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Deficiency of Bim in dendritic cells contributes to overactivation
of lymphocytes and autoimmunity
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Apoptosis in dendritic cells (DCs) can
potentially regulate DC homeostasis and
immune responses. We have previously
observed that inhibition of the Fas signal-
ing pathway in DCs results in spontane-
ous T-cell activation and the development
of systemic autoimmunity in transgenic
mice. However, the role for different apo-
ptosis pathways in DCs in regulating DC
homeostasis and immune tolerance re-
mains to be determined. Bim, a BH3-only

protein of the Bcl-2 family, was expressed
at low levels in DCs and was significantly
up-regulated by signaling from CD40 or
toll-like receptors (TLRs). Because Bim�/�

mice develop spontaneous systemic auto-
immunity, we investigated whether Bim�/�

DCs contributed to lymphoproliferation
and autoimmunity in these mice. Bim�/�

DCs showed decreased spontaneous cell
death, and induced more robust T-cell
activation in vitro and in vivo. Moreover,

Bim�/� DCs induced autoantibody produc-
tion after adoptive transfer. Our data sug-
gest that Bim is important for regulating
spontaneous cell death in DCs, and Bim-
deficient DCs may contribute to the devel-
opment of autoimmune diseases in Bim�/�

mice. (Blood. 2007;109:4360-4367)

© 2007 by The American Society of Hematology

Introduction

Dendritic cells (DCs) represent the most efficient antigen-
presenting cells in capturing, processing, and presenting antigens
for lymphocyte activation.1-5 Several studies have shown that DCs
undergo rapid turnover in vivo.6-9 DCs may also undergo acceler-
ated clearance from the lymphoid organs after interacting with
antigen-specific T cells.6 It is possible that the life span of DCs can
influence their duration for stimulating lymphocytes, thereby
affecting the outcome of lymphocyte activation and immune
responses. In support of this possibility, ablation of DCs with
diphtheria toxin in transgenic mice has been shown to impair the
priming of antigen-specific cytotoxic T cells,10 while inhibition of
apoptosis in DCs enhances the antigen-specific immune responses.8

Apoptosis plays essential roles in multiple cellular processes,
including development, tissue homeostasis, immune tolerance, and
immune surveillance.11-13 The critical role for apoptosis in maintain-
ing peripheral tolerance is demonstrated by systemic autoimmune
diseases that result from mutations in the proapoptotic Fas receptor
or Fas ligand genes, in both humans and mice.12-14 DCs may
contribute to the maintenance of immune tolerance.5,15,16 We have
observed that targeted inhibition of apoptosis in DCs with p35, a
caspase inhibitor that preferentially targets caspase-8 in the Fas-
signaling pathway,17 can induce spontaneous T-cell activation and
the development of systemic autoimmunity in transgenic mice.18

However, whether other apoptosis pathways in DCs help to
regulate self-tolerance remains to be tested.

The Bcl-2 family proteins are critical regulators of mitochon-
drial apoptosis pathway.19,20 They share one or more Bcl-2
homology (BH) domains and can be divided into 3 subfamilies,19,20

including the antiapoptotic subfamily proteins, such as Bcl-2,
Bcl-xL, and Mcl-1; the proapoptotic Bax- and Bak-like proteins;
and the proapoptotic BH3-only subfamily, such as Bim and Bid. In

particular, BH3-only proteins emerge as the upstream sensors for
different apoptosis signaling in specific cell types.21 BH3-only
proteins either inhibit the antiapoptotic molecules as “derepres-
sors” or directly activate proapoptotic Bax or Bak to induce
apoptosis.21,22 Bcl-2 family proteins may also play important roles
in the regulation of apoptosis in DCs.8,9 It has been shown that
overexpression of Bcl-2 in DCs can prolong DC survival and
enhance the immunogenicity of DCs in transgenic mice.8 This
suggests that the mitochondrion-dependent apoptosis regulated by
Bcl-2 family proteins may play an important role in regulating DC
survival and functions.

Bim is a proapoptotic BH3-only protein in the Bcl-2 family that
has been shown to play a critical role in regulating homeostasis of
lymphocytes.21,23 Although Bim can be rapidly induced in DCs by
different stimuli,9 whether apoptosis and homeostasis of DCs can
be regulated by Bim has not been determined. Deficiency in Bim
causes significant expansion of lymphocytes and autoimmunity in
mice.23 In Bim�/� mice, defective negative selection for autoreac-
tive T cells and B cells has been detected that likely contributes to
the development of autoimmune diseases in these mice.24,25

However, whether DCs contribute to the onset of autoimmunity in
Bim�/� mice has not been defined.

In the current study, we have investigated the role of Bim in
regulating DC apoptosis and function. DCs deficient in Bim
underwent less spontaneous apoptosis and were more efficient in
inducing T-cell activation both in vitro and in vivo. Moreover,
Bim�/� DCs displayed a propensity for inducing autoantibody
production, suggesting that Bim-deficient DCs contribute to the
overactivation of lymphocytes and the development of
autoimmunity.
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Materials and methods

Mice

Wild-type, lpr, OT1- and OT2-transgenic, and Bim�/� mice on the
C57BL/6 background were obtained from the Jackson Laboratory (Bar
Harbor, ME).

Purification of DC subsets and T cells

Bone marrow–derived DCs (BMDCs) were generated by culturing bone
marrow monocytes for 7 days with 10 ng/mL GM-CSF and 10 ng/mL IL-4
(Biosources, Camarillo, CA). CD11c� DCs were then purified using CD11c
magnetic-activated cell sorting (MACS) beads (Miltenyi Biotec, Auburn,
CA). Typically, between 93% and 96% of the purified cells are CD11c�

(data not shown). In some experiments, DCs were incubated with 100 ng/mL
LPS and 100 nM CpG during the last 16 to 24 hours of culture. To purify
splenic DCs, mouse spleens were treated with liberase (0.4 mg/spleen;
Roche, Indianapolis, IN) at room temperature for 20 minutes. Single cell
suspension was prepared and the red blood cells were lysed with the ACK
lysis buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM EDTA, pH 7.2). The
cells were blocked with 1 �g/mL CD16/CD32 and 10 �g/mL rat IgG, and
then incubated with 1 �g/mL biotinylated antibodies to CD3, Thy1.2,
CD19, IgM, DX5, and TER119 (BD Biosciences, San Jose, CA), followed
by incubation with streptavidin-conjugated Biomag beads (Qiagen, Valen-
cia, CA). After removal of the cells bound to the Biomag beads with a Cell
Separation Magnet (BD Biosciences), live cells were purified by Ficoll-
gradient separation and incubated with anti–PDCA-1 MACS beads (Mil-
tenyi Biotec). The cells bound to anti–PDCA-1 beads were purified with a
MACS column and were typically more than 95% positive for CD11c and
PDCA-1 staining. The unbound cells were incubated with anti-CD11c
MACS beads (Miltenyi Biotec) to enrich myeloid DCs (mDCs). Typically,
approximately 95% of cells were CD11c� and more than 90% were
CD11c�CD11b� mDCs. DCs were either used for lysis and Western blot or
cultured in RPMI complete medium containing 10 �g/mL anti-CD40 (BD
Biosciences) plus 1 �g/mL protein A (Sigma, St Louis, MO), 5 �g/mL LPS
(Sigma), 50 �g/mL lipoteichoic acid (LTA; Sigma), 0.5 �M phosphorothio-
ate-stabilized CpG oligonucleotide (TCCATGACGTTCCTGATGCT), or
100 ng/mL polyinosinic-polycytidylic acid (poly I:C; Sigma). To purify T
cells, splenocytes were incubated with biotinylated anti-Thy1.2 (BD
Biosciences), and Thy1.2� cells were purified with streptavidin-conjugated
MACS beads (Miltenyi Biotec). Activated T cells were generated by
stimulating splenocytes with 5 �g/mL concanavalin A (ConA; Amersham,
Arlington Heights, IL) for 2 days, followed by culturing in 100 U/mL IL-2
for 2 days.

Flow cytometry

Single cell suspensions from mouse spleens were first blocked with
1 �g/mL anti-CD16/CD32, 10 �g/mL rat IgG, and 10 �g/mL hamster IgG.
The cells were then stained with various antibodies conjugated to FITC, PE,
or PE-Cy5 and analyzed on an EPICX flow cytometer (Beckman Coulter,
Hialeah, FL). The data were analyzed by using the FlowJo software
(TreeStar, Ashland, OR). The conjugated antibodies to CD11c, CD11b,
CD40, B7.1, B7.2, I-Ab, ICAM-1, CD4, and CD8 were obtained from BD
Biosciences. PE-conjugated anti–PDCA-1 was from Miltenyi Biotec. To
quantitate T regulatory (Treg) cells, cells from mouse spleens or lymph
nodes were stained with cychrome anti-CD4 (BD Biosciences). The cells
were then fixed and permeabilized for intracellular staining with PE-
conjugated anti-FoxP3 according to the manufacturer’s protocol (eBio-
science, San Diego, CA).

Antibodies and Western blot

Cells were lysed in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, and 1x protease inhibitor cocktail from
Roche) on ice for 30 minutes. Cell lysates were quantitated by the Bio-Rad
Protein Assay (Hercules, CA) and used for Western blot by probing with

various antibodies, followed by horseradish peroxidase–conjugated second-
ary antibodies (Southern Biotechnology, Birmingham, AL). The blots were
then developed using Supersignal Dura substrate (Pierce, Rockford, IL).
Antibodies for Western blot analyses were as follows: monoclonal mouse
anti–Bcl-xL (BD Biosciences); anti–�-tubulin (Santa Cruz Biotechnology,
Santa Cruz, CA); polyclonal goat antiactin (Santa Cruz Biotechnology);
polyclonal rabbit antibodies to Bim, Bik/Blk, Bmf, Bid (Biovision, Palo
Alto, CA), Bad (BD Biosciences), phospho–Ser112-Bad, phospho–Ser136-
Bad, and phospho–Ser155-Bad (Cell Signaling, Beverly, MA); Bcl-2
(Upstate Biotechnologies); and Mcl-1 (Santa Cruz Biotechnology).

Apoptosis assays for DCs

DCs (0.5 � 105/well) were incubated with different treatments in 96-well
flat-bottom tissue culture plates for 0 hour (as control) or indicated time.
The cells were then harvested and stained with propidium iodide and
FITC–annexin V (Sigma) plus propidium iodide to quantitate live cells by
flow cytometry. Percentages of apoptosis were calculated as described.26

T-cell proliferation in vitro

DCs derived from bone marrow of wild-type or Bim�/� mice were either
untreated or pulsed with 20 �g/mL OVA323-339 or OVASIINFEKL peptide at
37°C for 2 hours. OT1 or OT2 T cells (105/well) were incubated with
indicated numbers of DCs in 96-well plates for 3 days. The plates were
pulsed with 1 �Ci (0.037 MBq)/well [3H]-thymidine during the last 8 hours
of culture. The cells were harvested and incorporated [3H]-thymidine was
quantitated in a scintillation counter.

T-cell proliferation in vivo

CD8� T cells from OT1 mice were purified, labeled with 5 �M carboxyfluo-
rescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene,
OR), and injected into C57BL/6 mice retro-orbitally as described.18 DCs
(with or without 16 hours of LPS activation) were pulsed with OVASIINFEKL

peptide and injected at the footpad 24 hours later. Three days later, draining
popliteal lymph node cells were harvested and stained with cychrome
anti-CD8 (BD Biosciences) and PE-H-2Kb/SIINFEKL tetramer (Protein
Core Laboratory, Baylor College of Medicine, Houston, TX) and analyzed
by flow cytometry. CFSE� T cells were gated to analyze CFSE dilution due
to cell division. CD8� OT1 T cells positive for the staining with
H-2Kb-SIINFEKL tetramer were also analyzed. To analyze stimulation of
CD4� T cells, CD4� T cells from OT2 mice were purified, labeled with
CFSE, and injected into C57BL/6 mice retro-orbitally as described.18 DCs
(with or without 16 hours of LPS activation) were pulsed with OVA323-339

peptide (106/mouse) and injected intradermally at footpad 24 hours later.
Three days later, popliteal lymph nodes were collected and CD4�CFSE� T
cells were analyzed by flow cytometry.

CFSE-labeled DCs in the draining lymph nodes

BMDCs from wild-type or Bim�/� mice were labeled with 5 �M CFSE
(Molecular Probes) at room temperature for 10 minutes. After washing
with PBS 3 times, the labeled DCs were injected into the footpad of
C57BL/6 mice (1 � 106/mouse). The draining (popliteal) lymph nodes
were harvested at days 1, 2, and 5 after injection and treated with
0.4 mg/mL liberase at room temperature for 10 minutes (Roche). Total
numbers of lymph node cells were counted, and the cells were then
stained with PE-conjugated anti-CD11c (BD Biosciences) and the
percentage of CD11c�CFSE� DCs was analyzed by flow cytometry. The
total number of CD11c�CFSE� DCs in the draining lymph node of each
mouse was calculated. In parallel experiments, recipient mice were
injected with OT1 T cells retro-orbitally (2 � 106/mouse). One day
later, WT or Bim�/� DCs were pulsed with OVASIINFEKL peptide,
followed by labeling with CFSE and injection into the footpad of
recipient mice (1 � 106/mouse). Alternatively, recipient mice were
injected with OT2 T cells retro-orbitally (2 � 106/mouse). One day
later, WT or Bim�/� DCs were pulsed with OVA323-339 peptide and
labeled with CFSE, followed by injection into the footpad of recipient
mice (1 � 106/mouse). CFSE�CD11c� DCs in the draining lymph
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node were quantitated at days 1, 2, and 5 after injection of DCs as
described in this paragraph.

