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Abstract
Apoptosis eliminates inappropriate or autoreactive T lympho-
cytes during thymic development. Intracellular mediators
involved in T-cell receptor (TCR)-mediated apoptosis in
developing thymocytes during negative selection are there-
fore of great interest. Caspases, cysteine proteases that
mediate mature T-cell apoptosis, have been implicated in
thymocyte cell death, but their regulation is not understood.
We examined caspase activities in distinct thymocyte
subpopulations that represent different stages of T-cell
development. We found caspase activity in CD4+CD8+ double
positive (DP) thymocytes, where selection involving apopto-
sis occurs. Earlier and later thymocyte stages exhibited no
caspase activity. Only certain caspases, such as caspase-3
and caspase-8-like proteases, but not caspase-1, are active in
DP thymocytes in vivo and can be activated when DP
thymocytes are induced to undergo apoptosis in vitro by
TCR-crosslinking. Thus, specific caspases appear to be
developmentally regulated in thymocytes.
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Abbreviations: AMC, amino-methyl-coumarin; CAB, Convanava-
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interleukin-1 b-converting enzyme; PI, propidium iodide; PS,
phosphotidylserine; RAC, receptor associated caspase; SP, single
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Introduction

Despite significant advances in our understanding of the
apoptosis signaling pathway in mature lymphocytes, the
mechanism by which apoptosis is executed in immature
thymocytes is not known. In mature T-lymphocytes, the
caspase family of cysteine proteases are important mediators
of lymphokine withdrawal apoptosis and antigen-induced cell

death.1 The prototypic members of this family are mammalian
interleukin-1b converting enzyme (ICE)2 and the nematode
death gene ced-3 product.3 All members of this family cleave
their substrates after an aspartic acid at the P1 position.
Because of this unique feature and the requirement of
cysteine in the active site of the enzyme, these proteases
have been named caspases (for cysteinyl, aspartate-requiring
protease). In the cytoplasm of non-apoptotic cells, caspases
exist as inactive proenzymes that can be activated by
cleavage after aspartic acid residues by cysteine pro-
teases.4 This suggests that caspases may be activated by
an autocatalytic mechanism and/or sequential activation by
upstream proteases of the same family. Activation does not
require new gene expression or new protein synthesis.

Caspases can be divided into three subfamilies
according to their substrate specificities.5 ± 7 Caspases that
prefer substrates with large aromatic/hydrophobic amino
acids at the P4 position, such as Tyr-Val-Ala-Asp (YVAD),
form the caspase-1 subfamily that includes caspase-1, -4
and -5. The second subfamily of caspases exhibits high
cleavage activity on substrates with an aspartic acid at the
P4 position such as Asp-Glu-Val-Asp (DEVD). Members of
this subfamily include CED3, caspase-3 (CPP32b, cas-
pase-2 and caspase-7. The third subfamily consists of
receptor-associated caspases (RAC) that can be recruited
to the cytoplasmic domain of death receptors such as
CD95 (Fas or Apo-1), through interaction with the FADD/
Mort-1 adapter molecule. Once recruited, they become
activated by proteolysis and cleave substrates that contain
an Ile(Leu)-Glu-X-Asp (I(L)EXD) motif. Two members of this
subfamily are caspase-8 (FLICE/MACH) and caspase-10
(Mch4). Specific substrates have been used to quantitate
the activity of three subfamilies respectively.8,9 Using this
approach it has been suggested that members from both
caspase-1 and caspase-3 subfamilies are involved in TCR-
induced mature T-cell apoptosis.10 ± 13

Since thymocytes can undergo the typical cellular
changes of apoptosis following TCR stimulation, caspases
may play roles in thymocyte cell death. Previous studies
have suggested that caspases can be activated in
thymocytes. Clayton et al. suggest that TCR engagement
activates caspase activity, as measured by a caspase-3
substrate, in DP thymocytes, resulting in cell death.14 Alam
et al. reported that caspase-3 is activated during thymic
selection suggesting a role for this caspase in thymic
development.15 However, thymocytes in mice deficient for
caspase-3 are susceptible to TCR-induced death and T-cell
development appears intact.16,17 Thymocytes in caspase-1
deficient mice also develop normally, although Fas-induced
apoptosis is reportedly compromised.17 Hence, how
specific caspases are activated in thymocytes and
developmentally regulated has not been fully elucidated.
In this paper we investigate the caspases naturally active in
thymocyte subpopulations and study how caspases are
induced in thymocytes during apoptosis caused by TCR
engagement.
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Results

