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Summary

The roles of Notch1 and Notch2 in T-cell function have been well studied,

but the functional roles of Notch in B cells have not been extensively

investigated, except for Notch2 involvement in peripheral marginal zone

B-cell differentiation. This study examined the roles of Notch1 in murine

primary B cells. During B-cell activation by B-cell receptor ligation,

Notch1 was up-regulated while Notch2 was not. In addition, Notch1 up-

regulation itself did not contribute to the further activation of B cells, but

the Notch ligand was important for Notch1-mediated further B-cell acti-

vation. Moreover, Notch1 deficiency significantly decreased B-cell activa-

tion and antibody secretion under the presence of Notch ligand. These

data suggest that Notch1 is an important mediator for enhancing B-cell

activation and antibody secretion by Notch ligand.
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Introduction

Members of the mammalian Notch family of transmem-

brane receptors (Notch1–4) are constituents of a highly

conserved pathway that participates in cell fate deci-

sions.1–3 Signalling through the Notch receptor is initiated

by interaction with one of its ligands (Delta or Serrate/

Jagged) located on an adjacent cell, which results in a ser-

ies of proteolytic cleavages by several proteases such as

ADAM-family metalloproteases and c-secretase.3–5 This

leads to the release and nuclear translocation of the

Notch intracellular domain (NICD),6 which converts the

transcription factors CBF1, Su(H) and Lag-1 (CLS) from

repressors to activators.7

Previous studies have shown that Notch1 signalling is

important for T-cell lineage commitment from haemato-

poietic stem cell precursors. Cre-mediated deletion of the

genes encoding Notch1 or CSL in adult mouse bone mar-

row results in impairment of early T-cell development

and ectopic differentiation of immature B cells in the thy-

mus.8,9 In contrast, retroviral expression of constitutively

active Notch1 in bone marrow stem cells causes suppres-

sion of early B-cell development and the ectopic develop-

ment of immature T cells in the bone marrow.10

Intrathymic T-cell development is also critically affected

by signalling through Notch1, and members of two fami-

lies of structurally distinct Notch ligands, Delta-like 1 and

Jagged-1, are expressed by thymic epithelial cells and thy-

mocytes.11,12 Many Notch receptors have specific roles in

each step of T-cell differentiation in the thymus.13–16

Some reports suggest that peripheral T-cell activation can

also be regulated by Notch signalling; for example, CSL-

mediated Notch signalling enhances T-cell proliferation in

the presence of antigen-presenting cells, and induces pref-

erential polarization toward the T helper type 2 (Th2)

lineage, while simultaneously inhibiting Th1 cell differen-

tiation.17 In addition, recent findings show that Notch

affects Th17 cell differentiation.18

With respect to Notch involvement in B-cell differentia-

tion and function, it is well known that Notch2 plays a key

role in the generation of marginal zone B cells in the mouse

spleen. Inactivation of CSL in B lineage cells results in the

complete loss of marginal zone B cells with a concomitant

increase in follicular B cells, and conditional deletion of

Notch2 in haematopoietic stem cells also leads to the loss

of marginal zone B cells.19 Notch2 signalling is also impor-

tant for regulating the balance between two peripheral

B-cell populations (marginal zone and follicular B cells) in

Abbreviations: APC, allophycocyanin; BCR, B-cell receptor; CSL, CBF1, Su(H), and Lag-1; FBS, fetal bovine serum; HA, haemag-
glutinin; NICD, notch intracellular domain; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; Th2, T helper type 2; TI,
T-cell-independent; TD, T-cell-dependent
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the spleen.20 However, despite these advances in our

knowledge of Notch2 involvement in B-cell differentiation

and function, there have been few reports on the functional

relationship between Notch1 and B cells.