Adoptive transfer of DCs and ELISA

DCs (5 � 106/mouse) were injected into 8-week-old C57BL/6 mice (7-8
mice/group) intraperitoneally essentially as described.27 The mice were
then injected with LPS (30 �g/mouse) intraperitoneally one day later. Sera
were collected from the recipient mice at 1 and 2 weeks after DC transfer.
Antinuclear antibody (ANA) was detected by enzyme-linked immunosor-
bent assay (ELISA) as described.18 To detect anti-ssDNA and anti-dsDNA,
96-well polyvinyl plates (Becton Dickinson, Lincoln Park, NJ) were coated
with 10 �g/mL ssDNA or dsDNA (Sigma) in 0.1 M sodium carbonate
buffer, pH 8.8, at 4°C overnight. After blocking with PBS containing 10%
FCS and 0.05% Tween at 37°C for 2 hours, serially diluted sera were added
and incubated at 37°C for 2 hours, followed by incubation with 1:1000 HRP
anti–mouse IgG plus HRP anti–mouse IgM (Southern Biotechnology) at
37°C for 1 hour. The plates were developed and measured as described.18

For cytokine ELISA, IL-12p70 in the culture supernatants was measured
using OptiEIA cytokine ELISA sets according to the manufacturer’s
instructions (BD Biosciences).

Intracellular IL-12 staining

CD11c� bone marrow–derived DCs (106/mL) were cultured in the absence
or presence of TLR stimuli for 24 hours. Brefeldin A (1 �g/mL) and
monensin (2 �M) were added during the last 6 hours to inhibit IL-12
secretion. Cells were stained with FITC anti-CD11c, followed by fixation
and permeabilization with Cytofix/Cytoperm solution (BD Biosciences)
and staining with PE-conjugated anti–IL-12p40/p70 (BD Biosciences) or
PE-conjugated rat IgG1 as isotype control. The cells were than analyzed by
flow cytometry.

Semiquantitative RT-PCR

Total RNA was extracted from DCs using Trizol following the
manufacturer’s instructions (Invitrogen, Frederick, MD). cDNA was
synthesized using SuperScript First-Strand synthesis System for reverse-
transcription–polymerase chain reaction (RT-PCR; Invitrogen). Bim and
actin were then amplified by PCR as described28 using the following
primers in the following sequence: Bim forward, 5�-CTGAGTGTGACA-
GAGAAGGTGG-3� and reverse, 5�-GTGGTCTTCAGCCTCGCGGT-
3�; actin forward, 5�-ATCCGTAAAGACCTCTATGC-3� and reverse,
5�-AACGCAGCTCAGTAACAGTC-3�.

Results

Expression of BH3-only proteins in DCs

To determine the role of BH3-only proteins in regulating DC
survival, we first examined the expression of various BH3-only
proteins in bone marrow–derived DCs (BMDCs). We have previ-
ously observed that DCs expressed limited amounts of certain
BH3-only members compared with T cells.18 Consistent with the
previous finding, we found that BMDCs expressed lower levels of
Bim than T cells (Figure 1A). Stimulation with LPS and CpG
induced significant up-regulation of Bim in BMDCs (Figure 1A).
Semiquantitative RT-PCR analysis indicated that Bim mRNA was
up-regulated in DCs after stimulation of CD40 or TLRs (Figure
1B), suggesting that the up-regulation of Bim involves increased
transcription. In comparison, the level of Bid was comparable
between BMDCs and T cells and not induced by stimulation with
LPS and CpG (Figure 1A). BMDCs expressed higher levels of Bik
and lower levels of Bmf than T cells, however, neither Bik nor Bmf
was induced by stimulation with LPS and CpG (Figure 1A).

We also observed that total protein of BAD in DCs was
up-regulated by TLR stimulation (Figure 1C), however, higher

levels of constitutive phosphorylation of BAD at Ser112 and Ser136

were detected in DCs than in T cells (Figure 1C). Moreover,
up-regulation of phosphorylation at Ser155 was detected in DCs
after TLR stimulation (Figure 1C). Because phosphorylation suppresses
the proapoptotic activity of BAD by inhibiting its binding to Bcl-xL,29

BAD is potentially less active in DCs than in T cells.
Because Bim potentially functions as a derepressor by binding

to and inhibiting antiapoptotic Bcl-2 family proteins,21,22 we
examined whether TLR signaling also induced expression of these
antiapoptotic molecules. We observed that Mcl-1 and Bcl-xL, but
not Bcl-2, were induced by TLR signaling (Figure 1D). This
suggests that TLR signaling induces both proapoptotic Bim and
antiapoptotic molecules in DCs.

Consistent with the observations in BMDCs (Figure 1A),
splenic CD11c�CD11b� myeloid DCs (mDCs) and
CD11clowPDCA-1� plasmacytoid DCs (pDCs) also expressed
lower levels of Bim than T cells, while Bid was similarly
expressed in mDCs, pDCs, and T cells (Figure 1E). We also
found that Bim was induced by CD40 cross-linking or treat-
ments with different TLR stimuli in splenic mDCs (Figure 1F).
Bim was also induced in pDCs with CpG (Figure 1F). It has

Figure 1. Expression of BH3-only proteins in DC subsets. (A) T cells were generated
by activation of mouse spleen cells with ConA and IL-2. Western blot analyses were
performed to detect BH3-only proteins in T cells, or bone marrow–derived DCs with or
without treatments with LPS and CpG. (B) RNA was prepared from bone marrow–
derived DCs with or without stimulation of CD40 or TLRs for 20 hours and used for
semiquantitative RT-PCR for Bim or actin. The 499-bp, 331-bp, and 241-bp bands
correspond to BimEL, BimL, and BimS, respectively.28 (C) Cell lysates prepared as in
panel A were used for Western blot analyses of BAD and phosphorylated BAD.
(D) Cell lysates prepared as in panel A were used for Western blot analyses of
antiapoptotic molecules. (E) Freshly purified T cells, mDCs, and pDCs from mouse
spleens were lysed for Western blot analysis of Bim and Bid. (F) mDCs and pDCs
purified from mouse spleens were treated with anti-CD40 or different TLR stimuli for
24 hours. Cells were lysed for Western blot analyses of Bim and Bid.
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been reported that pDCs express TLR9, a receptor for CpG, but
lack most other TLRs.2,30 This may explain why only CpG
induced up-regulation of Bim in pDCs (Figure 1F). By contrast,
Bid was constitutively expressed in mDCs and pDCs and
remained unchanged after treatments with CD40 cross-linking
or TLR stimulation (Figure 1F). These data suggest that Bim is
up-regulated in BMDCs, as well as in splenic mDCs and pDCs
after stimulation via TLRs.