The presence of caspase-3-like activity in DP
thymocytes

We first examined caspase activity in various thymocyte
subpopulations ex vivo. Both DEVD-MCA and YVAD-MCA
served as substrates to assess the activities of the caspase-3
subfamily and caspase-1 subfamily, respectively. As a
positive control, a cytosolic extract of Jurkat cells treated
with 500 ng/ml of soluble anti-CD95 antibody (CH11) for 6 h
was included in the assay. The treated Jurkat cells exhibited
dramatic DEVD cleavage activity by comparison with
untreated cells or those treated with CH11 and the caspase
inhibitor zVAD-fmk (Figure 1). Both CD4+ and CD8+ SP
thymocytes contained negligible amounts of DEVD cleavage
activity. However, DP thymocytes possessed high levels of
DEVD cleavage activity (Figure 1). The presence of caspase
activity only in DP thymocytes, a population that is
progressing through negative and positive selection, indi-
cates that the expression of caspases is developmentally
controlled and potentially functionally important. Thus, the
earlier report of apoptotic thymocytes during selection could
be due to caspase activation.18 In contrast to DEVD cleavage
activity, YVAD cleavage activity was undetectable in all
populations examined. Efforts to uncover this activity at
various time points were unsucessful. This suggests that
subfamily members that share the substrate specificity of
caspase-3 but not caspase-1 are activated in thymocytes
undergoing TCR-mediated thymic selcetion. Similar results
were also obtained from flow cytometrically-sorted thymocyte
subpopulations (data not shown).

Caspase-3 and caspase-8/10-like proteases are
activated in thymocytes induced to die by
anti-CD3/anti-CD28 treatment

To understand the functional role of certain caspases in DP
thymocytes, we employed an in vitro thymocyte death assay
protocol using a combination of anti-CD3 and anti-CD28
antibodies to induce cell death.19 Since fresh DP thymocytes
contain high levels of DEVD cleavage activity (Figure 1 and
data not shown), we cultured the freshly isolated total
thymocytes for 12 h in vitro to allow cells that had been
triggered to die in vivo to be eliminated. After culture, the
protease activity of the remaining thymocytes was at
background levels (Figure 1, CULTURE DP Thy). DP
thymocytes were isolated by panning on anti-CD8 antibody-
coated plates, and subjected to plate-bound anti-CD3 and
anti-CD28 antibodies. DP thymocytes responded to TCR
stimulation and underwent apoptosis within 24 h. We found
that after 3 h of stimulation, DEVD cleavage activity began to
rise above control. At the 18 h time point, the enzymatic
activity reached a maximum (Figure 2A and B). In contrast to
DEVD cleavage activity, YVAD cleavage activity did not
increase above control as time progressed. This result
suggests that caspases specific for DEVD cleavage but not
YVAD cleavage can respond to TCR engagement in
thymocytes. Anti-CD3 or anti-CD28 antibody treatment alone
did not activate any DEVD cleavage activity (data not shown).
In these experiments we also detected a transient activation
of protease activities using substrate LETD-MCA and IEAD-
MCA that are specific for caspase-8 and caspase-10,
respectively. These activities rose and fell between 2 to 6 h

Figure 1 Caspase activity in different thymocyte subpopulations. Freshly isolated thymocytes from young adult female C57BL/6 mice were fractionated by
panning or magnetic bead separation to obtain DP thymocytes (DP THY), CD4+ (CD4 THY) and CD8+ (CD8 THY) SP thymocytes. CULTURE DP THY was obtained
by culturing DP thymocytes for 12 h at 378C in RPMI medium in the absence of any TCR stimulation. Cytosolic extracts were obtained from different populations and
10 mg protein was used to measure the caspase-3-like activity and the caspase-1-like activity using DEVD-MCA (solid bar) and YVAD-MCA (empty bar),
respectively. The enzymatic reaction was allowed to proceed for 8 h before reading. One unit corresponds to 0.8 pmole of free amino-methyl-coumarin (AMC) in a
200 ml reaction. As controls, 10 mg of cytosolic extract from untreated (Jurkat), 500 ng/ml anti-CD95 antibody (CH11) treated (Jurkat+CH11), anti-CD95 antibody
and 100 mM zVAD-fmk co-treated (Jurkat+CH11+zVAD-fmk) Jurkat cells were also assayed for caspase activities. The absence of error bars in some columns is
due to the fact that error values are too small to appear in the graph given the scale used. Each treatment was done in triplicates. This experiment was repeated
three times and all results are in agreement to the data presented in the Figure
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after the treatment, coincident with the initial increase of
DEVD activity (Figure 2B). Hence, there is a substrate-
specificity and temporal order to caspase activation by
antigen receptor crosslinking in thymocytes.