Notch1 is a member of the type 1 transmembrane protein

family and contains an extracellular domain consisting of

multiple epidermal growth factor-like repeats and an intra-

cellular domain consisting of multiple different types of

domains. This protein is involved in development, includ-

ing T-cell lineage commitment.8,9 Some studies showed that

Notch1 signalling can act as a potent inducer of T-cell and

B-cell leukaemia by inhibiting apoptosis21,22 and others

showed that Notch1 signalling can stimulate apoptosis and

cell cycle arrest of a chicken B-cell line.23 However, the rela-

tionship between Notch1 signalling and peripheral mature

B-cell activation is not yet fully understood.

In this study, we examined the role of Notch1 in

peripheral B-cell activation. We found that Notch1 could

increase marginal zone B-cell differentiation. We also

found that Notch1 was important for peripheral B-cell

activation and antibody secretion. Based on our data, we

suggest that Notch1 contributes to differentiated periph-

eral B-cell activation through up-regulation of Notch1

expression by B-cell receptor (BCR) ligation.

Materials and methods

Mice and B-cell isolation

Mice with a conditional allele of Notch1 (B6.129X1-

Notch1tm2Rko/GridJ, synonym: Notch1flox/flox),24 mice with

an integration of the intracellular domain of the Notch1

receptor gene in the Rosa26 locus (Gt(ROSA)26Sortm1

(Notch1)Dam, synonym: Rosa26NICD),25 and B6.129P2(C)-

Cd19tm1(cre)Cgn/J (CD19-Cre) mice26,27 were obtained from

The Jackson Laboratory (Bar Harbor, ME). All mice were

kept in pathogen-free conditions in the animal-care facil-

ity at GIST (Gwangju, Korea). All experiments using mice

were approved by the Institutional Animal Care and Use

Committee of GIST. Primary mouse B cells were isolated

by negative depletion of non-B cells to a purity of > 95%

using an EasySepTM Mouse B-Cell Isolation Kit (Stemcell

Technologies, Vancouver, BC, Canada). Mice aged 7–
10 weeks were used for experiments.

Cell culture, antibodies, and plasmids

Dll1-expressing OP9 (OP9-Dll1) cells were used to provide

B cells with the Notch ligand, and OP9 cells were used as

the control. OP9, Dll1 expressing OP9 (OP9-Dll1) and

HEK293 cells were maintained in Dulbecco’s modified

Eagle’s medium supplemented with 5% fetal bovine serum.

Isolated primary B cells or total splenocytes were cultured

in RPMI-1640 media supplemented with 5% fetal bovine

serum. Anti-GAPDH (H-12) antibody was purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Myc

(9B11) antibody was purchased from Cell Signaling, Dan-

vers, MA. Anti-Notch1 (EP1238Y) antibody was purchased

from Epitomics (Burlingame, CA), which detect cytoplas-

mic region of Notch1. Anti-p65 and anti-TBP1 antibodies

were purchased from Santa Cruz Biotechnology. Anti-hae-

magglutinin (HA-7) antibody was purchased from Sigma

(St Louis, MO). Phycoerythrin (PE)-conjugated anti-

mouse CD69 (H1.2F3), PE-conjugated anti-mouse CD86

(B7-2), PE-conjugated anti-mouse CD23 (B3B4), PE-con-

jugated anti-mouse CD43 (eBioR2/60), PE-conjugated

anti-mouse IgM (II/41), peridinin chlorophyll protein

(PerCP)-conjugated anti-mouse CD8 (53-6.7), PerCP-con-

jugated anti-mouse CD21 (8D9), PerCP-conjugated anti-

mouse CD3e (145-2C11), PerCP-conjugated anti-mouse

IgD (11-26C), PerCP-conjugated anti-mouse CD25

(PC61.5), and allophycocyanin-conjugated anti-mouse

B220 (RA3-6B2) antibodies were purchased from eBio-

science (San Diego, CA). Live cells were stained for 1 hr at

4° and then fixed in 2�5% paraformaldehyde. Cell prolifera-

tion was assessed by staining with Cell Proliferation Dye

eFluor� 670 according to the manufacturer’s protocols

(eBioscience). This fluorescent dye binds to any cellular

protein that contains primary amines. As cells divide, the

dye is distributed equally between daughter cells, the num-

ber of which can be determined by measuring the succes-

sive halving of the fluorescence intensity of the dye. Hence,

proliferation was measured by monitoring the decrease in

the fluorescence intensity of this dye. Plasmids pMigR1-

HA-mNICD1 and pMigR1-HA-mNICD2 were constructed

via the insertion of the Notch1 intracellular domain

(NICD1) or Notch2 intracellular domain (NICD2)

