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B cell homeostasis is maintained by a balance between the con-
tinual generation of new cells and their elimination. Here we show
proapoptotic BCL-2 family members BAX and BAK are essential for
regulating the number of B cells at both immature and mature
developmental stages. BAX and BAK are critical mediators of B cell
death induced by multiple stimuli. In addition, BAX- and BAK-
deficient B cells display defective cell cycle progression to B cell
receptor crosslinking and lipopolysaccharide, but not to CpG–DNA.
Furthermore, inducible deletion of Bax and Bak in adult mice
results in the development of severe autoimmune disease.

The development and maintenance of B lymphocytes is regulated
at multiple checkpoints (1). Newly generated pro-B cells un-

dergo B cell antigen-receptor (BCR) recombination in fetal liver
and adult bone marrow (BM). B cells that fail to produce a
functional BCR lack survival signals and thus undergo death by
neglect (2). B cells that express surface BCRs that interact with
self-antigens with too high affinity may be eliminated, at least in
part, by apoptotic cell death, as well as anergy and receptor editing
(3, 4). Immature B cells that successfully pass through develop-
mental checkpoints in the BM migrate to the spleen as transitional
B cells and undergo further maturation steps (5). The number of B
lymphocytes in BM and secondary lymphoid organs is kept under
tight control. Disruption of this homeostasis and accumulation of
excess lymphocytes may give rise to the development of autoim-
munity or malignancy.

BCL-2 family member proteins are requisite for the maintenance
of lymphocyte numbers by regulating an intrinsic apoptosis pathway
(2, 6–8). The antiapoptotic members, including BCL-2, BCL-xL,
and MCL-1, display sequence conservation in four BCL-2 homol-
ogy domains (BH1–BH4). Multidomain proapoptotic members,
including BAX and BAK, possess the BH1, BH2, and BH3 do-
mains. The ‘‘BH3-only’’ proteins, including BID, BAD, BIM,
NOXA, and PUMA, show homology only within this single am-
phipathic �-helical segment. BH3-only molecules function as up-
stream sentinels that sense cellular abnormalities, such as lack of
survival signals or DNA damage. Activated BH3-only molecules
trigger the oligomerization of multidomain proapoptotic BCL-2
members by sequestering antiapoptotics and�or by direct activation
of BAX or BAK (9–12). Oligomerization of BAX or BAK leads to
the release of cytochrome c from mitochondria to the cytoplasm,
causing the formation of the apoptosome and execution of cell
death.

The role of the BCL-2 family in B cell homeostasis has been
analyzed intensively by using mouse models that either have over-
expression or deletion of BCL-2 family molecules (2, 13–15).
Overexpression of BCL-2 protects B cells from death by neglect and
by negative selection, and causes the accumulation of B cells (13, 16,
17). In addition, lymphocytes from Bcl-2 transgenic mice show
defects in cell cycle progression (18, 19). In contrast, targeted
deletion of the Bcl-2 gene in mice resulted in the massive loss of
mature lymphocytes due to apoptosis, as well as increased turnover
of thymocytes (15, 20). Deletion of another antiapoptotic, MCL-1,
resulted in the loss of B cells throughout their development (21).
Among BH3 only molecules, only BIM is implicated in the homeo-

static maintenance of lymphocytes. Bim-deficient mice are reported
to show abnormal development of T lymphocytes and accumulation
of lymphocytes in secondary lymphoid organs (20, 22). Bim�/� B
cells were resistant to apoptosis induced by the absence of IL-7
receptor signaling and by BCR ligation, and showed defective
negative selection of B cells in vivo (23, 24). In addition, Bim�/�

mice develop autoimmune kidney disease (22). However, it is still
unclear whether this single BH3-only molecule functions as the sole
regulator of lymphocyte number.