Protease inhibitors specific for caspase-3 and
caspase-8 subfamily proteases can block
TCR-induced thymocyte death

To directly assess the importance of caspases in TCR-
mediated thymocyte apoptosis, we employed several
peptide protease inhibitors. zVAD-fmk inhibits various
types of cell death, including mature T-lymphocyte
apoptosis triggered by CD95-crosslinking,11 cell death
induced by growth factor deprivation12 or cell cycle

inhibition,11 and thymocyte apoptosis caused by pharma-
cological reagents20 and anti-CD3 or antigen treatments.14

The broad range of its inhibitory activity suggests the
possibility that it blocks multiple caspases involved in cell
death. In contrast to zVAD-fmk, YVAD-CHO has been
suggested to specifically inactivate caspase-1 subfamily
caspases.11 When DP thymocytes were treated for 24 h
with TCR and CD28 stimulation, the percentage of live
cells decreased from 80 to 20% (Figure 3). In the presence
of 100 mM zVAD-fmk, DP cell death was blocked
completely. The caspase-3 subfamily inhibitor DEVD-fmk
and caspase-8 specific inhibitor IETD-fmk also substantially
inhibited the cell death, while YVAD-CHO did not block
death even when 300 mM of the inhibitor was used. zFA-
fmk, a negative control which lacks aspartate required for

A

 B

Figure 2 Caspase activities in DP thymocytes upon TCR/CD3-crosslinking in vitro. DP thymocytes were subjected to plate-bound anti-CD3 and anti-CD28 for 0 ±
24 h (A) or 0 ± 6 h (B) and were used to generate cytosolic extracts. Ten mg of each sample was assayed for caspase activities using either DEVD-MCA (square),
YVAD-MCA (diamond), LETD-MCA (circle) and IEAD-MCA (triangle) as substrates. The enzymatic reaction was allowed to proceed for 30 min. One unit
corresponds to 0.8 pmole of free AMC in a 200 ml reaction. The absence of error bars in some columns is due to the fact that error values are too small to appear in
the graph given the scale used. Each treatment was done in triplicates. This experiment was repeated three times and all results are in agreement to the data
presented in the Figure
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binding to caspases, had no effect on thymocyte cell
death. We also tested total thymocytes from mice deficient
for both MHC class I and class II (MHC I/II7/7) in these
experiments. In MHC I/II7/7 mice, T-cell development is
blocked at the DP stage due to the lack of MHC molecules
to mediate thymic selection.21 More than 95% of
thymocytes are CD4+CD8+ double positive and no SP
thymocytes develop. In this system, any possible interac-
tions between SP and DP thymocytes and their conse-
quent effects on DP thymocyte apoptosis are eliminated.
Total thymocytes from these mice can be induced to
undergo apoptosis upon CD3 and CD28-crosslinking in
vitro. This death was efficiently inhibited by zVAD-fmk and
effectively blocked by DEVD-fmk but not by YVAD-CHO
(data not shown). Our data strongly support a role for

caspase-3 and caspase-8 subfamily proteases in TCR-
mediated thymocyte apoptosis in vitro. In contrast to
previous reports,11 caspase-1 subfamily activity is not a
prerequisite for the activation of other caspases and may
not be required for this specific death pathway.

Additional experiments to verify these conclusions were
directed at the role of caspases in thymocyte apoptosis
that occurs in the thymic environment. Crosslinking CD3
alone can induce thymocytes to die in fetal thymic organ
culture (FTOC).22 DP thymocytes are preferentially killed
while SP thymocytes and CD47CD87 double negative
(DN) thymocytes are spared. The dramatic decrease of
DP thymocytes in culture following anti-CD3 treatment
was very effectively inhibited by zVAD-fmk (Table 1). In
contrast, YVAD-CHO, even up to 300 mM, could not

Figure 3 Inhibition of TCR/CD3-induced DP thymocyte apoptosis. DP thymocytes were treated with 10 mg/ml plate-bound anti-CD3 and/or 50 mg/ml anti-CD28
antibodies for 24 h in the presence or absence of different protease inhibitors. At the end of treatment thymocytes were stained with (propidium iodide) PI and
subjected to flow cytometry to determine the cell viability. The absence of error bars in some columns is due to the fact that error values are too small to appear in
the graph given the scale used. Each treatment was done in triplicates. This experiment was repeated three times and all results are in agreement to the data
presented in the Figure