sequences into pMigR1 plasmids, respectively. Cytoplasmic

and nuclear extracts were prepared as described

previously.28

Flow cytometry

Bone marrow cells, spleen cells and lymph node cells were

stained with the indicated antibodies. For B-cell stimula-

tion, purified primary B cells were activated by either

20 µg/ml of goat anti-µ F(ab)2 antibody (Jackson Labora-

tory) or 20 µg/ml of goat anti-µ F(ab)2 antibody plus

10 µg/ml of anti-mouse CD40 antibodies (eBioscience) for

the indicated time and then stained with the indicated anti-

bodies. The stained cells were analysed on a FACS Canto II

(BD Bioscience, San Jose, CA), FACS Calibur (BD Biosci-

ence) or Guava easyCyte HT (Millipore, Billerica, MA).

Enzyme-linked immunosorbent assay

Levels of secreted antibodies were analysed by isotype-

specific ELISA (eBioscience). B cells were activated by

20 µg/ml of goat anti-µ F(ab)2 antibody and 10 µg/ml of

anti-mouse CD40 antibodies with or without OP9-DLL1
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cells. After 5 days, the culture medium was analysed

according to the manufacturer’s protocols (eBioscience).

Retrovirus transduction

Recombinant retroviruses were produced in Phoenix-Eco

cells by transfection of the cells with pMigR1 or pMigR1-

HA-mNICD1. Recombinant retroviruses were harvested

48 hr after transfection. The harvested recombinant retro-

viruses were used for the infection of B cells stimulated

with lipopolysaccharide. Then, the infected cells were

rested for 5 days and re-stimulated with 20 µg/ml of goat

anti-µ F(ab)2 antibody (Jackson Laboratory) or with both

20 µg/ml of goat anti-µ F(ab)2 antibody and 10 µg/ml of

anti-mouse CD40 antibody. GFP+ cells were analysed

because they represented cells that were infected with the

recombinant retrovirus.

Quantitative RT-PCR

Total RNA was extracted from isolated B cells using Tri-

zol reagent (Invitrogen, Carlsbad, CA) and complemen-

tary DNAs were generated by reverse transcription.

Quantitative RT-PCR analyses were performed using

SYBR mix (TaKaRa, Shiga, Japan) and Mx3005p (Strata-

gene, La Jolla, CA) with primers (50–30): Notch1 CAG-

CTTGCACAACCAGACAGAC (sense) and ACGGAGTAC

GGCCCATGTT (antisense); Notch2 ACAAATACTGTG

CAGACCACTTCAA (sense) and AGCACCACGATGATC

AGGGT (antisense); b-Actin GAAGTCCCTCACCCTCC

CAA (sense) and GGCATGGACGCGACCA (antisense).

Luciferase reporter assay

HEK293 cells were seeded in 12-well plates at a density of

0�2 9 106 cells per well and transfected by using Lipofec-

tamine 2000 (Invitrogen) with 100 ng of pHes1pro-luci

or 100 ng of pNotch1pro, pReniall, and the appropriate

DNAs. After 48 hr, the cell extracts were prepared and

assayed for luciferase activity according to the instructions

in the Luciferase Assay System (Promega, Madison, WI).

Transfection efficiencies were normalized by renilla activ-

ity. All transfection experiments were performed in tripli-

cate and repeated three times. Expression of mNICD1 or

mNICD2 was confirmed by immunoblot analysis with

anti-HA and anti-GAPDH antibodies.