Mice deficient in either Bax or Bak showed minimal phenotype
in lymphocytes except mild lymphoadenopathy reported in Bax-
deficient mice (25). Deficiency in both Bax and Bak causes embry-
onic lethality in most cases. The surviving doubly deficient mice
display lymphocyte abnormalities, including increased numbers of
splenocytes and resistance of splenocytes and thymocytes to apo-
ptotic stimuli (26). Mouse embryonic fibroblasts (MEFs) deficient
for both Bax and Bak (Bax�/�Bak�/�) are highly resistant to
induction of apoptosis by multiple intrinsic death stimuli and by the
enforced expression of BH3-only molecules (9, 10, 26, 27). In
addition, MEFs from Bax�/�Bak�/� mice have reduced endoplas-
mic reticulum (ER) Ca2� stores, which results in impaired apoptotic
responses to agents that induce Ca2� release from ER (28). T cell
development was further analyzed and shown to be perturbed by
reconstituting immunodeficient mice with Bax�/�Bak�/� hemato-
poietic cells (29). However, analyses of other cell types is not
amenable by this method. In this study, we show the establishment
of conditional Bax and Bak doubly deficient mice, and investigate
the effect of Bax and Bak deficiency specifically in the B cell lineage
and compare this phenotype to that of Bim�/� mice. Deletion of
Bax and Bak in B cells results in accumulation of immature and
mature follicular B cells and in the abrogation of apoptosis. In
contrast, Bim deficiency causes accumulation of only mature
splenic B cells and partial resistance to apoptosis. In addition, Bax-
and Bak-deficient B cells are defective in cell cycling in response to
stimulation with BCR crosslinking and LPS. Furthermore, induced
Bax and Bak deficiency in adulthood results in the development of
severe autoimmune glomerular nephritis. These results demon-
strate that BAX and BAK are essential gateways for both apoptosis
and maintenance of B cell homeostasis.

Materials and Methods
Generation of Conditional Bax,Bak Double Knockout Mice. The tar-
geting vector was constructed by inserting exons 2–4 of the Bax gene
flanked by loxP sites, 6 kb of 5� sequence, 1 kb of 3� sequence, and
a neomycin resistance (neo) gene flanked by loxP sites into pBlue-
script. The vector was electroporated into RW4 ES cells, and clones
resistant to G418 were screened for homologous recombination by
PCR and Southern blotting. The ES cells were transiently trans-
fected with CMV–Cre to eliminate the neo gene. The successfully
recombined ES clones were injected into C57BL�6 blastocysts. The
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chimeric mice were bred for germ-line transmission to obtain
Baxfl/� mice. The mice were further crossed with Bax�/�, Bak�/�,
and CD19Cre or MxCre mice (Cre mice were kindly provided by K.
Rajewsky, Harvard Medical School) (30, 31). Control mice carried
at least one allele of either Bax or Bak.

Flow Cytometric Analysis. Single cell suspensions were incubated
with anti-CD16�32 to block nonspecific binding, and subsequently
stained with cocktails of various mAbs conjugated with FITC,
phycoerythrin (PE), allophycocyanin (APC), or biotin for 30 min
at 4°C. AA4.1-PE was purchased from eBioscience. The other
antibodies for FACS analysis were purchased from PharMingen
unless otherwise indicated. Streptavidin–APC was used to develop
biotinylated mAbs. Flow cytometry was performed by using FAC-
SCalibur (Becton Dickinson) and analyzed with FLOWJO software
(Treestar, Ashland, OR).

Immunohistochemistry. Frozen 6-�m sections were fixed in acetone
and stained with rat anti-MOMA-1 (Cedarlane Laboratories),
followed by alkaline phosphatase-conjugated streptavidin. The
sections were subsequently stained with biotinylated rat anti-CD19
(Pharmingen) followed with horseradish peroxidase-conjugated
goat anti-rat IgG.

Cell Death Assays. Sorted or bead-purified cells were cultured
in RPMI medium 1640 supplemented with 10% FCS with
cytotoxic stimuli including 100 nM dexamethasone (Sigma),
250-rad �-irradiation, 20 �g�ml VP-16 (Sigma), and indicated
concentrations of anti-IgM F(ab�)2 fragment (Jackson Immuno-
Research). The cells were stained with Annexin V-Cy3 (Bio-
Vision) and analyzed by flow cytometry.

Carboxyfluorescein Succinimidyl Ester (CFSE) Labeling. Purified
splenic B cells were incubated with 5 �M CFSE (Molecular Probes)
for 7 min in PBS, then further incubated for 3 min in the presence
of 10% FCS, followed by three washes with RPMI medium 1640
containing 10% FCS. The labeled cells were stimulated with 5
�g�ml anti-IgM F(ab�)2 fragment, 5 �g�ml LPS (O55:B5, Sigma)
or 50 �M CpG–DNA (synthesized by IDT) for 3 days. Fluorescence
intensity was evaluated by flow cytometry.

For further details, see Supporting Text and Fig. 6, which are
published as supporting information on the PNAS web site.