Table 1 Caspase inhibitors effectively block anti-CD3 antibody-induced DP thymocyte apoptosis in FTOC

CD4+ CD8+ CD4+ CD87 CD47 CD8+ CD47 Cl

Yield % Yield % Yield % Yield %

+zVAD-fmk
+YVAD-CHO
+zFA-fmk

84664
23964
70662
31112
33192

75.69
44.54
80.36
43.36
56.73

5536
4626
7368
6402

13440

4.95
8.60
8.38
8.92

22.97

8576
8970
3074
9134
2446

7.66
16.67
3.50

12.73
4.18

13094
16240
6828

25107
9430

11.71
30.18
7.77

34.99
16.12

Ten d15 fetal thymic lobes were cultured in 24 mm polycarbonate transwell culture plates for 5 days to allow the development of DP thymocytes. Twenty mg/ml of anti-
CD3 was then added to the medium with or without 100 mM zVAD-fmk, 100 mM zFA-fmk or 300 mM YVAD-CHO. After 18 h antibody treatment, ten lobes were pooled
together and live thymocytes were evaluated for the CD4 and CD8 expression by ¯ow cytometry. This is a representative of four independent experiments
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protect DP thymocytes. Thus, within the thymic micro-
environment, DP thymocytes can be protected from
apoptosis by caspase-3 inhibitors, but caspase-1 inhibi-
tors have no effect. In FTOC experiments, we also
observed some effects of protease inhibitors on SP and
DN populations, in both absolute cell number and
percentage. These effects are not reproducible, and
may represent experimental variations. The fact that
zFA-fmk, which does not contain the aspartate required
to bind to caspases and can not block caspase activity,
also exhibits some effects on these populations, indicates
that what we observed may not be specific to the
inhibition of caspases.

An early event of apoptosis is the loss of plasma
membrane asymmetry and the subsequent exposure of
phosphotidylserine (PS) at the cell surface, which can be
detected by fluorescently labeled Annexin V.23 Early
apoptotic cells maintain membrane integrity as indicated
by the exclusion of propidium iodide (PI) but are Annexin
V positive. Double staining of cells with both Annexin V-
FITC and PI allows us to follow the progression of cell
death. In the early stage of apoptosis, cells are Annexin
V positive but PI negative. As early as 5 h after anti-

CD3 and anti-CD28 treatment, a population of Annexin V
positive and PI negative thymocytes emerge (9.7%,
Figure 4B). PS display was efficiently blocked by
protease inhibitor zVAD-fmk (4.3%, Figure 4C). A later
event unique to the DP thymocyte apoptosis is the
downregulation of CD4 and CD8 co-receptors following
TCR treatment (Figure 4E).24 Ten hours after anti-CD3
and anti-CD28 antibody treatment, most DP thymocytes
from MHC I/II7/7 downregulated CD4 and CD8 co-
receptors dramatically, however this event could not be
blocked by zVAD-fmk (Figure 4F). Moreover, we found
that these CD4/CD8 dull cells survived when anti-CD3
and anti-CD28 antibodies were removed and actually
regained their CD4 and CD8 expression levels compar-
able to the control after 36 h of in vitro culture (Figure
4G). Similar cell numbers were recovered from the CD4/
CD8 re-expressed DP thymocyte sample and DP cells
that had been induced to apoptosis (Figure 4F and G),
in contrast to the 75% reduction of DP cells after a 24 h
anti-TCR treatment (see Figure 3). Hence, PS display
and PI incorporation, but not co-receptor downregulation,
are reliable indicators of TCR-triggered commitment to
apoptosis through caspase activation.

Figure 4 Caspase inhibitor blocks PS exposure but not the downregulation of CD4 and CD8 co-receptors. DP thymocytes from MHC I/II7/7 were treated with
10 mg/ml plate-bound anti-CD3 and 50 mg/ml plate-bound anti-CD28 antibodies for 5 h in the presence or absence of 100 mM of zVAD-fmk then stained with Annexin
V-FITC and PI (A ± C). Alternatively, cells were treated with antibodies for 10 h then stained with anti-CD4-FITC and anti-CD8-PE antibodies before being subjected
to flow cytometry analysis (D ± F). Anti-CD3/anti-CD28 antibody-treated DP cells were also washed and cultured for an additional 36 h without antibodies in the
presence of 100 mM of zVAD-fmk, before staining with anti-CD4-FITC and anti-CD8-PE antibodies (G). Similar numbers of cells were recovered from this wash
procedure and the control (no antibody) treatment (D). The numbers in D ± G indicate the live DP thymocyte yield per culture. Note that the strongly positive cells in
A ± C are in the late stages of apoptosis or secondary necrosis
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TCR stimulation-induced thymocyte apoptosis is
normal in caspase-1 deficient mice

