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T cell receptor�CD3 ligation induces apoptosis in semimature
CD4�8�HSA� thymocytes, and this helps establish immunological
tolerance and constitutes one of the safeguards against auto-
immune disease. We analyzed several knockout and transgenic
mouse lines and found that T cell receptor�CD3-ligation-induced
killing of semimature thymocytes occurred independently of Fas
and ‘‘death receptor’’ signaling in general but required the proapo-
ptotic BH3-only protein Bim and could be inhibited by Bcl-2. Loss of
Apaf-1 or caspase-9, which act downstream of the Bcl-2 family
protein family, provided only minor protection, indicating that
the ‘‘apoptosome’’ functions as an amplifier rather than as an
essential initiator of this death program. These results reveal the
mechanisms of apoptosis in negative selection of semimature
thymocytes and have implications for immunological tolerance and
autoimmunity.

Bcl-2 family � Fas (APO-1�CD95) � FADD�Mort1 � Apaf-1 � caspase-9

The stochastic processes for rearranging genes encoding an-
tigen receptors inevitably give rise to autoreactive B and T

lymphocytes that are potentially harmful. Immunological toler-
ance to self is safeguarded by mechanisms that cause develop-
mental arrest, functional inactivation, or apoptotic death of
self-antigen-specific lymphocytes (1).

Genetic and biochemical studies in various model organisms
have led to the identification of the central components of the cell
death machinery (2). The effector phase of apoptosis requires
aspartate-specific cysteine proteases, termed caspases (3). Mam-
mals have two distinct apoptosis signaling pathways (4). One is
initiated when ligation of ‘‘death receptors’’ (e.g., Fas�APO-1�
CD95), members of the tumor necrosis factor receptor (TNF-R)
family with an intracellular ‘‘death domain,’’ causes formation of a
death-inducing signaling complex (DISC) in which FADD�Mort1
adaptor proteins promote oligomerization and activation of
caspase-8 (3). The other pathway is triggered by certain develop-
mental signals, growth factor deprivation, or various stress stimuli
and is regulated by the interplay of pro- and antiapoptotic members
of the Bcl-2 protein family (2, 5). Bcl-2-like prosurvival molecules
that share three or four regions of homology (BH regions) are
essential for cell survival (2, 5). Conversely, induction of apoptosis
requires members of two proapoptotic subgroups of the Bcl-2
family: Bax�Bak-like proteins, which are structurally similar to their
prosurvival relatives, and BH3-only proteins, which share with the
family only the short BH3 region (6).

After sequential rearrangement of their T cell receptor
(TCR) � and TCR� genes, T cells developing in the thymus
become subject to selection on the basis of their antigen receptor
specificity. Immature CD4�8� thymocytes with TCR��� recep-
tors that bind with low affinity to MHC molecules loaded with
self-antigen-derived peptides mature into CD4�8� or CD4�8� T
cells and later emigrate into the peripheral lymphoid system (7).
Thymocytes that lack TCR��� or those expressing receptors that

do not interact with MHC molecules undergo ‘‘death by neglect’’
(7), a death program that can be inhibited by Bcl-2 overexpres-
sion (8–10). Thymocytes expressing TCR��� receptors that bind
with high affinity to MHC molecules presenting self-antigen-
derived peptides undergo apoptosis (1). This negative selection
can occur at the CD4�8� stage in the thymic cortex but is
thought to be most prominent at the semimature CD4�8�HSA�

stage when thymocytes transit through the corticomedullary
junction because this region is replete with antigen-presenting
cells (11). Experiments with transgenic and knockout mouse
lines have demonstrated that TCR�CD3-ligation-induced apo-
ptosis of DP thymocytes is independent of death receptor
signaling (12, 13) and instead requires the BH3-only protein Bim
(14) as well as the proapoptotic multi-BH domain proteins
Bax�Bak (15). Other mechanisms must also contribute to the
establishment of immunological tolerance because when Bim
loss (14) or Bcl-2 overexpression (9) inhibit negative selection of
autoreactive thymocytes (e.g., in the anti-HY-TCR transgenic
mouse model), self-antigen-specific T cells accumulating in
peripheral lymphoid organs are functionally inert (anergic).