Results
Generation of Conditional Bax-Mutant Mice. A conditional Bax allele
was generated by targeting loxP sites upstream of exon 2 and
downstream of exon 4 to generate the Baxflox allele (Baxfl) (Fig. 6
A and B). Baxfl/� mice were bred to the previously described null
Bax mice (Bax�/�) to generate Baxfl/� mice (25). Baxfl/� mice were
crossed with mice expressing Cre recombinase under the control of
the CD19 promoter to restrict the deletion of the remaining Bax
allele in B lineage cells. The mice were further crossed with Bak�/�

mice to generate mice in which both BAX and BAK protein is
specifically deleted in B cells. To determine the efficiency of Bax
deletion in B cells, splenic B cells were purified from
CD19Cre�Baxfl/�Bak�/� mice and analyzed by Southern blotting.
Highly efficient deletion of Bax in B cells was observed (Fig. 6 C and
D). The expression of BAX in thymocytes was not altered in
CD19Cre�Baxfl/�Bak�/� mice, demonstrating the B cell specificity
of deletion.

Generation of Bim Null Mice. To generate mice completely null for
Bim, we adopted a targeting strategy different from that reported
by Bouillet et al. (22). Newly targeted mice in which the first 4 exons
of the Bim gene are deleted by homologous recombination of ES
cells were generated to ensure the lack of any aberrant BIM protein
(Fig. 7, which is published as supporting information on the PNAS
web site); this was especially important because the Bim-targeted

mice generated by Bouillet et al. were reported to still express an
aberrant BIM protein without a BH3 domain, raising the possibility
that this partial protein may have affected the phenotype of these
mice.

Increased Abundance of B Cells in CD19Cre�Baxfl��Bak��� Mice. First,
we examined the numbers and developmental subsets of B cells in
BM. As shown in Table 1, the total cellularity of CD19Cre�Baxfl/�-
Bak�/� BM cells was increased �2-fold compared to that of control
mice that carried one allele of either BAX or BAK. Flow cytometric
analysis revealed that the increase is due to an accumulation of
developing B cells. The number of CD43�IgM� Pro-B cells and
IgM� immature B cells was increased by 4-fold compared to those
of control mice (Fig. 1A and Table 1). In contrast, the number of
BM B cells from Bim�/� mice is equivalent to that from control cells
at all differentiation stages.

Immature B cells that have passed checkpoints in the BM
emigrate to the spleen where they undergo further transitional
stages to become mature follicular or marginal zone (MZ) B cells.
These transitional B cells express the surface marker AA4.1. The
proportion of B220� splenic cells that are AA4.1� transitional B
cells is comparable in control, CD19Cre�Baxf l/�Bak�/�, and
Bim�/� mice (Fig. 8A, which is published as supporting information
on the PNAS web site). However, the absolute number of AA4.1�

transitional B cells was increased by 4 times in CD19Cre�Baxfl/�-
Bak�/� mice compared to control mice (Table 1). The transitional
B cells can be further divided into three different stages based on
the expression of IgM and CD23 and designated transitional (T) 1
(IgMhighCD23�), T2 (IgMhighCD23�), and T3 (IgMlowCD23�)
(32). The numbers of transitional B cells at all three stages were
increased by 3–5 times in CD19Cre�Baxfl/�Bak�/� mice than con-
trol (Fig. 8B and Table 1). The number of transitional and follicular
B cells was also markedly increased in the spleens of Bim�/� mice.
Interestingly, although CD21intCD23high follicular B cells are strik-
ingly increased in CD19Cre�Baxfl/�Bak�/� mice, the relative pop-

Table 1. B cell subpopulations in CD19Cre�BaxFl��Bak��� mice
compared to control and Bim��� mice

Cell populations

Number of cells per mouse

Control
CD19Cre�-

BaxFl��Bak��� Bim���

BM
Bone marrow (�106) 30.5 � 5.7 47.5 � 7.4 28.2 � 5.2
B220� cells (�106) 7.84 � 2.38 21.1 � 5.09 8.67 � 2.57
Pro-B cells (�106) 1.57 � 0.51 4.77 � 0.52 1.25 � 0.46
Pre-B cells (�106) 3.29 � 1.35 3.88 � 1.46 2.99 � 2.25
Immature B cells (�106) 1.54 � 0.75 6.39 � 3.94 2.22 � 1.54
Mature B cells (�106) 1.22 � 0.61 5.10 � 1.43 1.62 � 0.53