To conclusively assess caspase-1 as a mediator for TCR-
induced thymocyte apoptosis, we performed apoptosis assays
with thymocytes from caspase-17/7 mice.25 Thymocytes from
these mice were shown to be sensitive to dexamethasone and
g-radiation-induced apoptosis, while CD95-mediated cell
death is impaired.17 The overall thymic development is
intact.17,25 We subjected caspase-17/7 thymocytes to CD3
and CD28 stimulation-induced apoptosis, which mimics the
negative selection. We found no significant difference in cell
loss between wildtype and mutant DP thymocytes (Figure 5A).
As a control we also compared anti-CD95 antibody-induced
thymocyte apoptosis in wildtype and caspase-17/7 mice. We
found no reproducible differences between wildtype and
mutant mice using different doses of soluble anti-CD95
antibody in treatment (Figure 5B).

We also investigated the role of caspase-1 in activation-
induced mature T-cell death, using Concanavalin A (Con
A)-stimulated T-cell blasts (CABs) from caspase-17/7

mice. Caspase-17/7 CAB died readily when subjected to
plate-bound anti-CD3 antibody (Figure 5C). We observed
no detectable differences in the percentage of cell death
between caspase-17/7 and wildtype T-cells. Death of
caspase-17/7 T-cells was efficiently inhibited by zVAD-
CHO, but not by YVAD-CHO. Hence, in contrast to
previous reports,11 there is no demonstrable role for
caspase-1 in anti-TCR mediated death in developing or
mature T-cells that are derived from normal animals.

Discussion

The involvement of caspases in TCR-induced thymocyte
apoptosis was studied by examining the protease activity in
DP thymocytes directly ex vivo. We found that DP thymocytes

A

B C

Figure 5 CD3- and CD95-crosslinking induce quantitatively equivalent apoptosis in either wildtype or caspase-17/7 DP thymocytes and mature T-cell CABs. (A)
Total thymocytes from wildtype (solid bars) and caspase-17/7 (empty bars) mice were treated with 10 mg/ml plate-bound anti-CD3 and 50 mg/ml anti-CD28
antibodies for 24 h in the presence or absence of 100 mM zVAD-fmk or 100 mM zFA-fmk as control. (B) Total thymocytes from wildtype (solid bars) and
caspase-17/7 (empty bars) mice were treated with different concentrations of soluble anti-CD95 antibody (Jo2) for 18 h. At the end of both treatments, thymocytes
were stained with CD4-FITC and CD8-PE antibodies to identify the DP population and PI to determine the cell viability. (C) CABs from wildtype (solid bars) and
caspase-17/7 (empty bars) mice were treated with 1 mg/ml of plate-bound anti-CD3 antibody in the absence or the presence of 100 mM zVAD-fmk or 300 mM YVAD-
CHO for 24 h. Cell viability was determined by forward scatter and PI staining profiles using a flow cytometer. The percentage cell loss was calculated according to
the following formula: % cell loss=17 (the number of viable cells underwent treatment/the number of viable cells untreated) 6 100%
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possess large amounts of caspase-3 subfamily activity. CD4
and CD8 SP populations, as well as DN thymocyte population
(data not shown), do not contain any protease activity above
background. These results correlate with the maturational
status associated with these various thymocyte populations.
Since caspases are believed to be the principal biochemical
pathway of apoptosis, our results are consistent with the
concept that DP thymocytes are at the developmental stage
where thymic selection events involving apoptosis is thought
to take place. They are sensitive to TCR engagement and
susceptible to TCR-mediated apoptosis. Contrasting with DP
thymocytes, SP thymocytes are resistant to TCR-induced cell
death and we find very little caspase activity in SP
thymocytes. They have successfully passed thymic selec-
tion, and represent a more advanced developmental stage.26

We noticed that DP thymocytes after a 12 h in vitro culture
contain little DEVD cleavage activity and postulated that the
activity detected in fresh thymocytes may come from only a
fraction of the DP thymocyte pool ex vivo. This fraction of cells
may have received a negative selective signal in vivo and they
undergo apoptosis during the in vitro culture. The remaining
DP thymocytes may contain the DP cells that have not
received negative selection signal or the DP cells that have
passed negative selection and become TCRhigh cells.27,28 DP
culture in the presence of zVAD-fmk always yielded more DP
thymocytes than control without the inhibitor (data not shown),
presumably resulting from rescuing this fraction of negatively
selected thymocytes.