Immunizations

NP-BSA, nitrophenol (NP)-chicken gamma globulin

(CGG) NP-Ficoll, and NP-lipopolysaccharide (LPS) were

purchased from Biosearch Technologies Inc. (Novato,

CA) Briefly, Cd19Cre/+Notch1flox/flox and wild-type

(Cd19Cre/+) mice (10–14 weeks old) were immunized

intraperitoneally with NP-Ficoll (10 µg per mouse) to

induce T-cell-independent type 2 immune responses, or

with NP-LPS (5 µg per mouse) to induce T-cell-indepen-

dent type 1 responses. The immunoglobulin concentra-

tion in the serum was measured 1 week later. To induce

primary T-cell-dependent immune responses, mice were

immunized intraperitoneally with alum-precipitated NP-

CGG (200 µg per mouse) and then boosted with a sec-

ond intraperitoneal injection of antigen (50 µg per

mouse) 14 days later. Serum samples were collected

14 days after the antigen boost. NP-specific IgG and IgM

in the sera were first captured with NP-BSA and then

detected with isotype-specific horseradish peroxidase-con-

jugated anti-mouse immunoglobulin antibodies.

Results

Notch1 gene deletion does not affect B-cell terminal
differentiation, but activated Notch1 increased
marginal zone B cells (B220+ CD21high CD23�)

The role of Notch1 in B-cell activation has not been

clearly defined. In this study, B-cell development in the

bone marrow of B-cell-specific NICD1-expressing mice

(Cd19Cre/+ R26NICD1) and B-cell-specific Notch1 gene

deleted mice (Cd19Cre/+ Notch1flox/flox) was similar to that

in the bone marrow of wild-type mice (Cd19Cre/+)

(Fig. 1a,b). In the periphery, the percentage of B cells in

Cd19Cre/+ Notch1flox/flox mice slightly increased, but the

percentage of B cells in Cd19Cre/+ R26NICD1 mice slightly

decreased compared with wild-type mice (Cd19Cre/+)

(Fig. 1b). Compared with wild-type mouse (Cd19Cre/+),

the percentage and number of marginal zone B cells

(B220+ CD21high CD23�) and immature B cells

(B220+ IgMhigh IgDlow) in the spleens of Cd19Cre/+

R26NICD1 mice were increased while the populations of

these cells in the spleens of Cd19Cre/+ Notch1flox/flox mice

were not significantly different from those of the wild-

type mouse (Cd19Cre/+) (Fig. 1c,d).

Expression of NICD1 in B-cell increases B-cell
activation and proliferation

Usually, immature B cells (B220+ IgMhighIgDlow) and

marginal zone B cell (B220+ CD21high CD23�) popula-

tions are less activated by BCR ligation than mature B-

cell (B220+ IgMlow IgDhigh) and follicular B-cell

(B220+ CD21+ CD23+) populations.29,30 To study B-cell

activation, we examined the expression of activation

markers, such as CD69 and CD86, because such markers

are up-regulated on the surface of B cells upon BCR liga-

tion. Upon stimulation with an anti-µ F(ab)2 antibody or

with both anti-µ F(ab)2 and anti-CD40 antibodies, sur-

face activation marker expression was significantly higher

on B cells from Cd19Cre/+ R26NICD1 mice than on those

from wild-type mice (Cd19Cre/+) (Fig. 2a,b). Notch1 gene
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deletion in B cells did not significantly affect B-cell activa-

tion under the same experimental conditions (Fig. 2a,b).

In addition, following stimulation with both anti-µ F

(ab)2 and anti-CD40 antibodies for 4 days, B cells from

Cd19Cre/+ R26NICD1 mice induced the formation of

more blasts and expressed a higher level of the plasma

cell marker CD138 than B cells from wild-type mice

(Cd19Cre/+) (Fig. 2c). Moreover, B cells from Cd19Cre/+

R26NICD1 mice induced more proliferation upon stimu-

lation with anti-µ F(ab)2 plus anti-CD40 antibodies than

B cells from wild-type mice (Cd19Cre/+), while the prolif-

eration of specific Notch1 gene-deleted B cells was not

appreciably different from that of wild-type B cells

(Cd19Cre/+) (Fig. 2d).