Spleen
Total splenocytes (�107) 11.5 � 3.1 44.1 � 8.8 31.8 � 4.03
B220� cells (�107) 5.77 � 1.67 33.1 � 6.85 17.4 � 4.24
CD3� cells (�107) 3.73 � 0.73 5.25 � 1.74 10.7 � 4.56
B220�AA4.1� (�106) 7.39 � 2.57 33.9 � 10.4 22.4 � 9.53
T1 (�106) 1.31 � 0.45 4.09 � 2.05 2.85 � 1.67
T2 (�106) 2.39 � 1.71 8.48 � 4.29 7.97 � 2.98
T3 (�106) 1.92 � 0.71 8.60 � 2.47 5.03 � 1.81
Follicular (�107) 4.20 � 1.50 27.7 � 6.58 15.1 � 3.18
MZ (�106) 5.14 � 1.20 1.97 � 1.70 7.54 � 3.21

PC
B-1 (�105) 3.0 � 2.3 2.7 � 1.6 3.2 � 2.2
B-2 (�105) 2.2 � 1.1 24.8 � 17.1 5.8 � 0.6

Number of cells per mouse. Numbers represent the mean (��� SD) of 12
control, 12 CD19Cre�BaxFl��Bak���, and 9 Bim��� mice. Results were obtained
by flow cytometric analysis of BM cells obtained from two femurs based on
B220, CD43, and IgM expression, splenocytes based on the expression of B220,
AA4.1, IgM, CD21, and CD23, and peritoneal cells (PC) based on the expression
of CD5 and B220.

Takeuchi et al. PNAS � August 9, 2005 � vol. 102 � no. 32 � 11273

BI
O

CH
EM

IS
TR

Y



ulation of CD21highCD23low MZ B cells was remarkably lower than
control mice (Fig. 1B). We confirmed this result by immunohisto-
logical analysis of spleen sections with the B cell marker CD19 and
the metallophilic macrophage marker MOMA-1. Few B cells
existed in the MZ area of spleen sections of CD19Cre�Baxfl/�-
Bak�/� mice, in contrast to control mice (Fig. 1C). Although the
absolute number of MZ B cells in Bim�/� mice was approximately
equal to control, the proportion of MZ relative to transitional and
follicular B cells is reduced. Furthermore, B-2 cells, but not B-1 cells
obtained from the peritoneal cavity, were increased in
CD19Cre�Baxfl/�Bak�/� mice and to a lesser extent in Bim�/� mice
(Fig. 8B and Table 1). These results demonstrate that BAX and
BAK deficiency causes accumulation of transitional and follicular,
but not MZ, B cells.

To study the functional capacity of aberrantly increased B cells
from CD19Cre�Baxfl/�Bak�/� mice, we measured the serum Ig
concentrations in nonimmunized mice by ELISA. All isotypes
tested were 5–10 times higher in CD19Cre�Baxfl/�Bak�/� mice
compared to control mice (Fig. 1D). The Ig concentrations of
Bim�/� mice were also increased, in agreement with previous
reports (data not shown) (22). These results indicate that, in the

absence of BAX and BAK, the elevated number of B cells corre-
lates with abnormal production of Ig.

BAX and BAK Are Essential Mediators of B Cell Apoptosis. In BM, B
cell genesis is regulated by a delicate balance between proliferation
and death. Developing B cells cultured in the absence of cytokines
and B cells expressing BCR that can react with autoantigens are
eliminated by apoptosis. Because CD19Cre�Baxf/�Bak�/� mice
showed increased abundance of BM B cells, we examined whether
loss of Bax and Bak or Bim affect the survival of developing BM B
cells cultured in vitro. B220�IgM� and B220�IgM� immature B
cells were purified by flow cytometry, and cultured in the absence
of cytokines for 2 and 4 days. Whereas control B cells died in the
course of culture so that there were almost no viable cells after 4
days, CD19Cre�Baxfl/�Bak�/� cells were highly resistant to cell
death (Fig. 2A). Although the number of B cells in the bone marrow
was not increased in Bim�/� mice, the survival of Bim�/� IgM� and
IgM� B cells in the absence of cytokines was intermediate between
that of control and CD19Cre�Baxfl/�Bak�/� cells (Fig. 2A).