Our results also demonstrated a selective activation of
caspases in DP thymocytes: the caspase-3 subfamily is
active in this thymocyte population, while the caspase-1
subfamily is inactive. These data are reinforced by in vitro
experimental results showing that caspase-3-like activity is
strongly activated in response to anti-CD3 and anti-CD28
treatment, which leads to apoptosis. Furthermore, DEVD-fmk
but not YVAD-CHO can inhibit death. Finally, DP thymocytes
from caspase-17/7 mice remain fully sensitive to TCR-
induced apoptosis. Previous results have suggested a role
for caspase-1 in apoptosis based on the induction of death by
overexpression, the prevention of apoptosis by a caspase-1
specific inhibitor and the resistance to CD95-mediated
apoptosis in caspase-17/7 mice. Apoptosis from transfec-
tion of caspase-1 may result from overloading the system
with the active enzyme so that its specificity is compromised.
YVAD-CHO, a tetrapeptide caspase-1 inhibitor based on the
cleavage site in proIL-1b,11 was shown to inhibit CD95-
mediated apoptosis by blocking the activation of caspase-3-
like activity in W4 cell line.29 It was therefore proposed that in
CD95-mediated apoptosis caspase-1 and caspase-3 are
sequentially activated to transduce and execute the death
program. However, in our experiments, caspase-1-like
activity does not precede caspase-3-like activity nor does
caspase-1 appear required in TCR-induced thymocyte
apoptosis. Based on these results, we conclude that
caspase-1 is not a prerequisite for TCR engagement-
induced thymocyte apoptosis. As a control, and in contrast
to the previous results,16 we also studied CD95-induced
thymocyte apoptosis in caspase-17/7 thymocytes and found
no detectable differences. Our data support certain groups'
results25,29 suggesting that caspase-1 does not participate in

CD95-mediated thymocyte cell death and disagree with the
results of others suggesting a role for caspase-1 in thymocyte
apoptosis.17 It is conceivable that different results might
relate to different genetic backgrounds of the caspase-17/7

mice, or other variables, but no evidence has yet been
generated that indicates an essential role for caspase-1
activity in normal TCR-mediated thymocyte apoptosis. The
primary function of caspase-1 may not be apoptosis, from our
results and the others', but processing proIL-1b. The mild
effects of caspase-1 on apoptosis could be related to
secondary effects due to IL-1b. Friedlander et al.30 have
reported that either IL-1 receptor antagonist or YVAD-CHO
alone can inhibit apoptosis by inhibiting IL-1b activity in
motorneurons following neurotrophic factor deprivation.
Hence, the experiments showing decreased apoptosis in
thymocytes could be attributable to an IL-1b effect.

Previous results have showed that CD95-mediated
mature T-cell death is normal in caspase-17/7 mice.29

Recent data suggest that antigen-induced T-cell death can
be mediated by other death receptors.31 We investigated
the role of caspase-1 in apoptosis of activated T-cells
induced by TCR re-stimulation, and observed no detectable
difference between wildtype and caspase-17/7 T-cells. We
conclude that caspase-1 is not required for TCR-induced
mature T-cell apoptosis. In this respect, the TCR-triggered
death pathways appear analogous in mature and develop-
ing T-cells.

The caspase-3-like activity we observed in DP thymo-
cytes ex vivo and in vitro supports the hypothesis that
caspase-3 subfamily is involved in thymocyte apoptosis.
However, thymocytes deficient for caspase-3 remain
sensitive to TCR-induced apoptosis.15 We speculate that
other members of caspase-3 subfamily, such as caspase-7
and caspase-6, which share the same D-X-X-D motif in the
substrates, may account for the DEVD cleavage activity we
observed. This could explain our result showing that DEVD-
fmk, that is able to block all caspase-3-like proteases, could
inhibit DP thymocyte death.