Bim in the regulation of spontaneous DC apoptosis

We next examined whether Bim regulated apoptosis in DCs. We
purified mDCs and pDCs from wild-type (WT) and Bim�/� mouse
spleens, and measured the effects of Bim deficiency on their
spontaneous cell death. We observed that WT mDCs underwent
rapid cell death in vitro, with only 30% cell survival after 24-hour
culture (Figure 2A). Although spontaneous turnover of pDCs is
significantly slower than mDCs in vivo,18,31 pDCs underwent more
cell loss (approximately 90%) after 24-hour in vitro culture, with
only 10% surviving cells (Figure 2A). This suggests that removing
DCs from the splenic microenvironments represents a stress that
leads to rapid DC death, with pDCs being more sensitive to this
stress. Cell-cell contact and cytokines in the spleen might provide
critical survival signaling to DCs. Of interest, Bim deficiency
significantly improved the survival of mDCs (to approximately
50%) and pDCs (to approximately 30%) during the same period
(Figure 2A), while Fas-deficient lpr DCs remained as sensitive to

spontaneous cell death as WT DCs (Figure 2B). These data suggest
that Bim plays an important role in sensing the loss of the splenic
microenvironment to trigger the apoptosis machinery in both
mDCs and pDCs, while the Fas signaling pathway is not involved
in regulating such spontaneous cell death in DCs.

We also tested the effects of Bim deficiency on the survival of DCs
after adoptive transfer. We injected recipient mice with CFSE-labeled
DCs from wild-type or Bim�/� mice, followed by analyzing CFSE�

DCs in the draining lymph nodes. We consistently detected more
Bim�/� DCs in the draining lymph nodes at days 1, 2, and 5 after
adoptive transfer (Figure 2C). This is consistent with the possibility that
Bim deficiency enhances the survival of DCs in vivo.

We also pulsed bone marrow–derived DCs from wild-type or
Bim�/� mice with OVASIINFEKL peptide, followed by CFSE labeling and
injection into the footpad of recipient mice that had previously received
OVA-specific OT1 T cells. In mice that received both OVASIINFEKL-
pulsed CFSE� DCs and OT1 T cells, however, lower numbers of
CFSE� DCs were detected in the draining lymph nodes than in mice
that received unpulsed DCs alone (Figure 2C). This is consistent with
previous observations that interactions with antigen-specific T cells led
to the disappearance of antigen-loaded DCs in the lymph nodes.6 It has
been shown that DCs are susceptible to killing by T cells through Fas
and perforin.18,32,33 Decreases in DCs in the presence of antigen-specific
T cells are probably due to T-cell–mediated killing of antigen-specific
DCs during T-cell–DC interactions.18 Of interest, more OVASIINFEKL-
pulsed Bim�/� DCs than wild-type DCs could be detected in the
draining lymph nodes of mice that received OT1 T cells at day 5 after
transfer of DCs (Figure 2C), although the differences in numbers of WT
and Bim�/� DCs recovered were less significant at days 1 and 2 (Figure
2C). Similar effects of Bim deficiency were observed for the interactions
of OVA323-339-pulsed DCs with CD4� OT2 T cells in the draining lymph
nodes (Figure 2C). These data are consistent with the possibility that
Bim deficiency enhances the survival of DCs during interactions with
antigen-specific T cells in vivo.

We also observed that Bim in BMDCs was increased after 24-hour
culture in the absence of GM-CSF (Figure 3A). Spontaneous apoptosis
in DCs was reduced in the presence of GM-CSF that was correlated
with decreased Bim expression (Figure 3A). We also compared BMDCs
from wild-type and Bim�/� mice (Figure 3B). Consistent with a role for
Bim in spontaneous apoptosis in DCs, spontaneous apoptosis in the
absence of GM-CSF was decreased in Bim�/� BMDCs after 24-hour in
vitro culture (Figure 3B). Treatments with LPS, LTA, CpG, or poly I:C
further suppressed spontaneous apoptosis in Bim�/� DCs (Figure 3B).
These data support the possibility that Bim plays an important role in
regulating spontaneous apoptosis of DCs.

DC accumulation and the expression of costimulatory
molecules on DCs in Bim�/� mice

We next investigated whether improved survival of Bim�/� DCs
resulted in DC accumulation. CD11c� DCs in the spleens of WT
and Bim�/� mice were quantitated by flow cytometry. Despite a
slight decrease in the percentage of CD11c� cells due to significant
expansion of lymphocytes, the absolute numbers of CD11c� DCs
were increased in Bim�/� mice (Figure 4A left panel). Both
CD11c�CD11b� mDCs and CD11c�PDCA-1� pDCs were in-
creased in Bim�/� mice (Figure 4A right panel). To examine
whether the loss of Bim led to elevated activation status of Bim�/�

DCs, we measured surface expression of costimulatory molecules,
including CD40, I-Ab, B7.1, B7.2, and ICAM-1, on Bim�/� DCs by
flow cytometry (Figure 4B). However, no increases in the levels of
these molecules were detected (Figure 4B), suggesting that the loss
of Bim did not promote the activation of DCs.

Figure 2. Increased survival of Bim�/� DCs. (A) mDCs and pDCs enriched from
wild-type (WT) or Bim�/� mouse spleens were cultured in vitro for 12 or 24 hours,
followed by analysis of cell loss by flow cytometry. Data shown (mean � SD) are
averages of 3 sets of mice of each genotype. (B) mDCs and pDCs enriched from 3 to
5 wild-type (WT) or lpr mouse spleens were cultured in vitro for 20 hours, followed by
analysis of cell loss. Data shown (mean � SD) are averages of 3 sets of mice of each
genotype. (C) Mice were either untreated or injected with OT1 or OT2 cells.
Twenty-four hours later, WT or Bim�/� DCs with or without pulsing of corresponding
OVA peptides were labeled with CFSE and injected into the footpad of these mice.
CFSE� DCs in the draining lymph nodes (LNs) were quantitated at days 1, 2, and 5
after DC injection. Data shown are the representative of 2 separate experiments and
are presented as mean � SD of 3 mice per injected group at each time point.
Statistical significance between mice injected with wild-type and Bim�/� DCs was
analyzed by Student t test, and the P values are as follows: .024 (day 1), .043 (day 2),
.001 (day 5); in groups injected with DC/OVASINFEKL: .149 (day 1), .220 (day 2), .013
(day 5); and in groups injected with DC/OVA323-339, .029 (day 1), .205 (day 2), .048
(day 5).
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Increased immunogenicity of Bim�/� DCs

We next examined whether prolonged survival induced by Bim
deficiency enabled DCs to induce better priming of antigen-specific T
cells. We first measured proliferation of OVA-specific CD4� OT2-
transgenic T cells induced by wild-type or Bim�/� DCs pulsed with
OVA323-339 peptide. Bim�/� DCs induced better proliferation of OT2 T
cells by [3H]-thymidine incorporation in vitro (Figure 5A). Similarly,
CD8� OVA-specific OT1-transgenic T cells also showed better prolifera-
tion when stimulated with OVASIINFEKL-pulsed Bim�/� DCs than with
pulsed wild-type DCs (Figure 5B). This indicates that Bim�/� DCs
induce better T-cell stimulation in vitro.