Next, we examined whether BAX and BAK is involved in the
negative selection of B cells. Immature B cells are known to

Fig. 1. Increased number of B cells and augmented Ig production in CD19Cre�Baxfl/�Bak�/� and Bim�/� mice. (A) Development of B cells in BM. Surface B220, CD43,
and IgM expression on BM cells obtained from Bax�/�Bak�/�, CD19Cre�Baxfl/�Bak�/�, and Bim�/� mice. (B) Analysis of B cell markers on B cells from spleen. Surface IgM
and IgD expression, and CD21 and CD23 expression on B220-gated splenic B cells, is shown. (C) Immunohistochemical staining of spleen sections for MOMA-1� (red)
sinusoidal macrophages and CD19� (blue) B cells. The arrow indicates MZ B cells surrounding the sinus. (D) Serum Ig levels in CD19Cre�Baxfl/�Bak�/� mice. Serum was
collected from 8-week-old control and CD19Cre�Baxfl/�Bak�/� mice, and Ig levels were determined by ELISA. Mean values are indicated by a bar.

Fig. 2. Defective cell death CD19Cre�Baxfl/�Bak�/� and
Bim�/� B cells. (A) Cell death by neglect in BM B cells. Sorted
B220�IgM� and B220�IgM� BM B cells were cultured with-
out cytokine stimulation. Cell survival after days 2 and 4
was quantified by annexin V staining and flow cytometric
analysis. (B) BCR ligation-induced cell death. Immature BM
B cells sorted as B220�IgM� and immature splenic B cells
sorted as B220�IgMhighIgD� were stimulated with increas-
ing amounts of anti-IgM F(ab�)2 antibody for 18 h. The
number of viable cells was determined by flow cytometry.
Cell survival of anti-IgM F(ab�)2 antibody-stimulated B cells
was calculated as a percentage of the number of B cells
surviving in unstimulated cultures. (C) Purified splenic B
cells were cultured in medium without cytokines, with 10
nM dexamethasone after 250 rad �-irradiation, or with 20
�g�ml VP-16 for the indicated time period. Cell viability
was determined.
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undergo apoptosis after BCR crosslinking, and this system has been
used as an in vitro model for negative selection. Immature BM
(B220�IgM�) B cells and immature splenic (IgMhighIgDlow) B cells
were sorted from control and mutant mice and stimulated with
increasing concentrations of anti-IgM F(ab�)2 fragment. Control B
cells died after 18 h of culture in response to BCR ligation in a
dose-dependent manner (Fig. 2B). In contrast, B cells from
CD19Cre�Baxfl/�Bak�/� mice were viable after stimulation with up
to 50 �g�ml anti-IgM F(ab�)2 fragment. Immature B cells from
Bim�/� mice were also highly resistant to induction of cell death in
response to BCR crosslinking, consistent with previous reports.

We next examined the role of BAX, BAK, and BIM in the cell
death pathway of various apoptosis stimuli in mature splenic B cells.
Purified B cells from spleens were cultured either without cyto-
kines, in the presence of dexamethasone or VP-16, or after �-irra-
diation. Bax- and Bak-deficient splenic B cells were dramatically
resistant to all of these death stimuli, consistent with enhanced
accumulation of B cells in these mice (Fig. 2C). Bim�/� mature
splenic B cells showed only partial viability relative to control and
CD19Cre�Baxfl/�Bak�/� cells. Bim deficiency afforded enhanced
survival for only the short term when cells were cultured in the
absence of cytokines or in the presence of dexamethasone; it was
not sufficient to block death after 7–9 days of culture without
cytokines or 2 days after dexamethasone. Furthermore, Bim�/�

cells were as sensitive to VP16 and �-irradiation as control cells.
CD19Cre�Baxfl/�Bak�/� cells were significantly more resistant to
all of the death stimuli. These results indicate that Bim ablation does
not recapitulate the phenotype of BAX�BAK doubly deficient cells,
suggesting the existence of alternative apoptotic signaling pathway
via BAX�BAK distinct from BIM.

Impaired Cell Cycle Progression in CD19Cre�Baxfl/�Bak�/� but Not in
Bim�/� Splenic Cells After Stimulation with Mitogens. The impor-
tance of BCL-2 in controlling cell cycle entry in T cells was
established from studies using Bcl-2 transgenic mice (18, 33).
Mature B cells are activated and proliferate upon encountering
cognate antigens as well as pathogen-specific components, such as
LPS and bacterial DNA with a CpG motif (34). To investigate the
impact of Bax and Bak deficiency in cell cycle in B cells, we
stimulated carboxyfluorescein succinimidyl ester-labeled splenic B
cells with various B cell mitogens, such as anti-IgM Ab and Toll-like
receptor (TLR) ligands. More than 90% of control cells underwent
cell divisions in 3 days of culture in the presence of 5 �g�ml LPS or
50 nM CpG–DNA. Bim�/� cells divided similarly to control cells
upon mitogen stimulation. In contrast, cells from CD19Cre�

Baxfl/�Bak�/� mice showed impaired proliferation in response to
LPS and anti-IgM stimulation, but surprisingly not to CpG–DNA
(Fig. 3A).

