiments. (B) The absolute numbers of splenic T1, T2 and MZP B cells were calculated from the FCM data in (A)
and the total number of erythrocyte-depleted splenocytes. Data represent the mean=S.D. from five independent experiments.

doi:10.1371/journal.pone.0038894.9g004

Mice

IgH transgenic mice TgV3B4 were generated in our lab; line
#39 was utilized in this study because of its high allelic exclusion
[35,36]. RBP-J-floxed mice and Mx-Cre mice have been described
previously [37]. TgV3B4 mice were crossed with Mx-Cre/RBP-
JY" mice for at least two generations to obtain mice with the

genotypes of Cre/RBP-J”*, 3B4/Cre/RBP-J”*, Cre/RBP-J"*

and 3B4—/Cre/RBP-‘]f/f. The transgenic mice were genotyped
using PCR as described previously.

Deletion of the RBP-J gene through Cre-mediated
recombination

Mice with genotypes of Cre/RBP-J”* 3$B4/Cre/RBP-J"*,
Cre/RBP-J"" 3B4/Cre/RBP-]"" and wild-type were employed in
the current study. To induce the Cre-mediated deletion of the
RBP-]J gene, 6- to 8-week-old mice were injected z.p. with 300 pg

@ PLoS ONE | www.plosone.org

of poly(I:C) (Sigma, St. Louis) for four times at two-day intervals.
Mice were then injected with the same amount of poly(I:C) for
four additional times at one-week intervals; in total, mice were
given eight injections. Two days following the last injection, the
mice were sacrificed for further analysis. Southern blot analysis
was utilized to determine the deletion efficiency of the RBP-Jx
allele as described previously [37].

BM transplantation

BM cells were prepared from mice injected with poly(I:C).
Recipients were irradiated with 8 Gy and then 0. injected with
2x10° donor BM cells through the tail vein. Mice were
maintained on aqueous antibiotics (1.1 g/L of neomycin sulfate)
and analyzed after 2 months.
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Figure 5. Analysis of BM B cells. BM cells derived from different groups of mice were stained with anti-B220, anti-CD43 and anti-IlgM (A), or anti-
IgM, anti- B220 and anti-CD23 (B) and analyzed using FCM. (A) Cells were first gated using anti-IgM staining and then IgM~ cells were analyzed
according to B220 and CD43 expression. Pro-B cells and pre-B cells were defined as being IgM~CD43"B220* and IgM ™~ CD43 ™~ B220", respectively. (B)
Cells were first gated using anti-CD23 and then CD23" cells were analyzed according B220 and IgM expression. Immature B cells were defined as
being CD23 IgM*™B220". Data are representative of five independent experiments.

doi:10.1371/journal.pone.0038894.g005

Flow cytometry

Cells were collected from mouse tissues and treated with
buffered 0.14 M NH,CL Cells (5x10°) were stained with
antibodies for 30 min on ice and analyzed using a FACSCalibur ™
(BD Immunocytometry Systems, San Jose, CA). Data were
analyzed using Cellquest'™ software. Dead cells were excluded
using propidium iodide staining. The antibodies used in the
analyses were as follows: anti-B220 (RA3-6B2), anti-IgM (R6-
60.2), anti-CD5 (53-7.3), anti-CD19 (1D3), anti-CD21/35 (7G6),
anti-CD23 (B3B4), anti-CD24 (M1/69), anti-CD43 (S7), and
streptavidin-APC. All antibodies were obtained from BD Phar-
Mingen (San Diego, CA). FITC-conjugated actin was prepared
according to standardized methods.

Immunofluorescent staining of tissue sections

Tissue samples from spleens were frozen in tissue-tek OCT
compound and cut at a thickness of 6 um. After air-drying,
sections were fixed in 4% paraformaldehyde for 20 min.
Immunohistochemical staining was done with Cy3-anti-mouse

References

1. Martin F, Kearney JF (2002) Marginal-zone B cells. Nat Rev Immunol 2: 323~

2. Pillai S, Cariappa A, Moran ST (2005) Marginal zone B cells. Annu Rev
Immunol 23: 161-96.

3. Allman D, Pillai S (2008) Peripheral B cell subsets. Curr Opin Immunol 20:
149-157.

4. Roark JH, Park SH, Jayawardena J, Kavita U, Shannon M, et al. (1998) CD]1.1
expression by mouse antigen-presenting cells and marginal zone B cells.
Immunol 160: 3121-3127.

@ PLoS ONE | www.plosone.org

IgM and FITC-anti-MOMA-1 (Serotec) antibodies for 1 h at
room temperature. Slides were analyzed with a laser scanning
confocal microscope (OLYMPUS FluoView™ FV1000).