NICD1 expression in differentiated wild-type B cells
also increased the B-cell activation level

To exclude the possibility of the above result being

caused by developmental alterations, we introduced an
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Figure 1. Marginal zone B-cell population at the periphery was increased in B-cell-specific NICD1 expressing mice. (a) Flow cytometric analyses

of surface markers of B-cell lineage development of bone marrow cells from Cd19Cre/+, Cd19Cre/+ Notch1flox/flox and Cd19Cre/+ R26NICD1 mice.

(b) Flow cytometric analyses of surface markers of T-cell and B-cell populations of total cells from spleens and lymph node of Cd19Cre/+,

Cd19Cre/+ Notch1flox/flox and Cd19Cre/+ R26NICD1 mice. (c) Flow cytometric analyses of surface markers of the B-cell subpopulation in spleen of

Cd19Cre/+, Cd19Cre/+ Notch1flox/flox and Cd19Cre/+ R26NICD1 mice. (d) The number of each B-cell population in the bone marrows and spleens

of Cd19Cre/+, Cd19Cre/+ Notch1flox/flox and Cd19Cre/+ R26NICD1 mice (n = 5 mice) is presented as mean � SD. Mann–Whitney U-test: *P < 0�05.
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NICD1 expression cassette into normal primary mouse B

cells using a retroviral system (Fig. 3a). The empty retro-

viral vector was used as the control. After the introduc-

tion of the cassette, the cells were rested for 5 days and

live B cells were isolated by Ficoll separation. Then, the

cells were re-stimulated with either anti-µ F(ab)2 or anti-

µ F(ab)2 plus anti-CD40, and activation levels were analy-

sed by checking of CD69 and CD86 surface expression
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Figure 2. B cells from B-cell-specific NICD1-expressing mice were more activated by B-cell receptor (BCR) ligation than B cells from wild-type

mouse. (a) B cells were isolated from the spleen of Cd19Cre/+, Cd19Cre/+ Notch1flox/flox and Cd19Cre/+ R26NICD1 mice. The isolated B cells were

stimulated with anti-µ F(ab)2 or anti-µ F(ab)2 plus anti-CD40 antibodies for 16 hr. The activated cells were stained with fluorochrome-conju-

gated anti-CD69 and anti-CD86 antibodies and analysed by flow cytometry. (b) The summarized data from flow cytometry analyses are shown

(� SD) for mean fluorescence intensity and percentage of gated populations. (c) The isolated B cells were stimulated with anti-µ F(ab)2 and

anti-CD40 antibodies for 4 days. The cells were stained with a fluorochrome-conjugated anti-CD138 antibody and analysed by flow cytometry.

(d) The isolated B cells were labelled with eFluor� 670 and stimulated with anti-µ F(ab)2 plus anti-CD40 antibodies for 4 days. Cells were analy-

sed by flow cytometry. Data are representative of three independent experiments. Student’s t-test: *P < 0�05; **P < 0�01.
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using flow cytometry (Fig. 3b). The results showed that

NICD1 expression in primary B cells also increased B-cell

activation upon stimulation (Fig. 3b,c).