DNA synthesis after mitogen stimulation was also analyzed by

pulsing the cells with BrdUrd and intracellular staining with
anti-BrdUrd Ab. Cells from CD19Cre�Baxfl/�Bak�/� mice showed
defective incorporation of BrdUrd in response to LPS and anti-IgM
Ab, but not to CpG–DNA (Fig. 3B). In contrast, BrdUrd incor-
poration upon mitogen stimulation was not impaired in B cells from
control mice deficient in either BAX or BAK alone (data not

Fig. 3. Impaired B cell proliferation in Bax- and Bak-deficient B cells. (A) Impaired cell division in response to anti-IgM and LPS in B cells from CD19Cre�

Baxfl/�Bak�/� mice. Carboxyfluorescein succinimidyl ester-labeled splenic B cells were stimulated with the indicated concentrations of anti-IgM, LPS, and
CpG–DNA. Fluorescence was measured 3 days after stimulation. (B) Impaired DNA synthesis in response to anti-IgM and LPS in CD19Cre�Baxfl/�Bak�/� B cells.
Splenic B cells were cultured in the presence or absence of anti-IgM, LPS, CpG–DNA, and anti-RP105 Ab for 24 h and pulsed with BrdUrd for 16 h. The cells were
stained with anti-BrdUrd antibody and 7-AAD and analyzed by flow cytometry. Percentage of cells in S phase (box) are indicated.

Fig. 4. Analysis of signaling pathway activated by LPS and CpG–DNA. (A)
Comparable degradation of I�B� in control and CD19Cre�Baxfl/�Bak�/� B cells.
Splenic B cells were stimulated with LPS and CpG–DNA for the indicated times,
and protein cell lysates were prepared and immunoblotting was performed by
using anti-I�B� antibody. (B) Comparable activation of NF-�B in control and
CD19Cre�Baxfl/�Bak�/� B cells. Splenic B cells were stimulated with LPS and
CpG–DNA for the indicated time. Nuclear extracts were prepared and elec-
trophoretic mobility-shift assays were performed by using an NF-�B probe. (C)
Expression of c-Myc and degradation of p27 in CD19Cre�Baxfl/�Bak�/� B cells.
Protein lysates from splenic B cells stimulated with LPS and CpG–DNA for the
indicated times were analyzed for the level of c-Myc and p27. Actin serves as
a control for protein loading.
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shown). These results indicate that BAX and BAK deficiency, but
not BIM deficiency, strongly effects cell cycle regulation by inhib-
iting S phase entry.

To further dissect the defect in cell cycle progression, we mea-
sured the expression of the cyclin-dependent kinase (cdk) inhibitor
p27 protein with time after stimulation with either CpG–DNA or
LPS. p27 protein was down-regulated 12 h after CpG–DNA
stimulation in control and CD19Cre�Baxfl/�Bak�/� B cells (Fig.
4C). In response to LPS, however, p27 expression was reduced in
control but not CD19Cre�Baxfl/�Bak�/� B cells. The normal re-
sponse of CD19Cre�Baxfl/�Bak�/� B cells to CpG–DNA indicates
that BAX and BAK do not control p27 expression directly, sug-
gesting an upstream signaling defect in response to LPS.

Differential Activation of Signaling Pathways in Bax and Bak-Deficient
B Cells in Response to LPS and CpG–DNA. The differential response
of Bax- and Bak-deficient B cells in response to TLR agonists
prompted us to explore the signaling pathways triggered by them.
LPS and CpG–DNA are recognized by TLR4 and TLR9, respec-
tively (34). Signaling pathways emanating from both TLR4 and
TLR9 are thought to share most signaling molecules resulting in the
activation of the transcription factor NF-�B and mitogen-activated
protein kinases (34). However, the response of B cells to LPS has
been shown to require another member of the TLR family, RP105
(CD180), in addition to TLR4 (35). To analyze the mechanism for
the differential cell cycling response observed in CD19Cre�-
Baxfl/�Bak�/� B cells, the signaling pathways that participate in LPS
and CpG–DNA were examined. Several parameters indicated that
the canonical signaling pathway leading to NF�B-induced gene
expression is not affected by Bax and Bak-deficiency. These include
comparable activation of I�B degradation (Fig. 4A), NF�B DNA-
binding (Fig. 4B), and normal c-myc induction (Fig. 4C).