We also examined whether Bim�/� DCs enhanced cytokine
production. Of interest, more IL-12 could be detected by ELISA in
the supernatants of Bim�/� DCs than in those of wild-type DCs
after treatments with CpG and other TLR stimuli (Figure 5C).
However, intracellular staining of IL-12 showed that the percent-
ages of IL-12–producing cells, as well as mean fluorescence
intensities of IL-12 staining, were similar between wild-type and
Bim�/� DCs (Figure 5D). This suggests that IL-12 production on a
per cell basis was not changed in Bim�/� DCs. Rather, enhanced
IL-12 production could be due to better survival of Bim�/� DCs.

We also measured T-cell proliferation induced by Bim�/� DCs in
vivo. We transferred CFSE-labeled OT2 T cells into recipient mice.

Wild-type or Bim�/� DCs with or without LPS pretreatment were
pulsed with OVA323-339 peptide and then injected at the footpad of these
recipient mice.As measured by CFSE dilution, CD4� OT2 T cells in the
draining (popliteal) lymph nodes proliferated better to antigen-pulsed
Bim�/� DCs than to wild-type DCs (Figure 6A upper panel). LPS-
treated DCs induced better T-cell proliferation, while Bim deficiency
further improved T-cell proliferation (Figure 6A upper panel). Similar
results were observed with activation of CFSE-labeled CD8� OT1 T
cells in the draining lymph nodes (Figure 6A lower panels). In addition,
more OVA-specific CD8� T cells were detected in the draining lymph
nodes by staining with H-2Kb/OVASIINFEKL tetramer after immunization
with Bim�/� DCs than wild-type DCs (Figure 6B). Similar results were
observed with LPS-treated DCs (Figure 6B). These data suggest that
Bim�/� DCs with or without LPS pretreatments induce better prolifera-
tion of antigen-specific T cells than wild-type DCs in vivo.

Propensity for Bim�/� DCs in inducing the production
of autoantibodies

Bim�/� mice develop systemic autoimmunity featuring lymphocyte
expansion and autoimmune tissue destruction.23 Thymic negative selec-
tion is important for the deletion of high-affinity self-reactive T cells.34,35

In Bim�/� mice, defective negative selection in the thymus has been
detected.24 This suggests that autoreactive T cells may escape thymic
selection and induce autoimmune responses in Bim�/� mice. The
thymus is also critical for the development of the CD4�FoxP3� T
regulatory (Treg) cells that can actively inhibit immune responses of
responder T cells in the periphery.36,37 Abundant evidence suggests that
Treg cells play an important role in suppressing autoreactive T cells in
the periphery as a dominant tolerance mechanism.37-40 We therefore
examined whether the Treg cells might be decreased in Bim�/� mice.
Compared with control mice, Bim�/� mice actually contained slightly
increased CD4�FoxP3� Treg cells in both the spleen and the lymph
nodes (Figure 7A). This implies that the development of autoimmunity
in Bim�/� mice is not due to a loss of Treg cells.

Because Bim�/� DCs showed increased potency in activating T
cells (Figures 5-6), we tested whether Bim�/� DCs were capable of
inducing autoimmune responses. We examined whether Bim�/�

DCs induced autoantibodies in recipient mice by adoptive transfer
similar to established protocols.27 Wild-type or Bim�/� DCs were
transferred into syngenic C57BL/6 recipient mice followed by
injection of LPS one day later. Sera in the recipient mice were
collected 1 and 2 weeks later to measure the levels of autoantibod-
ies by ELISA. Wild-type DCs did not induce significant levels of
anti-dsDNA, anti-ssDNA, or ANAs in the recipients (Figure 7B).
By contrast, Bim�/� DCs induced elevated levels of anti-dsDNA,
anti-ssDNA, and ANA one week after adoptive transfer of DCs
(Figure 7B). Two weeks after DC transfer, the levels of ANA,
anti-dsDNA, and anti-ssDNA decreased but were still higher in
mice that received the transfer of Bim�/� DCs (Figure 7B). IgG

Figure 3. Roles of Bim in spontaneous apoptosis in
DCs with or without TLR stimulation. (A) CD11c�

BMDCs were cultured in the presence or absence of
GM-CSF for 24 hours. Cells were either lysed for West-
ern blot analyses (left) or used to measure cell loss
(right). (B) CD11c� BMDCs derived from WT or Bim�/�

mice were used for Western blot analyses (left). Sponta-
neous apoptosis of WT or Bim�/� CD11c� BMDCs with or
without treatments with different TLR stimuli were quanti-
tated 24 hours later (right). Data shown (mean � SEM)
are averages of 3 independent experiments.

Figure 4. DC accumulation and unaltered DC activation in Bim�/� mice. (A) Total
splenocytes of 5-month-old Bim�/� mice and wild-type controls were counted.
Splenocytes were then stained for FITC anti-CD11c, PE anti–PDCA-1, or PE
anti-CD11b, and percentage of CD11c� cells was analyzed by flow cytometry. Total
numbers of CD11c� cells (left panel) as well as CD11c�CD11b� mDCs and
CD11c�PDCA-1� pDCs (right panel) were quantitated. Data represent mean � SD of
5 mice of each genotype. Statistical significance between wild-type and Bim�/� mice
was analyzed by Student t test, with P � .001 for total CD11c� DCs, P � .07 for
pDCs, and P � .004 for mDCs. (B) Unaltered expression of costimulatory molecules
on Bim�/� DCs. Splenocytes were enriched for DCs by depletion of T and B cells.
Cells were then stained with PE anti-CD11c and FITC-conjugated antibodies to
CD40, I-Ab, B7.1, B7.2, or ICAM-1 (solid line) or isotype controls (dotted line) and
analyzed by flow cytometry. Data shown are representative of 5 mice of each
genotype.
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deposition in the glomeruli of kidneys was detectable in approxi-
mately 50% of the recipients transferred with Bim�/� DCs, but not
in mice that received wild-type DCs (Figure S1, available on the
Blood website; see the Supplemental Materials link at the top of the
online article). These results suggest that Bim�/� DCs have the
potential to induce the production of autoantibodies. However, we

did not detect increased capacity for Bim�/� DCs in directly
promoting B-cell proliferation (Figure S2). This suggests that
autoantibody production induced by Bim�/� DCs is potentially
mediated through overactivation of T cells, rather than through a
direct effect on B cells.