The mechanisms regulating negative selection of semimature
CD4�8�HSA� thymocytes are not well understood; they were
reported to involve Fas-dependent as well as Fas-independent
apoptosis signaling, depending on the strength of TCR�CD3
ligation (16). By analyzing a panel of transgenic and knockout
mouse lines, we found that deletion of CD4�8�HSA� thymo-
cytes requires the BH3-only protein Bim but relies only partially
on the Apaf-1�caspase-9 amplification system and occurs inde-
pendently of death receptor signaling.

Materials and Methods
Mice. The generation and genotyping of the Bim-deficient mice
(266�266del) (17), Apaf-1-deficient mice (18), caspase-9-
deficient mice (19), FADD-DN transgenic mice (strains 60 and
64), expressing a truncated mutant of human FADD under
control of the lck promoter (13), vav-bcl-2–69 transgenic mice
(20), expressing a human bcl-2 c-DNA under control of the vav
promoter at high levels in all hemopoietic cell types, and OT-II
TCR transgenic mice, expressing a class II MHC-restricted TCR
specific for the ovalbumin peptide 323–339 (ISQAVHAA-
HAEINEAGR) (21) have been described. Fas-deficient lpr
mutant mice were provided by the Walter and Eliza Hall
Institute breeding facility. All mouse strains were generated on
an inbred C57BL�6 genetic background or had been backcrossed
for more than 10 generations onto this background. For the
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analysis of Apaf-1�/� and caspase-9�/� thymocytes, C57BL�6-
Ly5.1 mice were lethally irradiated (2 � 5.5 Gy at an interval of
3 h) and reconstituted with embryonic day 14.5 fetal liver cells
from embryos produced by intercrosses of Apaf-1�/� or caspase-
9�/� mice, as described (7).

Cell Culture and Reagents. Purified thymocytes were cultured in
the high glucose version of DMEM supplemented with 13 �M
folic acid, 250 �M L-asparagine, 50 �M 2-mercaptoethanol, and
10% FCS (Trace Biosciences, Sydney). For the induction of
TCR�CD3-mediated apoptosis, sorted thymocytes (0.5–1 � 105)
were incubated in 96-well plates that had been coated first with
rabbit anti-hamster Ig antibodies (50 �g�ml) overnight at 4°C
and then with graded concentrations of hamster anti-mouse
CD3� (clone 145–2C11) or hamster anti-mouse TCR� (clone
H57-597.2.1) mAb in the presence or absence of fixed concen-
trations of hamster anti-mouse CD28 (clone 37.51) mAb.

Cell Sorting and Immunofluorescence Staining. Thymocyte sub-
populations were isolated by incubating single-cell suspensions
from mouse thymus glands with rat anti-mouse HSA mAb (clone
J11d), followed by staining with FITC-conjugated mouse anti-rat
Ig mAb (clone Mar 18.5). Cells were then washed twice before
incubation with Cy5-conjugated rat anti-CD8 mAb (clone
YTS169) and phycoerythrin-conjugated rat anti-CD4 mAb
(clone H129.19) in PBS�10% FCS and 2% normal rat serum for
30 min on ice. Alternatively, HSA� thymocytes were stained
with a biotinylated rat anti-mouse HSA mAb (clone MI�69)
yielding identical results. Cell sorting was performed on a MoFlo
high-speed cell sorter (DakoCytomation). The vital dye pro-
pidium iodide (Sigma; 1 �g�ml) was used to exclude dead cells.
Immature CD4�8� DP, semimature CD4�CD8�HSA�, and
mature CD4�CD8�HSA� thymocytes were collected and sub-
jected to cell death analysis in culture or used for protein
extraction for Western blot analysis.

To calculate absolute numbers of different thymocyte subsets
after i.v. injection of mice with anti-CD3� (145.2C11) or anti-
TCR� (H59–597) mAb, single-cell suspensions from thymus
glands were counted, stained with mAbs to CD4, CD8, and HSA,
and analyzed in a FACSCalibur flow cytometer (BD Bio-
sciences). Absolute numbers of cells within a subset were
calculated by multiplying the total cell number of a thymus with
the percentage of this subset.

Cell Death Assays. The percentages of viable and dead cells in
culture were determined by staining cell suspensions with 2
�g�ml propidium iodide plus FITC-coupled annexin V and
analyzing the samples in a FACScan (BD Biosciences).