In addition to the caspase-3-like activity, transient
activities of caspase-8 and caspase-10 were also present
in the early phase of DP thymocyte apoptosis when caspase-
3 activity began to rise and cells started to become Annexin V
positive. IETD-fmk, an inhibitor specific for caspase-8,
blocked DP thymocyte death very effectively. These data
are reminiscent to the recent results obtained from mature T-
cell apoptosis studies.32,33 CD95-mediated mature T-cell
apoptosis requires a recruitment of cellular proteins, including
caspase-8 and possibly caspase-10, to the cytoplasmic
portion of CD95 through the death domain (DD) containing
molecule, such as FADD.34 Upon binding to the CD95/FADD
complex, caspase-8 is thereby processed and activated. An
active caspase-8 can then activate its downstream caspases.
At least in CD95-induced mature T-cell apoptosis, caspase-8
is the first and indispensable caspase activated in the
apoptosis pathway. Our studies extend this notion into
thymocyte apoptosis. The early onset of caspase-8 activity
and effective blockade of cell death by IETD-fmk indicates
that caspase-8 activation is one of the earliest events of
apoptosis and is important for initiating cell death in DP
thymocytes.
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Another interesting observation in our study is that the
downregulation of CD4/CD8 co-receptors on DP thymo-
cytes was not associated with the death pathway. At a
dose sufficient to block the exposure of phosphotidylserine
and apoptosis, zVAD-fmk could not inhibit the down-
regulation of co-receptors. In long-term culture (36 h) in
the absence of apoptotic stimuli and in the presence of
zVAD-fmk, the CD4/CD8 dull cells eventually regained
high levels of co-receptor expression. We postulate that
the downregulation of thymocyte co-receptors is not
intrinsically associated with the death process. One
possible scenario is that DP thymocytes would down-
regulate their co-receptors upon the TCR engagement. If
the engagement is very strong, as in the case of negative
selection, these thymocytes will be subjected to an
irreversible apoptotic pathway. If this engagement is
intermediate in intensity these CD4/CD8 dull thymocytes
will upregulate one of the co-receptors and develop to the
SP stage.35 Hence, we propose that apoptosis is a distinct
pathway from co-receptor down-regulation during thymo-
cyte development.

Materials and Methods

Mice

Six- to eight-week-old female C57BL/6 mice and day 15 timed-
pregnant NIH/Swiss mice were obtained from the National Cancer
Institute, Frederick Cancer Research and Development Center
(Frederick, MD, USA). Young adult female mice deficient in both
MHC class I and II expression (C57BL/6JAi-Abb[KO]-b2m[KO], or
MHCI/II7/7) were obtained from Taconic Farms, Inc. (Germantown,
NY, USA). Six- to eight-week-old female caspase-17/7 mice were
obtained from BASF Bioresearch Corporation (Worcester, MA,
USA).

Antibodies and reagents

Fluorescently-labeled antibodies specific for CD4 (RM4-5) and CD8
(53-6.7) and purified antibodies against CD3 (2C11), CD28 (37.51),
and CD95 (Jo2) were obtained from PharMingen (San Diego, CA,
USA). Anti-human CD95 antibody (CH11) was obtained from Kamiya
(Tukwila, WA, USA). Protease inhibitors Cbz-Val-Ala-Asp-fluoro-
methyl ketone (zVAD-fmk), Cbz-Asp-Glu-Val-Asp-fluoromethyl ke-
tone (DEVD-fmk), Cbz-Ile-Glu-Thr-Asp-fluoromethyl ketone (IETD-
fmk), Cbz-Phe-Ala-fluoromethyl ketone (zFA-fmk) and protease
substrates acetyl-Ile-Glu-Ala-Asp-4-methyl-coumary-7-amide (IEAD-
MCA), Cbz-Leu-Glu-Thr-Asp-4-methyl-coumary-7-amide (LETD-MCA)
were purchased from Enzyme Systems Products (Dublin, CA, USA),
and dissolved according to the manufacturer's instruction. zFA-fmk is
a derivatized peptide analogous to zVAD but lacking the aspartate
required for binding to caspases and was used as a negative control in
our experiments. The caspase-1 subfamily inhibitor acetyl-Tyr-Val-
Ala-Asp-CHO (YVAD-CHO), protease substrates acetyl-Tyr-Val-Ala-
Asp 4-methyl-coumary-7-amide (YVAD-MCA) and acetyl-Asp-Glu-Val-
Asp 4-methyl-coumary-7-amide (DEVD-MCA) were purchased from
Peptide International (Louisville, KY, USA). Annexin V staining
reagents were obtained from Trevigen (Gaithersburg, MD, USA).
Concanavalin A and a-methyl mannoside were obtained from Sigma
(St. Louis, MO, USA).