Discussion

In this study, we investigated the roles of Bim in regulating apoptosis
and functions of DCs. Bim was expressed at low levels in DCs.
Activation of DCs through CD40 or TLRs up-regulated Bim (Figure 1).
DCs deficient in Bim showed improved survival (Figures 2-3), induced
more robust T-cell activation in vitro and in vivo (Figures 5-6), and
displayed the propensity for triggering autoantibody production (Figure
7). Our results suggest that Bim plays an important role in regulating DC
apoptosis, and that defective apoptosis of Bim�/� DCs potentially
contributes to the development of autoimmunity in Bim�/� mice.
Previously, we have shown that inhibition of apoptosis in DCs in
transgenic mice expressing a caspase inhibitor, p35, can lead to
spontaneous T-cell activation and the onset of systemic autoimmunity.18

p35 preferentially inhibits caspase-8–mediated death-receptor–depen-
dent apoptosis pathway.17 Our current study indicates that defective DC
apoptosis due to the loss of Bim, which mediates mitochondrion-
dependent apoptosis,21 may also contribute to the development of
autoimmunity.

Different BH3-only proteins may function in different cell
types. Bim has been found to regulate apoptosis in T cells and B
cells.23-25 Our data suggest that Bim is also involved in regulating
apoptosis in DCs. Bim was expressed at low levels in resting DCs,
but was significantly up-regulated by TLR stimuli (Figure 1), while
deficiency in Bim improved DC survival after TLR stimulation
(Figure 3B). These data suggest that Bim-mediated DC apoptosis
may be involved in controlling the duration of DCs in inducing
immune responses. Although increased expression of costimula-
tory molecules on DCs has been shown to enhance immunogenic-
ity of DCs,1 we did not observe elevated expression of CD40, MHC
class II, B7.1, B7.2, and ICAM-1 on Bim�/� DCs (Figure 4B).

Figure 5. Bim�/� DCs in T-cell stimulation. (A) CD4�

OT2 cells (105/well) were cultured with indicated num-
bers of wild-type (WT) or Bim�/� CD11c� DCs with or
without pulsing of OVA323-229 peptide. Three days later,
the cells were labeled with [3H]-thymidine during the last
8 hours of culture to measure [3H]-thymidine incorpora-
tion. Data (mean � SEM) are averages of 3 independent
experiments. (B) CD8� OT1 cells (105/well) were cul-
tured with indicated numbers of WT or Bim�/� CD11c�

DCs with or without pulsing of OVASIINFEKL peptide.
[3H]-thymidine incorporation was measured 3 days later.
Data (mean � SEM) are averages of 3 independent
experiments. (C) CD11c� BMDCs from WT or Bim�/�

mice were treated with various TLR stimuli as indicated.
IL-12p70 in the supernatants was quantitated by ELISA.
Data (mean � SD) are representative of 3 experiments.
(D) CD11c� BMDCs from WT or Bim�/� mice were
treated with various TLR stimuli and were used for
intracellular staining for IL-12 by flow cytometry. The
percentage of IL-12–producing cells and the mean fluo-
rescence staining (MFI) (means � SD) for IL-12 staining
were plotted.

Figure 6. Increased immunogenicity of Bim�/� DCs in vivo. (A) CFSE-labeled
OT1 or OT2 T cells were injected into recipient mice. DCs from WT or Bim�/� mice
with or without LPS stimulation were pulsed with corresponding OVA peptides, or
PBS alone, and then injected into recipient mice. Three days later, CFSE� cells in the
draining nodes were analyzed for CFSE dilution of dividing cells. The average
numbers of cell division (means � SEM) from 5 independent mice were also
calculated. Statistical significance was analyzed by Student t test, and the P values
are as follows: for mice injected with OT2 cells, .001 (WT vs Bim�/�) and .001 (WT �
LPS vs Bim�/� � LPS); and for mice injected with OT1 cells, .001 (WT vs Bim�/�) and
.001 (WT � LPS vs Bim�/� � LPS). (B) CD8� OVA-specific T cells in the draining
lymph nodes in panel A were also detected by staining with anti-CD8 and H-2kb/OVA
tetramer. The percentages of CD8�Kb/OVA� cells are averages of 5 independent
mice (means � SEM). Statistical significance was analyzed by Student t test, and the
P values are as follows: .001 (WT vs Bim�/�), .001 (WT � LPS vs Bim�/� � LPS).
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Therefore, the enhanced immunogenicity of Bim�/� DCs is likely
due to prolonged survival rather than enhanced activation status.

Of interest, despite up-regulation of Bim expression, TLR
stimulation increased DC survival in culture. This could be
explained by concomitant up-regulation of antiapoptotic Bcl-XL

and Mcl-1 expression in DCs by TLR stimulation (Figure 1). The
increased expression of the prosurvival proteins (Bcl-xL and
Mcl-1) likely antagonized the effects of elevated Bim expression,
resulting in improved survival of TLR-stimulated DCs. Our data
therefore support the notion that the balance between proapoptotic
(such as Bim) and antiapoptotic (such as Bcl-xL) Bcl-2 family
proteins and their temporal expression patterns determine DC
survival and life span.

We observed that DC numbers recovered from draining lymph
nodes following OVA-specific T-cell stimulation were reduced
compared with those from mice immunized by unpulsed DCs
(Figure 2C). We have previously shown that antigen-specific
T cells could kill DCs through Fas and perforin pathways.18

Therefore, the accelerated disappearance of antigen-loaded DCs in
the lymph nodes following encounter with antigen-specific T cells
could be attributed to T-cell–mediated killing of DCs.

An existing viewpoint suggests that immature DCs induce tolerance,
while mature DCs induce immunity. However, immature DCs do not
necessarily induce T-cell inactivation.41 Immature DCs are also capable
of inducing the activation of immunity.42-44 We found that immature
DCs could also induce potent antigen-specific activation (Figures 5-6),
although at levels lower than those triggered by mature DCs. We
compared unstimulated versus LPS-treated DCs for OT1/OT2 T-cell
proliferation in vivo (Figure 6). While LPS-stimulated DCs were better
in inducing T-cell proliferation, DCs without LPS stimulation also
induced significant T-cell proliferation. Enhanced survival of Bim�/�

DCs likely contributed to the increased immunogenicity of Bim�/� DCs
with or without LPS treatment.