Statistical Analysis. Statistical analysis was performed by using the
Fisher protected least significant difference test and STATVIEW
4.1 software (Abacus Concepts, Berkeley, CA). P � 0.05 was
considered a statistically significant difference.

Results
Bim Is Essential for TCR�CD3-Ligation-Induced Apoptosis of Semima-
ture Thymocytes. It has been reported that only TCR stimulation
with very high concentrations of superantigen or crosslinking
anti-TCR�CD3 antibody kills semimature thymocytes through
activation of Fas, whereas a lower intensity of stimulation kills
through a Fas-independent mechanism (16). We investigated the
role of the Bcl-2-regulated pathway in TCR�CD3-ligation-
induced apoptosis of semimature thymocytes. CD4�8�HSA�

cells were isolated from WT mice, mice expressing a bcl-2
transgene in all hemopoietic cell types (20), and mice lacking the
BH3-only protein Bim (17, 22). These cells were then cultured
for 20 h in plates coated with graded concentrations of anti-
CD3� mAb in the absence or presence of optimal doses of

anti-CD28 mAb. TCR�CD3 ligation killed WT semimature
thymocytes, and this death was almost completely blocked by
bcl-2 transgene expression or loss of Bim (Fig. 1). Even at very
high concentrations of anti-CD3� plus anti-CD28 antibodies,
Bim-deficient and bcl-2 transgenic semimature thymocytes re-
mained refractory to apoptosis (Fig. 1). Bim-deficiency also
inhibited deletion induced by stimulation with the anti-TCR�
antibody H57.59.2.1 (plus or minus anti-CD28 mAb) (data not
shown) or the superantigen Staphylococcus enterotoxin B (SEB),
which triggers T lymphoid cells expressing TCRs containing v�8
but not those containing v�6 (Fig. 6, which is published as
supporting information on the PNAS web site). Collectively,
these results indicate that TCR-stimulation-induced apoptosis of
semimature thymocytes is mediated by the Bcl-2-regulated path-
way and requires the BH3-only protein Bim.

Death Receptors Are Dispensable for TCR�CD3-Ligation-Induced Apo-
ptosis of Semimature Thymocytes. Near-complete inhibition of
TCR�CD3-ligation-induced apoptosis by expression of a bcl-2
transgene or loss of Bim came as a surprise because killing of
semimature CD4�8�HSA� thymocytes was reported to be im-
paired in Fas-deficient lpr mice when high doses of TCR�CD3

Fig. 1. TCR�CD3-ligation-induced apoptosis of semimature CD4�8�HSA�

thymocytes is inhibited by Bcl-2 overexpression or loss of the BH3-only protein
Bim. Semimature CD4�8�HSA� thymocytes from WT, bim�/�, and vav-bcl-2
transgenic mice were purified by immunofluorescent staining with surface-
marker-specific mAbs and cell sorting. Cells were cultured for 20 h in plates
coated with graded concentrations of anti-CD3� mAb in the absence (A) or
presence (B) of optimal doses of anti-CD28 mAb. The total amount of apo-
ptosis induced by a given treatment was assessed by staining cells with
FITC-labeled annexin V plus propidium iodide and flow cytometric analysis.
The amount of apoptosis induced specifically by TCR�CD3 ligation was calcu-
lated by the following equation: (TCR�CD3 stimulation induced apoptosis �
spontaneous apoptosis) � (100 � spontaneous apoptosis)%. Bars represent
arithmetic means � SE of three to four independent experiments for animals
of each genotype and treatment regime. *, P � 0.0001 (WT vs. bim�/� or
vav-bcl-2); **, P � 0.0059 (WT vs. bim�/�); ***, P � 0.035 (WT vs. vav-bcl-2).
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crosslinking antibody or SEB were applied (16). We therefore
investigated whether both the death-receptor-induced as well as
the Bcl-2-regulated signaling pathways function in negative
selection of semimature thymocytes. We isolated CD4�8�HSA�

cells from WT mice, Fas-deficient lpr mice, and mice expressing
a dominant negative mutant of FADD (FADD-DN), which
blocks death-receptor-induced apoptosis (13), and treated them
with anti-CD3� plus anti-CD28 antibodies. We observed that
semimature CD4�8�HSA� thymocytes from Fas-deficient lpr
and FADD-DN transgenic mice were equally susceptible to
TCR�CD3-mediated killing as WT cells (Fig. 2 A and B).
Increasing the concentration of anti-CD3� and anti-CD28 anti-
bodies, even up to 100 �g�ml each, did not reveal resistance of
mutant lpr or FADD-DN-expressing thymocytes to TCR�CD3-
mediated apoptosis (Fig. 2B), although they were, as reported
(13), refractory to Fas-induced cell death (Fig. 2C). Similarly,
semimature thymocytes from Fas-deficient lpr mice were nor-
mally deleted by stimulation with the anti-TCR� antibody
H57.59.2.1 (data not shown) or SEB (Fig. 6). These results
demonstrate that Fas, and FADD-transduced death receptor
signaling in general, is dispensable for TCR�CD3-ligation-
induced apoptosis of semimature thymocytes in vitro.

Loss of Bim or Bcl-2 Overexpression Inhibits TCR�CD3-Ligation-
Induced Apoptosis of Semimature Thymocytes in Vivo. To assess the
contributions of the Bcl-2-regulated cell death pathway and death
receptor signaling to TCR�CD3-ligation-induced killing of semi-
mature thymocytes in vivo, we injected WT, Bim-deficient, bcl-2
transgenic, and Fas-deficient lpr mice i.v. with two different con-
centrations of anti-CD3� antibody. Deletion of immature CD4�8�

DP and semimature CD4�8�HSA� cells was assessed after 40 h by
counting total thymocyte numbers and determining the propor-
tions of cell subsets by immunofluorescent staining with antibodies
to the relevant cell-surface markers (CD4, CD8, and HSA). This
analysis revealed that the total thymocyte number (Fig. 3A) and the
number of CD4�8� cells (Fig. 3B) decreased in WT and lpr mice
in a manner dependent on the dose of anti-CD3� antibody. As
shown before (14), loss of Bim or Bcl-2 overexpression provided
complete or near-complete protection against this death stimulus
(Fig. 3 A and B). As also reported before (14), untreated bim�/� and
vav-bcl-2 transgenic mice had about two times more mature
CD4�8�HSA� thymocytes compared to the WT and lpr animals
(Fig. 3B, P � 0.004). Moreover, we observed that the numbers of
semimature CD4�8�HSA� cells from WT and lpr mice decreased
in a manner dependent on the dose of anti-CD3� mAb injected
(Fig. 3C). In contrast, no deletion of semimature thymocytes was
seen in bim�/� or vav-bcl-2 transgenic mice. Similar results were
obtained when animals were injected with a TCR�-specific anti-
body (H57–597.2.1) (data not shown). We also found that injection
of OTII TCR transgenic mice with the cognate peptide (ovalbumin
323–339) caused deletion of �65% of the semimature thymocytes,
and this deletion was blocked completely by loss of Bim (Fig. 3D).
In addition, i.p. injection of 20 or 200 �g of SEB induced deletion
of �15–20% or �50%, respectively, of TCRv�8� semimature
thymocytes from WT and mutant lpr mice but no deletion in bim�/�

animals (Fig. 4). These results demonstrate that TCR�CD3-
stimulation-induced killing of semimature CD4�CD8�HSA� thy-
mocytes in vivo requires the BH3-only protein Bim and can be
inhibited by Bcl-2 but occurs independently of Fas-signaling.

Apaf-1 and Caspase-9 Are only Partially Required for TCR�CD3-
Ligation-Induced Killing of Semimature CD4�8�HSA� Thymocytes.
Apaf-1-mediated activation of caspase-9 occurs in cells exposed
to death stimuli that trigger the Bcl-2-regulated (mitochondrial)
apoptosis signaling pathway (5). In some cell types, such as
the developing neurons, Apaf-1 and caspase-9 are essential
for cell killing (5), but these apoptosis regulators are dispens-
able for developmentally programmed death during lympho-

poiesis (7). We wanted to examine the role of Apaf-1 and
caspase-9 in TCR�CD3-ligation-induced apoptosis of semima-
ture thymocytes. Because Apaf-1 and caspase-9 deficiencies
cause embryonic lethality (5), we reconstituted lethally irra-