Notch1 expression level was increased by BCR
stimulation

It is well known that Notch1 is predominantly expressed in

peripheral CD4+ T cells17 and Notch2 is more highly

expressed in marginal zone B cells than in other B-cell pop-

ulations.19 However, the levels of Notch1 and Notch2 have

yet to be determined in the B-cell activation state. Quanti-

tative PCR methods were used to analyse the changes in

expression of Notch1 and Notch2 in activated B cells after

stimulation with anti-µ F(ab)2 antibodies. The mRNA level

of Notch1, but not of Notch2, was markedly higher in acti-

vated B cells than in unactivated B cells, while the level of

Notch2 mRNA was higher than the level of Notch1 mRNA

in resting B cells (Fig. 4a). B-cell activating factor also

increased the level of Notch1, but not of Notch2 in B cells

(see Supporting information, Fig. S1). In addition, we

found that Notch1 protein levels were also higher in acti-

vated B cells. However, the level of nuclear localized NICD1

in B cells was not changed by stimulation with anti-µ F

(ab)2 (Fig. 4b). These data confirm previous data showing

that the Notch ligand is essential for Notch1-mediated

enhancement of B-cell activation. In addition, surface

expression of Notch1 on B cells was increased by stimula-

tion with anti-µ F(ab)2 (Fig. 4c).

It has been reported that NICD1 shares target genes

with NICD2, and that NICD1 more strongly activates

shared target gene transcription than NICD2.31 The

results showed that the NICD1 and NICD2 expression

vectors were effective in increasing the promoter activity

of Hes1, a target gene of Notch, when they were trans-

fected at the same amount into HEK293 cells. However,

NICD1 more strongly activated Hes1 promoter activity

than NICD2 (Fig. 4c). In addition, Notch1 promoter

activity was increased by NICD1 over-expression, while

NICD2 did not affect Notch1 promoter activity (Fig. 4d).

Notch1 deficiency abrogated the Notch ligand-
mediated increase in B-cell activation

The above data showed that NICD1 expression affected

B-cell activation and proliferation, but Notch1 gene dele-

tion did not significantly affect B-cell activation (Fig. 2a,

b). A previous study showed that the Notch ligand

enhances B-cell activation,32 and our data also showed

that the Notch ligand increased B-cell activation. Isolated

primary B-cell activation levels were increased when iso-

lated primary B cells were co-cultured with OP9-Dll1

cells, which express Notch ligand Dll1 on the cell surface

during B-cell activation by BCR ligation (Fig. 5a,b). The
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increase in the level of B-cell activation was reduced by

treatment with c-secretase inhibitors, such as N-[N-(3,5-

Difluorophenacetyl-L-alanyl)]-S-phenylglycine tert.butyl

ester (DAPT) which suggests that the increased activation

of B cells by OP9-Dll9 cells is dependent on Notch acti-

vation (Fig. 5a,b). We examined the role of Notch1 in

the Notch ligand-mediated increase of B-cell activation by

co-culturing Notch1 gene-deleted B cells with OP9-Dll1

cells. The activation levels of Notch1 gene-deleted B cells

from Cd19Cre/+ Notch1flox/flox mice were significantly

lower than those of B cells from wild-type mice

(Cd19Cre/+) (Fig. 5c,d).

Notch1 deficiency abrogated Notch ligand-mediated
increase in B-cell antibody secretion

We isolated primary B cells from wild-type (Cd19Cre/+)

and Cd19Cre/+ Notch1flox/flox mice and the isolated cells

were activated by anti-µ F(ab)2 and anti-CD40 with or

without OP9-Dll1 cells. Notch1-deficient B cells showed a

significant decrease in the secretion of antibodies, such as

IgM (Fig. 6a), IgG2a (Fig. 6b), IgG2b (Fig. 6c), and IgG3

(Fig. 6d) compared with wild-type cells except IgG1

(Fig. 6e). In addition to measuring the levels of secreted

antibodies in vitro, we examined the effect of Notch1 on
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amount of time. RNA was isolated from the

stimulated cells. The mRNA levels of Notch1

and Notch2 were analysed by quantitative RT-

PCR analysis and are shown relative to the

level to GAPDH mRNA. (b) From the B cells

stimulated with anti-µ F(ab)2, total proteins,

nuclear extracts and cytosolic proteins were

prepared and the proteins were analysed by

immunoblot analysis with the indicated anti-

bodies. (c) The isolated B cells were stimulated

with anti-µ F(ab)2 or anti-µ F(ab)2 antibodies

for 24 hr. The activated cells were stained with

fluorochrome-conjugated anti-Notch1 antibod-

ies and analysed by flow cytometry. (d, e) Hes-

1 promoter activities (d) and Notch1 promoter

activities (e) were analysed by luciferase repor-

ter assays as described in the Materials and
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antibody secretion in vivo (Fig. 6f). Immunization with