Data analysis

ANOVA was used to determine the statistical significance of
values among experimental groups. The statistical significance was
defined as p<<0.05.

Acknowledgments

We thank Boquan Jin for the helpful discussions, Angang Yang for his kind
help, and Amiinah Kung for her critical reading of the manuscript and
language correction.

Author Contributions

Conceived and designed the experiments: WL HH. Performed the
experiments: WL ZZ LZ XY YW PZ LH XH YX. Analyzed the data:
WL YL HH. Wrote the paper: WL YL HH.

5. Hao Z, Rajewsky K (2001) Homeostasis of peripheral B cells in the absence of B
cell influx from the bone marrow. J Exp Med 194: 1151-1164.

6. Rolink AG, ten Boekel E, Yamagami T, Ceredig R, Andersson J, et al. (1999) B
cell development in the mouse from early progenitors to mature B cells.
Immunol Lett 68: 89-93.

7. Hayakawa K, Asano M, Shinton SA, Gui M, Allman D, et al. (1999) Positive
selection of natural autoreactive B cells. Science 285: 113-116.

8. Murre C (2005) Helix-loop-helix proteins and lymphocyte development. Nat
Immunol 6: 1079-1086.

June 2012 | Volume 7 | Issue 6 | 38894



20.

21.

22.

23.

24.

26.

. Melchers F (2005) The pre-B-cell receptor: selector of fitting immunoglobulin

heavy chains for the B-cell repertoire. Nat Rev Immunol 5: 578-584.

. Nemazee DA, Burki K (1989) Clonal deletion of B lymphocytes in a transgenic

mouse bearing anti- MHC class I antibody genes. Nature 337: 562-566.

. Hartley SB, Crosbie J, Brink R, Kantor AB, Basten A, et al. (1991) Elimination

from peripheral lymphoid tissues of self-reactive B lymphocytes recognizing
membrane-bound antigens. Nature 353: 765-769.

Gay D, Saunders T, Camper S, Weigert M (1993) Receptor editing: an
approach by autoreactive B cells to escape tolerance. J Exp Med 177: 999-1008.

. Wang H, Clarke SH (2004) Regulation of B-cell development by antibody

specificity. Curr Opin Immunol 16: 246-250.

. Allman D, Lindsley RC, DeMuth W, Rudd K, Shinton SA, et al. (2001)

Resolution of three nonproliferative immature splenic B cell subsets reveals
multiple selection points during peripheral B cell maturation. J Immunol 167:
6834-6840.

. Pillai S, Cariapa A, Moran ST (2004) Positive selection and lineage commitment

during peripheral B-lymphocyte development. Immunol Rev 197: 206-218.
Srivastava B, Lindsley RC, Nikbakht N, Allman D. (2005) Models for peripheral
B cell development and homeostasis. Sem Immunol 17: 175-182.

Su TT, Guo B, Wei B, Braun J, Rawlings DJ (2004) Signaling in transitional
type 2 B cells is critical for peripheral B-cell development. Immunol Rev 197:
161-178.

. Tanigaki K, Han H, Yamamoto N, Tashiro K, Ikegawa M, et al. (2002) Notch-

RBP-J signaling is involved in cell fate determination of marginal zone B cells.
Nat Immunol 3: 443-450

. Hozumi K, Negishi N, Suzuki D, Abe N, Sotomaru Y, et al. (2004) Delta-like 1

is necessary for the generation of marginal zone B cells but not T cells in vivo.
Nat Immunol 5: 638-644

Cariappa A, Liou HC, Horwitz BH, Pillai S (2000) Nuclear factor kB is required
for the development of marginal zone B lymphocytes. J Exp Med 192: 1175~
1182.

Sasaki Y, Derudder E, Hobeika E, Pelanda R, Reth M, et al. (2006) Canonical
NF-xB activity, dispensable for B cell development, replaces BAFF-receptor
signals and promotes B cell proliferation upon activation. Immunity 24: 729
739.

Batten M, Groom J, Cachero TG, Qian F, Schneider P, et al. (2000) BAFF
mediates survival of peripheral immature B lymphocytes. ] Exp Med 192: 1453~
1466.

Schiemann B, Gommerman JL, Vora K, Cachero TG, Shulga-Morskaya S, et
al. (2001) An essential role for BAFF in the normal development of B cells
through a BCMAindependent pathway. Science 293: 2111-2114.