Fig. 2. TCR�CD3-ligation-induced apoptosis of semimature CD4�8�HSA�

thymocytes is independent of Fas- and FADD-transduced death receptor
signaling. Semimature CD4�8�HSA� thymocytes from WT, Fas-deficient lpr,
and FADD-DN transgenic mice were purified by immunofluorescent staining
with surface-marker-specific mAbs and cell sorting. Cells were cultured for
20 h in plates coated with graded concentrations of anti-CD3� mAb in the
absence (A) or presence (B) of optimal doses of anti-CD28 mAb, left untreated
(C), or treated with FLAG-FasL (100 ng�ml) crosslinked with anti-FLAG mAb (1
�g�ml) (C). Apoptosis was assessed after 20 h as described in Fig. 1. Data
represent arithmetic means � SE of three to four independent experiments
for animals of each genotype and for each treatment regime. No significant
differences were observed in A, comparing WT vs. lpr (P � 0.52) and WT vs.
FADD-DN (P � 0.163), or B, comparing WT vs. lpr (P � 0.171) and WT vs.
FADD-DN (P � 0.218).
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diated WT (C57BL�6-Ly5.1) mice with fetal liver stem cells
from embryonic day 14.5 Apaf-1�/�, caspase-9�/�, or, as a
control, WT embryos (all donors were C57BL�6-Ly5.2). After
�8 weeks of reconstitution, semimature, donor-derived thymo-
cytes (CD4�8�HSA�Ly5.1�) were isolated by cell sorting and
cultured in the presence or absence of plate-bound anti-CD3�
plus anti-CD28 antibodies. Cell survival analysis by annexin V
plus propidium iodide staining after 20 h of culture showed that
WT thymocytes from reconstituted mice died to a similar extent
as did thymocytes from unmanipulated WT animals (com-
pare data from Fig. 5 with those from Fig. 1). Consistent
with a previous report (23), Apaf-1�/� CD4�8� DP thymocytes
had some, albeit relatively small, resistance to TCR�CD3-
stimulation-induced apoptosis (Fig. 5). For example, stimulation
with 10 �g�ml anti-CD3� plus 20 �g�ml anti-CD28 mAbs killed,
on average, 50% of WT versus 29% of Apaf-1�/�-deficient or
27% of caspase-9-deficient CD4�8� DP thymocytes (Fig. 5A).
This treatment killed 69% of WT, 31% of Apaf-1�/�-deficient,
and 41% caspase-9-deficient CD4�8�HSA� semimature thymo-
cytes (Fig. 5B). Thus, loss of Apaf-1 or caspase-9 provided only
minor protection against TCR�CD3-stimulation-induced apo-
ptosis in immature CD4�8� or semimature CD4�8�HSA�

thymocytes in culture. This finding indicates that the apopto-
some may not be essential for this pathway to cell death but
functions as an amplification mechanism in the caspase cascade.

Discussion
The deletion of potentially autoreactive T cells developing in the
thymus is one of several mechanisms that safeguard immuno-

logical tolerance to self-antigens. This deletion is triggered by
stimulation of the TCR�CD3 complex and can occur at two
distinct stages of T cell development, the immature CD4�8�

stage and the semimature CD4�8�HSA� stage. Experiments
with transgenic and knockout mice have indicated that deletion
of immature CD4�8� thymocytes is mediated by the Bcl-2-
regulated cell-death pathway (9, 24) and requires the BH3-only
protein Bim (14) but is independent of Fas- and FADD-
transduced death receptor signaling in general (12, 13).