NP-Ficoll (T-cell independent type 2) and NP-LPS

induced NP-specific antibody production in both wild-

type (Cd19Cre/+) and Cd19Cre/+ Notch1flox/flox mice. The

data showed that NP-specific IgG antibody production by

NP-Ficoll-immunized Cd19Cre/+ Notch1flox/flox mice, and

NP-specific IgG and IgM production by NP-LPS immu-

nized Cd19Cre/+ Notch1flox/flox mice, was significantly

lower than that in wild-type (Cd19Cre/+) mice. In addi-

tion, NP-specific IgG production in NP-CGG-immunized

Cd19Cre/+ Notch1flox/flox mice was significantly lower than

that in wild-type (Cd19Cre/+) mice.

Discussion

Notch1 is important for fate determination of haemato-

poietic stem cells to the T-cell lineage.3 In addition to

T-cell development, Notch1 is also involved in periph-

eral T-cell activation. The role of Notch2 in B cells has

been extensively investigated because Notch2 gene dis-

ruption blocks B-cell differentiation in the peripheral

marginal zone. By contrast, the role of Notch1 has not

been extensively investigated because Notch1 gene dis-

ruption does not affect B-cell terminal differentiation. In

this work, we identified the roles of Notch1 in B-cell

activation. We found that Notch1 expression was rapidly

induced following BCR ligation, while Notch2 expression

was not altered. This result implies that the expressed

Notch1 may have a role in B-cell activation. In our

data, the B-cell activation level was not increased with-

out the Notch ligand when B cells were stimulated with

either anti-µ F(ab)2 or anti-µ F(ab)2 plus anti-CD40.

These data indicated that antigen recognition by BCR

may up-regulate the Notch1 level and Notch ligand

expression accessory cells may increase the activation of

up-regulated Notch1. This idea was supported by the

data showing that NICD1 expression in B cells enhances

BCR-mediated B-cell activation, and that Notch1 gene

deletion in B cells abolished Notch ligand-mediated

enhancement of B-cell activation upon BCR ligation.

Hence, our data clearly show that Notch1 is involved in

B-cell activation. This agrees with recent studies showing
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that follicular dendritic cells express Notch ligand, and

that this contributes to increased B-cell activation

including antibody production.33

In addition to B-cell activation, NICD1 expression in B

cells increased marginal zone B cells while Notch1 gene

deletion in B cells did not affect the marginal zone B-cell

population. Hence, these data suggest that marginal zone

B-cell differentiation can be induced if the level of acti-

vated Notch1 is sufficient. However, in actuality, only

Notch2 is involved in marginal zone B-cell differentiation

in in vivo,19 whereas Notch1 and Notch2 are activated by

common Notch ligands.2,3 In addition, a recently pub-

lished paper showed that Notch2 expression control by

interferon regulatory factor 4 is important for positioning

of mature B cells.34 Our data showed that BCR-mediated

B-cell activation significantly increased the Notch1

expression, but not Notch2 expression. Previous studies

and the data presented in this study show that Notch1

more dramatically increased target gene expression than

Notch2.31 Notch2 is therefore possibly important for

B-cell differentiation and mature B-cell positioning while

Notch1 is important for B-cell activation in the periphery

through up-regulation of Notch1.

In this study, we showed that Notch1 is important for

the further activation of activated peripheral B cells based

on data we obtained using Notch1 gene deleted and

NICD1 expression mouse systems. Hence, the Notch

ligand may be helpful for enhancing B-cell responses. In

future studies, the distinct roles of Notch1 and Notch2 as

well as their shared roles in B-cell function and differenti-

ation and in B-cell-mediated inflammatory diseases will

be further investigated.
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