Because LPS utilizes RP105 as a receptor in addition to TLR4,
we tested whether B cell proliferation induced by an anti-RP105
stimulating Ab was affected. The cell cycle progression in response
to anti-RP105 Ab was also impaired (Fig. 3B), suggesting that the
impaired RP105 signaling is partly involved in the impaired respon-
siveness against LPS in Bax and Bak deficiency.

Deficiency in Bax and Bak Leads to the Development of Autoimmune
Disease. Because most Bax�/�Bak�/� mice are embryonic lethal as
a result of developmental defects, and those that survive have
limited lifespan, the effects of BAX and BAK deficiency in mature
animals has not been characterized. In addition, enhanced resis-
tance of BAX�BAK doubly-deficient B cells to apoptotic stimuli
warranted examination of pathologic consequences in mature an-
imals. To achieve inducible deletion of Bax and Bak in adulthood,
we crossed Baxfl/� mice with Mx-Cre mice that express CRE
protein in response to type I IFN (31). Injection of poly(I:C), an
IFN-inducer, induced accumulation of WBC in MxCre�Baxfl/�-
Bak�/� mice in a time-dependent fashion (Fig. 5A). The WBC
increased in these mice were mainly lymphocytes (data not shown).
Almost no BAX protein was detected in thymocytes and spleno-
cytes 4 weeks after poly(I:C) injection in MxCre�Baxfl/�Bak�/�

mice. In these mice, thymic T cell development was perturbed as
reported for Bax�/�Bak�/�-deficient T cells in chimeric mice (data
not shown) (29). Six weeks after poly(I:C) injection, MxCre�-
Baxfl/�Bak�/� mice showed accumulation of B cells in the spleen
and BM to a similar extent as observed in CD19Cre�Baxfl/�Bak�/�

mice (data not shown). By 35 weeks after induction of Bax deletion,
78% of MxCre�Baxfl/�Bak�/� mice died, compared to 5% of
control (Fig. 5B). All MxCre�Baxfl/�Bak�/� mice showed elevated
serum antinuclear antibodies (ANA) and anti-dsDNA Ab after 30
weeks of Bax deletion (Fig. 5C). Histological analysis of sick mice
showed that the MxCre�Baxfl/�Bak�/� mice had severe glomelu-
ronephritis and arthritis (Fig. 5D). These results indicate that BAX
and BAK play a critical role in preventing the development of
autoimmune disease.

Discussion
In this study, we used a conditional BAX�BAK-deficient mouse
model as a valuable tool to demonstrate that the proapoptotic
BCL-2 family members BAX and BAK are essential for controlling
the numbers of both BM and splenic B cells. B cells prepared from
B cell-specific Bax- and Bak-deficient mice are highly resistant to
multiple cell death stimuli, including cytokine withdrawal, BCR
crosslinking, steroid treatment, and DNA damage. This finding is
consistent with previous observations showing extensive resistance

Fig. 5. Induced deletion of the Bax and Bak genes resulted
in the development of autoimmune disease. (A) Inducible
accumulation of peripheral white blood cells in MxCre�Baxfl/

�Bak�/� mice after poly(I:C) injection. Four-week-old control
and MxCre�Baxfl/�Bak�/� mice were injected i.p. three times
with 400 �g of poly(I:C) every other day. Blood was collected,
and the number of WBC was counted weekly. (B) Mortality in
MxCre�Baxfl/�Bak�/� mice (n � 19) and control littermates
(n � 20) in mixed genotypes after poly IC injection. (C) Pro-
duction of autoantibodies. Sera were collected from control
and MxCre�Baxfl/�Bak�/� mice at the age of 30 weeks. The
levels of anti-nuclear Abs (ANA) and anti-dsDNA Abs were
determined by ELISA. (D) Histological analysis of renal cortex
of control and MxCre�Baxfl/�Bak�/� mice. Kidneys from
MxCre�Baxfl/�Bak�/� and MxCre�Baxfl/�Bak�/� mice were sec-
tioned and stained with hematoxylin and eosin.
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of Bax�/�Bak�/� mouse embryonic fibroblasts to intrinsic apoptotic
stimuli. Although a previous report showed that Bim�/� B cells have
partial resistance to BCR crosslinking, B cells from CD19Cre�-
Baxfl/�Bak�/� mice showed almost complete survival, clarifying
that BCR-induced cell death is mediated fully by the intrinsic cell
death pathway. Our results clearly show that BAX and BAK is the
exclusive gateway for intrinsic cell death in B cells. Here we show
that Bax and Bak deficiency resulted in a dramatic increase in the
number of B cells at all stages of development in the BM and spleen.
This phenotype is consistent with previous studies showing in-
creased abundance of lymphocytes and the resistance of cells to
apoptotic stimuli in the few mice that survive Bax and Bak
deficiency to adulthood (26).