It is widely believed that deletion of autoreactive T cells occurs
prominently at the semimature CD4�8�HSA� stage of devel-
opment because these cells are in close contact with antigen-
presenting cells at the corticomedullary junction (11). It is
therefore important to define the mechanisms that mediate their
apoptosis. Previous studies reported that signaling through the
death receptor Fas is required for killing of semimature
CD4�8�HSA� thymocytes when the TCR�CD3 complex is
stimulated with high doses of superantigen or crosslinking
antibody but that a different process kills cells at low intensity
TCR�CD3 stimulation (16). We found that TCR�CD3-ligation-
induced apoptosis of semimature CD4�8�HSA� thymocytes
was blocked by loss of the BH3-only protein Bim or Bcl-2
overexpression, regardless of the intensity of TCR�CD3 stimu-
lation (Fig. 1). Neither Bim deficiency (17) nor Bcl-2 overex-
pression (4) inhibits Fas-induced apoptosis in lymphocytes.
Because Fas receptor signaling (16) and, recently, also TRAIL
receptor signaling (25) were reported to be required for TCR�
CD3-stimulation-induced thymocyte killing, under at least cer-
tain circumstances, we expected that neither the absence of Bim

Fig. 3. Bim deficiency and Bcl-2 overexpression but not loss of Fas prevent TCR�CD3-stimulation-induced killing of semimature CD4�8�HSA� thymocytes in vivo.
WT, mutant lpr, bim�/�, and vav-bcl-2 transgenic mice were injected with 20 �g or 200 �g anti-CD3� antibody, or as a control with saline, and killed after 40 h.
Total numbers of all thymocytes (A), the CD4�8� DP population (B), and the CD4�8�HSA� (C) subset were calculated by multiplying the total thymic cellularity
with the relative percentages obtained by immunofluorescent staining with surface-marker-specific mAbs and flow cytometric analysis. Data represent
arithmetic means � SE of three to five independent experiments with animals of each genotype and treatment regime. A statistically significant reduction in
thymocyte number induced by anti-CD3� injection within each group (genotype) is indicated by an asterisk (P � 0.005). (D) OT-II TCR transgenic and OT-II�bim�/�

mice were injected twice (at 0 and 24 h) with 0.5 mg of cognate (ovalbumin 323–339, ISQAVHAAHAEINEAGR) or control (human proinsulin 52–65,
SLQPLALEGSLQKR) peptide. Mice were killed 40 h after the first injection. Total numbers of the CD4�CD8�HSA� subset were calculated by multiplying the total
thymic cellularity with the percentages of this subset obtained by flow cytometric analysis. Data represent arithmetic means � SE from three to six mice for each
genotype and treatment.
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nor Bcl-2 overexpression would prevent this death. A possible
explanation for this conundrum could be that death receptor
signaling and Bim act in parallel to mediate the deletion of
semimature CD4�8�HSA� thymocytes. We therefore reexam-
ined the contribution of Fas- and FADD-transduced death
receptor signaling to TCR�CD3-ligation-induced thymocyte
killing. Consistent with our previous findings (12, 13), immature
CD4�8� thymocytes from Fas-deficient lpr mice and mice
expressing a dominant negative mutant of FADD were deleted
normally in response to TCR�CD3 ligation. Semimature
CD4�8�HSA� thymocytes from these animals were, as ex-
pected, resistant to Fas-induced apoptosis but were killed as
efficiently as WT cells in response to TCR�CD3 ligation in vivo
or in vitro, regardless of whether high- or low-intensity stimula-

tion was applied (Figs. 2–4). We excluded the possibility that
differences in isolation of thymocytes (panning versus FACS
sorting) or differences in antibodies used for TCR�CD3 activa-
tion (anti-TCR� versus anti-CD3� mAbs) might be responsible
for the discrepancies between our results and those reported
earlier (16). Differences in genetic background of lpr mice could
potentially account for the differences in results obtained by us
(Figs. 1–4) versus those previously reported. It is, however,
noteworthy that although one publication reported on lpr mice
on a C3H background (16), subsequent work from that lab used
lpr mice on a C57BL�6 background (26), like we did. Therefore,
our data, together with studies that were unable to reproduce the
findings that TRAIL is essential for thymocyte negative selec-
tion (27), demonstrate that death receptor signaling is dispens-
able for deletion of autoreactive thymocytes.

Fig. 4. Bim deficiency but not loss of Fas prevents SEB-induced killing of
semimature TCRv�8� CD4�8�HSA� thymocytes in vivo. WT, mutant lpr, and
bim�/� mice were injected with 20 or 200 �g of SEB, or as a control with saline,
and killed after 40 h. Total numbers of TCRv�8� CD4�8�HSA� and TCRv�6�

CD4�8�HSA� thymocytes (which serve as a control because they are not
activated by SEB) were calculated by multiplying the total thymic cellularity
with the relative percentages obtained by immunofluorescent staining with
surface-marker-specific mAbs and flow cytometric analysis. Data represent
arithmetic means � SD of three to five independent experiments with animals
of each genotype and treatment regime with WT and lpr mice and two
independent experiments with bim�/� mice. A statistically significant reduc-
tion in thymocyte number induced by SEB injection within each group (ge-
notype) is indicated by an asterisk (P � 0.04).