Isolation of DP thymocytes and apoptosis assay

The thymocyte isolation procedures followed in our studies were
described previously.19 Briefly, DP thymocytes were purified from
young adult female C57BL/6 mice by panning on anti-CD8 coated
plates. CD4+ and CD8+ SP thymocytes were purified by staining total
thymocytes with either rat anti-mouse CD8 or rat anti-mouse CD4
antibodies, and incubating them with magnetic beads (Dynal
International, Oslo, Norway) coated with sheep anti-rat antibodies to
deplete CD8 positive or CD4 positive cells, respectively. In vitro killing
assays using anti-CD3 and anti-CD28 antibodies were performed as
previously published.19 In short, 24-well tissue culture plates were
coated with 10 mg/ml anti-CD3 antibody and 50 mg/ml anti-CD28
antibody in PBS overnight. Purified DP thymocytes or total thymocytes
(2.56106) were cultured in the antibody-coated plate in 0.5 ml of
RPMI medium supplemented with 10% FCS and antibiotics for 18 or
24 h. At the end of the culture, thymocytes were harvested, stained
and subjected to flow cytometry. Annexin V staining was performed
following the manufacturer's instruction. Protease inhibitors were
added at the beginning of the culture at concentrations indicated in the
figures. To study co-receptor expression, we TCR-stimulated DP
thymocytes in the presence of protease inhibitor for 10 h, then washed
the cells and cultured them in the presence of protease inhibitor and
the absence of anti-CD3 and anti-CD28 antibodies for additional 36 h.
We also used soluble anti-CD95 (Jo2) antibody at various
concentrations (as described in Figure 5B) in thymocyte cultures for
18 h to induce apoptosis.

TCR-mediated mature T-cell death assay

BALB/c mouse lymph node cells were stimulated with 5 mg/ml Con A
for 48 h, washed with 10 mg/ml of a-methyl mannoside and then
incubated in EHAA complete medium supplemented with 10 IU/ml of
interleukin-2 for 48 h. Viable T-lymphocyte CABs were purified by
density gradient centrifugation and resuspended in fresh EHAA
complete medium supplied with the same amount of IL-2. Fifty
thousand T-cells were seeded into each well of 96-well plates pre-
coated with 1 mg/ml of anti-CD3 (2C11) and incubated for 24 h.
Quantitation of viable cell recovery was carried out by a flow
cytometric analysis detailed previously.31 Briefly, four wells of cells
were pooled and stained with 10 ul of 100 mg/ml propidium iodide.
Samples were collected on the FACScan II (Becton Dickinson,
Franklin Lakes, NJ, USA) flow cytometer for 30 s constant time. The
viable cell recovery was next determined by forward scatter profile and
propidium iodide exclusion.

Protease assay

One million thymocytes were washed with PBS once and then with
cytosol extract buffer (CEB, 50 mM PIPES, pH 7.4, 50 mM KCl, 5 mM
EGTA, 2 mM MgCl2, 1 mM DTT, 10 mM cytochalasin B, 1 mM PMSF,
0.5 mg/ml leupeptin and 3 mg/ml antipain), and resuspended in 50 ml
CEB. Cells were then subjected to three rounds of freezing and
thawing (at 48C) and centrifuged. The protein concentration of the
supernatant was determined with Bio-Rad Protein Assay reagents
from Bio-Rad Laboratories (Hercules, CA, USA) following the
manufacturer's protocol. Ten mg of protein was diluted in 200 ml of
thiol free-buffer (TFB, 10% sucrose, 30 mM HEPES, pH 7.4, 5 mM
DTT and 10 mM CaCl2) containing 25 mM of either DEVD-MCA or
YVAD-MCA. The proteolysis activity was evaluated at 30 min or 8 h
using a FluoroStar spectrofluorometer from Tecam (Durham, NC,
USA) set at an excitation wavelength of 390 nm and an emission
wavelength of 460 nm.
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FTOC thymocyte killing assay

Fetal thymic organs were harvested from NIH/Swiss mice at day 15
of gestation and cultured in 24 mm polycarbonate transwell culture
plates from Costar (Cambridge, MA, USA). Ten lobes were cultured
in one transwell situated in 6-well cluster plate containing 1.8 ml
EHAA medium supplemented by 10% FCS and antibiotics. The
culture was maintained for 5 days with the medium replenished
every other day. At the end of the 5-day culture the medium was
replaced with fresh medium containing 20 mg/ml of anti-CD3 with or
without protease inhibitors. At the end of the 18 h antibody
treatment, thymocytes from ten lobes were harvested and pooled
for the determination of cell yield by ¯ow cytometry.
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