The increase of splenic B cell was reflected in transitional and
mature follicular B cells. Interestingly, however, the number of MZ
B cells and B-1 cells was not increased. Both follicular and MZ B
cells are differentiated from immature B cells supplied from BM;
however, the precise mechanism of their differentiation from
transitional B cell populations is still controversial (36). Our study
implies that apoptosis may play an important role in controlling the
abundance of follicular, but not MZ, B cells. It is suggested that
follicular B cells turnover more rapidly than MZ B cells (37).
Homeostatic proliferation is implicated in the maintenance of MZ
B cell pool. Therefore, the regulation of cell cycle progression by
BAX and BAK may affect the generation of MZ B cells. The role
of BAX and BAK in controlling any of these processes may be
differentially involved at particular stages of B cell development.
Stage-specific deletion studies will clarify the mechanism how these
different B cell subsets are maintained.

The newly generated Bim-deficient mice without any detectable
BIM protein expression displayed a similar phenotype to the mice
reported previously (20, 22). A direct comparison of the phenotype
of Bim�/� B cells to that of CD19Cre�Baxfl/�Bak�/� cells reveals
that Bim�/� B cells show only a partial resistance to apoptotic
stimuli, indicating that BIM is not a sole player in the regulation of
lymphocyte number. Comparison of Bax- and Bak-deficient cells
and cells deficient in combinations of multideficient BH3-only mice
will be highly informative in evaluating the precise role of upstream
apoptosis regulators in different tissues.

The defect in cell cycle progression of Bax and Bak deficient B
cells in response to LPS and anti-IgM stimulation (Fig. 3) is
consistent with that observed in Bcl-2 transgenic mice (18). Previ-

ous reports showed that Bcl-2 overexpressing cells had elevated
expression of the cdk inhibitors, p27 and p107, which would account
for the inhibition of cell cycle progression (38). However, our
observation that p27 is down-regulated normally after CpG–DNA
stimulation indicates that BAX or BAK are not direct regulators of
cdk inhibitors, but rather that regulation of p27 is a consequence of
impaired upstream signaling pathway(s) in the response to LPS.

Bax- and Bak-deficient B cells displayed normal response to a
TLR9 ligand, CpG–DNA, despite the severe defect in cell cycle
progression to LPS, a TLR4 ligand. This finding is surprising given
the overlapping signaling pathways of these two receptors. The
analysis of LPS signaling pathway revealed that the NF-�B signaling
pathway is intact in B cells from CD19Cre�Baxfl/�Bak�/� mice. The
defective response to RP105 stimulation, a coreceptor required in
response to LPS, may contribute to the abnormal LPS response.
These pathways should be further dissected in future studies.

Interestingly, the inducible deletion of Bax and Bak in adulthood
in MxCre�Baxfl/�Bak�/� mice resulted in the development of a
severe autoimmune disease. Because ANA and anti-dsDNA Ab are
produced in the serum of these mice, Bax and Bak deficiency is
responsible not only for the increased production of natural Ig
leading to the accumulation of immune complexes, but also the
production of autoantibodies. In contrast, neither mortality nor
accumulation of autoantibodies was observed in CD19Cre�

Baxfl/�Bak�/� mice by 35 weeks of age, suggesting that deficiency
of Bax and Bak in cells other than B cells is also required to cause
a complex immune disease. This cumulative mortality owing to the
development of autoimmune disease is also observed in Bim�/�

mice and in mice overexpressing Bcl-2 in B cells (13, 14, 22). The
overlapping phenotype of these mutant mice fits with the current
model of the function of BCL-2 family members in vivo in immune
cells, where BH3-only proteins act as upstream sentinels competing
for downstream pro- and antiapoptotic BCL-2 members in response
to apoptotic or survival signals, suggesting that stapled BH3 pep-
tides may be a promising therapeutic for autoimmune diseases
(11, 39).
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