Fig. 5. Loss of Apaf-1 or caspase-9 has a minor effect on TCR�CD3-
stimulation-induced apoptosis of semimature CD4�8�HSA� thymocytes in
vitro. Immature CD4�8� DP (A) and semimature CD4�8�HSA� thymocytes (B)
from lethally irradiated C57BL�6-Ly5.1 mice reconstituted with fetal liver stem
cells from embryonic day 14.5 WT, Apaf-1�/�, or caspase-9�/� embryos were
purified by immunofluorescent staining with surface-marker-specific anti-
bodies and cell sorting. Cells were cultured for 20 h in plates coated with
graded concentrations of anti-CD3� mAb in the presence or absence of
optimal doses of anti-CD28 mAb. Apoptosis was assessed as described in Fig.
1. Bars represent arithmetic means � SE of three to five independent exper-
iments for animals of each genotype and for each treatment regimen. Signif-
icant differences in A: *, P � 0.0394 (WT vs. Apaf-1�/�); **, P � 0.0435 (WT vs.
caspase-9�/�). Significant differences in B: *, P � 0.026 (WT vs. Apaf-1�/�); **,
P � 0.0309 (WT vs. caspase-9�/�).
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Deletion of semimature CD4�8�HSA� thymocytes in vivo
after injection of antibodies to CD3� or TCR� or SEB was
clearly impaired in mice lacking Bim or expressing a bcl-2
transgene but occurred to a similar extent in WT and Fas-
deficient lpr mice (Figs. 3 and 4). Interestingly, the total number
of semimature CD4�8�HSA� thymocytes did not differ between
untreated WT and lpr mice but was elevated �2-fold in Bim-
deficient and bcl-2 transgenic mice (Figs. 3 and 4). It appears
more likely that this is a consequence of failed negative rather
than enhanced positive selection because Bim loss does not
enhance the efficiency of positive selection in female anti-HY-
TCR transgenic mice (14). Our findings are consistent with
previous studies in vivo which demonstrated that deletion of
autoreactive DP thymocytes requires the BH3-only protein Bim
(14) as well as the multi BH domain proapoptotic Bcl-2 family
members Bax and Bak (15) but is independent of death receptor
signaling (12, 13).

Because Bcl-2-regulated apoptosis signaling appeared to be
essential for TCR�CD3-ligation-induced killing of semimature
CD4�8�HSA� thymocytes, we investigated the role of the
known downstream effectors Apaf-1 and caspase-9 (5) in this
process. Our studies showed that loss of Apaf-1 or caspase-9
protected immature CD4�8� or semimature CD4�8�HSA�

thymocytes only weakly (compared to loss of Bim) from TCR�
CD3-stimulation-induced apoptosis (Fig. 5). These results are
consistent with previous observations that Apaf-1 and caspase-9
are dispensable for developmentally programmed death during
lymphopoiesis (7) and that autoreactive Apaf-1�/� DP thymo-

cytes expressing the HY TCR transgene are normally deleted in
vivo, although they had a small degree of resistance to HY-
peptide-induced killing in vitro (23).

In conclusion, our data indicate that the deletion of potentially
deleterious autoreactive immature CD4�8� thymocytes as well
as semimature CD4�8�HSA� thymocytes requires the BH3-
only protein Bim. The deletion process is largely independent of
the Apaf-1�caspase-9 apoptosome and does not require death
receptor signaling. Because loss of even 50% of Bim function in
bim�/� mice has significant impact on apoptosis and develop-
ment of lymphocytes (17, 28), it will be interesting to investigate
whether mutations in the bim gene or abnormalities in Bim
protein regulation contribute to the development of autoim-
mune diseases in humans.
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K. Rossi for technical assistance; Dr. F. Battye, C. Tarlinton, V. Lapatis,
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