Multiple mechanisms are involved in the establishment and
maintenance of self-tolerance.45 Negative selection in the thymus is
important for the deletion of high-affinity self-reactive T cells
during T-cell development.34,35 The thymus is also involved in the
development of CD4�FoxP3� natural Treg cells.36,37 Treg cells are
important for suppressing autoreactive T cells in the periphery as a
dominant tolerance mechanism.37-40 In Bim�/� mice, defective
negative selection for autoreactive T cells and B cells has been
observed,24,25 suggesting that the escape of autoreactive lympho-
cytes may contribute to the development of autoimmunity in
Bim�/� mice. However, Treg cells were not decreased in Bim�/�

mice (Figure 7A), implying that the development of autoimmunity
in Bim�/� mice is not due to the loss of Treg cells.

Although negative selection helps to delete T cells with high
autoreactive potential, T cells that develop and populate the peripheral

lymphoid organs are positively selected by self-ligands in the thymus
and therefore carry certain degrees of autoreactivity.46 Different mecha-
nisms, such as apoptosis in expanded lymphocytes during and after
immune responses, clonal anergy, and Treg cells may help to maintain
lymphocyte homeostasis and peripheral tolerance.12,13,47 Injection of
overactivated DCs has been associated with the development of
systemic and tissue-specific autoimmune diseases,48,49 suggesting that a
surplus of DCs can potentially disrupt peripheral tolerance. We detected
increased numbers of DCs in Bim�/� mice (Figure 4A). Moreover, DCs
from Bim�/� mice induced stronger T-cell activation than wild-type
DCs in vitro and in vivo (Figures 5-6). Bim�/� DCs also displayed the
propensity for inducing autoantibody production after adoptive transfer
into recipient mice (Figure 7B). This suggests that defective apoptosis in
Bim-deficient DCs may also contribute to the onset of autoimmune
diseases in Bim�/� mice.

It is possible that the onset of autoimmune diseases involves the
breakdown of several different tolerance mechanisms. DCs may influ-
ence the outcome of immune responses by regulating the duration of
DCs in stimulating lymphocytes. Apoptosis may play an important role
in limiting the life span of DCs to help preserve self-tolerance. Our data
suggest that Bim plays a key role in regulating the life span of DCs. In
combination with other defects, such as defective negative selection in
the thymus, defective Bim-dependent apoptosis in DCs may contribute
to abnormal DC survival, chronic lymphocyte activation, and the
development of autoimmunity.
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Figure 7. Roles of Bim�/� DCs in inducing autoantibody production. (A) Splenic and lymph node (LN) cells from 2-month-old Bim�/� or wild-type (WT) control mice were
incubated with cychrome anti-CD4, followed by intracellular staining with PE anti-FoxP3 and analysis by flow cytometry. Percentages of CD4�FoxP3� Treg cells (mean � SD)
in 4 WT and Bim�/� mice were as follows: in the spleens, 2.9 � 0.30 (WT) and 3.6 � 0.44 (Bim�/�), P 	 .32; in the LNs, 5.6 � 0.61 (WT) and 6.9 � 0.35 (Bim�/�), P 	 .25. (B)
CD11c� WT or Bim�/� BMDCs were injected into syngenic C57BL/6 recipient mice intraperitoneally, followed by injection of LPS intraperitoneally (30 �g/mouse) 24 hours later.
Sera were collected from recipient mice 1 and 2 weeks later for quantitation of ANA, anti-ssDNA, and anti-dsDNA by ELISA. The titers of the antibodies shown are
representative of 3 independent experiments. Bars indicate geometric means. Statistical significances were analyzed by Student t test using GraphPad Prism version 4 for
Macintosh (GraphPad Software, San Diego, CA). A P value less than .05 was considered statistically significant.

4366 CHEN et al BLOOD, 15 MAY 2007 � VOLUME 109, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/10/4360/1477179/zh801007004360.pdf by guest on 08 June 2024



References

1. Banchereau J, Steinman RM. Dendritic cells and
the control of immunity. Nature. 1998;392:245-
252.

2. Liu YJ. Dendritic cell subsets and lineages, and
their functions in innate and adaptive immunity.
Cell. 2001;106:259-262.

3. Shortman K, Liu YJ. Mouse and human dendritic
cell subtypes. Nat Rev Immunol. 2002;2:151-161.

4. Lanzavecchia A, Sallusto F. Regulation of T cell
immunity by dendritic cells. Cell. 2001;106:263-
266.

5. Steinman RM, Hawiger D, Nussenzweig MC.
Tolerogenic dendritic cells. Annu Rev Immunol.
2003;21:685-711.

6. Ingulli E, Mondino A, Khoruts A, Jenkins MK. In
vivo detection of dendritic cell antigen presenta-
tion to CD4(�) T cells. J Exp Med. 1997;185:
2133-2141.

7. Kamath AT, Henri S, Battye F, Tough DF, Short-
man K. Developmental kinetics and lifespan of
dendritic cells in mouse lymphoid organs. Blood.
2002;100:1734-1741.

8. Nopora A, Brocker T. Bcl-2 controls dendritic cell
longevity in vivo. J Immunol. 2002;169:3006-
3014.

9. Hou WS, Van Parijs L. A Bcl-2-dependent mo-
lecular timer regulates the lifespan and immuno-
genicity of dendritic cells. Nat Immunol. 2004;5:
583-589.

10. Jung S, Unutmaz D, Wong P, et al. In vivo deple-
tion of CD11c(�) dendritic cells abrogates prim-
ing of CD8(�) T cells by exogenous cell-associ-
ated antigens. Immunity. 2002;17:211-220.

11. Green DR, Kroemer G. The pathophysiology of
mitochondrial cell death. Science. 2004;305:626-
629.

12. Lenardo M, Chan KM, Hornung F, et al. Mature T
lymphocyte apoptosis—immune regulation in a
dynamic and unpredictable antigenic environ-
ment. Annu Rev Immunol. 1999;17:221-253.

13. Rathmell JC, Thompson CB. Pathways of apo-
ptosis in lymphocyte development, homeostasis,
and disease. Cell. 2002;109(suppl):S97-S107.

14. Nagata S, Suda T. Fas and Fas ligand: lpr and gld
mutations. Immunol Today. 1995;16:39-43.

15. Steinman RM, Turley S, Mellman I, Inaba K. The
induction of tolerance by dendritic cells that have
captured apoptotic cells. J Exp Med. 2000;191:
411-416.

16. Banchereau J, Pascual V, Palucka AK. Autoim-
munity through cytokine-induced dendritic cell
activation. Immunity. 2004;20:539-550.

17. Xu G, Cirilli M, Huang Y, Rich RL, Myszka DG,
Wu H. Covalent inhibition revealed by the crystal
structure of the caspase-8/p35 complex. Nature.
2001;410:494-497.