Otipoby KL, Sasaki Y, Schmidt-Supprian M, Patke A, Gareus R, et al. (2008)
BAFF activates Akt and Erk through BAFF-R in an IKK1-dependent manner in
primary mouse B cells. Proc Natl Acad Sci USA 105: 12435-12438.

. Cariappa A, Tang M, Parng C, Nebelitskiy E, Carroll M, et al. (2001) The

follicular versus marginal zone B lymphocyte cell fate decision is regulated by
Aiolos, Btk, and CD21. Immunity 14: 603-615.

Samardzic T, Marinkovic D, Danzer CP, Gerlach J, Nitschke L, et al. (2002)
Reduction of marginal zone B cells in CD22-deficient mice. Eur J Immunol 32:
561-67.

@ PLoS ONE | www.plosone.org

27.

28.

29.

30.

34.

36.

39.

40.

41.

42.

43.

44.

Notch-Independent Marginal Zone B Cell Development

Martin F, Kearney JF. (2000) Positive selection from newly formed to marginal
zone B cells depends on the rate of clonal production, CD19, and btk. Immunity
12: 39-49.

Srivastava B, Lindsley RC, Nikbakht N, Allman D (2005) Models for peripheral
B cell development and homeostasis. Sem Immunol 17: 175-182.

Pillai S, Cariappa A. (2009) The follicular versus marginal zone B lymphocyte
cell fate decision. Nat Rev Immunol 9: 767-777.

Artavanis T'S, Matsuno K, Fortini ME (1995) Notch signaling. Science 268:
225-232.

Schroeter EH, Kisslinger JA, Kopan R (1998) Notch-1 signalling requires
ligand-induced proteolytic release of intracellular domain. Nature 393: 382-386.
Struhl G, Adachi A (1998) Nuclear access and action of notch in vivo. Cell 93:
649-660.

. Wu L, Sun T, Kobayashi K, Gao P, Griffin JD (2002) Identification of a family

of mastermind-like transcriptional coactivators for mammalian notch receptors.
Mol Cell Biol 22: 7688-7700

Saito T, Chiba 8, Ichikawa M, Kunisato A, Asai T, et al. (2003) Notch2 is
preferentially expressed in mature B cells and indispensable for marginal zone B
lincage development. Immunity 18: 675-685

. LiW, Fu M, Xing Y, An JG, Zhang P, et al. (2007) Host defense against C.

albicans infections in IgH transgenic mice with VH derived from a natural anti-
keratin antibody. Cell Microbiol 9: 306-315.

Xing Y, Li W, Lin Y, Fu M, Li CX, et al. (2009) The influence of BCR density
on the differentiation of natural poly-reactive B cells begins at an early stage of B
cell development. Mol Immunol 46: 1120-1128.

. Han H, Tanigaki K, Yamamoto N, Kuroda K, Yoshimoto M, et al. (2002)

Inducible gene knockout of transcription factor recombination signal binding
protein-]J reveals its essential role in T versus B lineage decision. Int Immunol 14:

637-645.

. He F, Wang L, Hu XB, Yin DD, Zhang P, et al. (2009) Notch and BCR

signaling synergistically promote the proliferation of Raji B-lymphoma cells.
Leuk Res 33: 798-802.

Thomas M, Calamito M, Srivastava B, Maillard I, Pear WS, et al. (2007) Notch
activity synergizes with B-cell-receptor and CD40 signaling to enhance B-cell
activation. Blood 109: 3342-3350.

Quong MW, Martensson A, Langerak AW, Rivera RR, Nemazee D, et al.
(2004) Receptor editing and marginal zone B cell development are regulated by
the helix— loop-helix protein, E2A. J Exp Med 199: 1101-1112.

Huang 7, Nie L, Xu M, Sun XH (2004) Notch-induced E2A degradation
requires CHIP and Hsc70 as novel facilitators of ubiquitination. Mol Cell Biol
24: 8951-8962.

Tan JB, Xu K, Cretegny K, Visan I, Yuan JS, et al. (2009) Lunatic and manic
fringe cooperatively enhance marginal zone B cell precursor competition for
delta-like 1 in splenic endothelial niches. Immunity 30: 254-263.

Benschop RJ, Cambier JC (1999) B cell development: signal transduction by
antigen receptors and their surrogates. Curr Opin Immunol 11: 143-151.
Campbell KS (1999) Signal transduction fromthe B cell antigen-receptor. Curr
Opin Immunol 11: 256-264.

. Torres RM, Flaswinkel H, Reth M, Rajewsky K (1996) Aberrant B cell

development and immune response in mice with a compromised BCR complex.
Science 272: 1804-1808.

June 2012 | Volume 7 | Issue 6 | 38894