18. Chen M, Wang YH, Wang Y, et al. Dendritic cell
apoptosis in the maintenance of immune toler-
ance. Science. 2006;311:1160-1164.

19. Adams JM, Huang DC, Puthalakath H, et al. Con-
trol of apoptosis in hematopoietic cells by the
Bcl-2 family of proteins. Cold Spring Harb Symp
Quant Biol. 1999;64:351-358.

20. Gross A, McDonnell JM, Korsmeyer SJ. BCL-2
family members and the mitochondria in apopto-
sis. Genes Dev. 1999;13:1899-1911.

21. Strasser A. The role of BH3-only proteins in the
immune system. Nat Rev Immunol. 2005;5:189-
200.

22. Willis SN, Adams JM. Life in the balance: how
BH3-only proteins induce apoptosis. Curr Opin
Cell Biol. 2005;17:617-625.

23. Bouillet P, Metcalf D, Huang DC, et al. Proapo-
ptotic Bcl-2 relative Bim required for certain apo-
ptotic responses, leukocyte homeostasis, and to
preclude autoimmunity. Science. 1999;286:1735-
1738.

24. Bouillet P, Purton JF, Godfrey DI, et al. BH3-only
Bcl-2 family member Bim is required for apoptosis
of autoreactive thymocytes. Nature. 2002;415:
922-926.

25. Enders A, Bouillet P, Puthalakath H, Xu Y, Tarlin-
ton DM, Strasser A. Loss of the pro-apoptotic
BH3-only Bcl-2 family member Bim inhibits BCR
stimulation-induced apoptosis and deletion of au-
toreactive B cells. J Exp Med. 2003;198:1119-
1126.

26. Hornung F, Zheng L, Lenardo MJ. Maintenance
of clonotype specificity in CD95/Apo-1/Fas-medi-
ated apoptosis of mature T lymphocytes. J Immu-
nol. 1997;159:3816-3822.

27. Hanada T, Yoshida H, Kato S, et al. Suppressor of
cytokine signaling-1 is essential for suppressing
dendritic cell activation and systemic autoimmu-
nity. Immunity. 2003;19:437-450.

28. Shibata M, Hattori H, Sasaki T, Gotoh J, Hamada
J, Fukuuchi Y. Temporal profiles of the subcellular
localization of Bim, a BH3-only protein, during
middle cerebral artery occlusion in mice. J Cereb
Blood Flow Metab. 2002;22:810-820.

29. Puthalakath H, Strasser A. Keeping killers on a
tight leash: transcriptional and post-translational
control of the pro-apoptotic activity of BH3-only
proteins. Cell Death Differ. 2002;9:505-512.

30. Liu YJ, Kanzler H, Soumelis V, Gilliet M. Dendritic
cell lineage, plasticity and cross-regulation. Nat
Immunol. 2001;2:585-589.

31. O’Keeffe M, Hochrein H, Vremec D, et al. Mouse
plasmacytoid cells: long-lived cells, heteroge-
neous in surface phenotype and function, that
differentiate into CD8(�) dendritic cells only after
microbial stimulus. J Exp Med. 2002;196:1307-
1319.

32. Yang J, Huck SP, McHugh RS, Hermans IF,
Ronchese F. Perforin-dependent elimination of
dendritic cells regulates the expansion of antigen-
specific CD8� T cells in vivo. Proc Natl Acad Sci
U S A. 2006;103:147-152.

33. Matsue H, Edelbaum D, Hartmann AC, et al. Den-

dritic cells undergo rapid apoptosis in vitro during
antigen-specific interaction with CD4� T cells.
J Immunol. 1999;162:5287-5298.

34. Kishimoto H, Sprent J. The thymus and negative
selection. Immunol Res. 2000;21:315-323.

35. Gallegos AM, Bevan MJ. Central tolerance: good
but imperfect. Immunol Rev. 2006;209:290-296.

36. Fontenot JD, Rasmussen JP, Williams LM,
Dooley JL, Farr AG, Rudensky AY. Regulatory T
cell lineage specification by the forkhead tran-
scription factor foxp3. Immunity. 2005;22:329-
341.

37. Fontenot JD, Rudensky AY. A well adapted regu-
latory contrivance: regulatory T cell development
and the forkhead family transcription factor
Foxp3. Nat Immunol. 2005;6:331-337.

38. Sakaguchi S. Naturally arising Foxp3-expressing
CD25�CD4� regulatory T cells in immunological
tolerance to self and non-self. Nat Immunol.
2005;6:345-352.

39. Bluestone JA, Tang Q. How do CD4�CD25�
regulatory T cells control autoimmunity? Curr
Opin Immunol. 2005;17:638-642.

40. Kim JM, Rudensky A. The role of the transcription
factor Foxp3 in the development of regulatory T
cells. Immunol Rev. 2006;212:86-98.

41. Reis e Sousa C. Dendritic cells in a mature age.
Nat Rev Immunol. 2006;6:476-483.

42. Scheinecker C, McHugh R, Shevach EM, Ger-
main RN. Constitutive presentation of a natural
tissue autoantigen exclusively by dendritic cells in
the draining lymph node. J Exp Med. 2002;196:
1079-1090.

43. Mayerova D, Parke EA, Bursch LS, Odumade
OA, Hogquist KA. Langerhans cells activate na-
ive self-antigen-specific CD8 T cells in the steady
state. Immunity. 2004;21:391-400.

44. Shibaki A, Sato A, Vogel JC, Miyagawa F, Katz
SI. Induction of GVHD-like skin disease by pas-
sively transferred CD8(�) T-cell receptor trans-
genic T cells into keratin 14-ovalbumin transgenic
mice. J Invest Dermatol. 2004;123:109-115.

45. Walker LS, Abbas AK. The enemy within: keeping
self-reactive T cells at bay in the periphery. Nat
Rev Immunol. 2002;2:11-19.

46. Grossman Z, Paul WE. Autoreactivity, dynamic
tuning and selectivity. Curr Opin Immunol. 2001;
13:687-698.

47. Macian F, Im SH, Garcia-Cozar FJ, Rao A. T-cell
anergy. Curr Opin Immunol. 2004;16:209-216.

48. Ludewig B, Odermatt B, Landmann S, Hengart-
ner H, Zinkernagel RM. Dendritic cells induce au-
toimmune diabetes and maintain disease via de
novo formation of local lymphoid tissue. J Exp
Med. 1998;188:1493-1501.

49. Roskrow MA, Dilloo D, Suzuki N, Zhong W,
Rooney CM, Brenner MK. Autoimmune disease
induced by dendritic cell immunization against
leukemia. Leuk Res. 1999;23:549-557.

ROLES OF BIM IN DENDRITIC CELLS 4367BLOOD, 15 MAY 2007 � VOLUME 109, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/10/4360/1477179/zh801007004360.pdf by guest on 08 June 2024


