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Defects in death receptor-mediated apoptosis have been linked to cancer and autoimmune disease in humans.
The in vivo role of caspase 8, a component of this pathway, has eluded analysis in postnatal tissues because of
the lack of an appropriate animal model. Targeted disruption of caspase 8 is lethal in utero. We generated
mice with a targeted caspase 8 mutation that is restricted to the T-cell lineage. Despite normal thymocyte
development in the absence of caspase 8, we observed a marked decrease in the number of peripheral T-cells
and impaired T-cell response ex vivo to activation stimuli. caspase 8 ablation protected thymocytes and
activated T-cells from CD95 ligand but not anti-CD3-induced apoptosis, or apoptosis activated by agents that
are known to act through the mitochondria. caspase 8 mutant mice were unable to mount an immune
response to viral infection, indicating that caspase 8 deletion in T-cells leads to immunodeficiency. These
findings identify an essential, cell-stage-specific role for caspase 8 in T-cell homeostasis and T-cell-mediated
immunity. This is consistent with the recent identification of caspase 8 mutations in human
immunodeficiency.
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The active elimination of cells in multicellular organ-
isms during normal development, differentiation, and
tissue homeostasis is facilitated by apoptosis (Meier et
al. 2000; Newton et al. 2000; Rathmell et al. 2002). Apo-
ptosis also serves to remove cells that pose a threat to the
survival of an organism. Two major apoptotic pathways
have been identified: the mitochondrial pathway and the
death receptor (DR) pathway (Strasser et al. 1995). Both
pathways are dependent on the activation of down-
stream caspases, a family of aspartate-specific cysteine
proteases, for the proper execution of apoptosis (Earn-
shaw et al. 1999; Gross et al. 1999; Krammer 2000; Wang
2001).
In the immune system, apoptosis is critical for lym-

phocyte development and homeostasis (Lenardo et al.
1999; Nagata 1999; Rathmell and Thompson 2002) For
example, elimination of autoreactive T- and B-cells by
apoptosis, a process known as negative selection, is re-

quired for establishment and maintenance of self-toler-
ance (Germain 2002; Rathmell and Thompson 2002).
Apoptosis is also essential for the down-regulation of
immune responses by eliminating activated T-cells after
their initial expansion, a process known as activation-
induced cell death (AICD; Budd 2001).
Defects in DR-mediated apoptosis result in autoim-

mune disease in humans and mice. The Autoimmune
Lymphoproliferative Syndrome (ALPS) is a human child-
hood condition, characterized clinically by lymphoad-
enopathy, splenomegaly, autoimmune hemolytic ane-
mia, thrombocytopenia, and hypergammaglobinemia
(Lenardo et al. 1999; Straus et al. 1999). The majority of
ALPS patients have dominant mutations in the genes
encoding the CD95 (FAS/APO-1) receptor, the CD95 li-
gand (CD95L), and caspase 10 (Lenardo et al. 1999; Straus
et al. 1999; Wang et al. 1999). These mutations have been
associated with the survival and the expansion of an au-
toreactive population of Thy1+ B220+ CD4− CD8−, which
may be responsible for the observed autoimmunity (Le-
nardo et al. 1999; Straus et al. 1999). In mice, spontane-
ous mutations of CD95 and CD95L result in similar syn-
dromes recognized as lymphoproliferation (lpr) and gen-
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eralized lymphoproliferative disease (gld; Nagata and
Suda 1995).
Caspase 8 (Flice/Mach/Mch5) is essential for apoptosis

induced by DRs CD95, TNFR1, and DR3, DR4, and DR5
in various cell systems (Juo et al. 1998; Varfolomeev et
al. 1998; Bodmer et al. 2000; Ashkenazi 2002). Binding of
the CD95 receptor (by its ligand, CD95L) stimulates the
recruitment of the adaptor molecule Fas-associated
death domain (FADD/Mort-1) and caspase 8 to the re-
ceptor, forming the Death-Inducing Signaling Complex
(DISC; Krammer 2000). Recruitment of many pro-
caspase 8 molecules to the DISC is thought to facilitate
self-processing and formation of the active caspase 8 en-
zyme (Salvesen 1999). Consequently, active caspase 8
induces apoptosis by triggering the activation of down-
stream caspases 2, 3, 6, and 7 (Budihardjo et al. 1999).
Furthermore, active caspase 8 can cleave Bid, a pro-apo-
ptotic member of the Bcl-2 family, generating a trun-
cated Bid polypeptide (tBid), which translocates to the
mitochondrial membrane and triggers cytochrome c re-
lease and activation of the mitochondrial apoptotic path-
way (Luo et al. 1998; Budihardjo et al. 1999; Kuwana et
al. 2002). Present knowledge implies that all specific
substrates for caspase 8 are involved in the induction of
apoptosis.
In addition to its importance in the induction of apo-

ptosis, recent studies have implicated the DR pathway
and its components in the regulation of lymphocyte pro-
liferation (Budd 2002). For example, T-cells expressing a
dominant interfering form of FADD are specifically de-
ficient in cytokine-mediated proliferation (Newton et al.
1998; Walsh et al. 1998; Zornig et al. 1998). Similarly,
FADD−/− T-cells derived from Rag-1−/− mice reconsti-
tuted with FADD−/− ES cells exhibit defective prolifera-
tion (Zhang et al. 1998). Additionally, another compo-
nent of the DISC, c-FLIP(L), has been reported to increase
T-cell proliferation by modulating T-cell receptor signal-
ing (Lens et al. 2002). A role for caspases in T-cell pro-
liferation has been suggested from studies using inhibi-
tors of caspases (Alam et al. 1999; Kennedy et al. 1999;
Mack and Hacker 2002).
A report by Chun et al. (2002) has identified two pa-

tients with ALPS-like disorders who have normal CD95,
CD95L, or caspase 10 genes. These patients, however,
had a C-to-Tmutation in the caspase 8 gene that reduced
protein stability and abrogated the enzymatic activity of
the caspase 8 protein (Chun et al. 2002). In contrast to
other ALPS patients with mutations inCD95,CD95L, or
caspase 10 genes, the two caspase 8 mutant patients
exhibited reduced T-cell activation and proliferation, natu-
ral killer cell activation, and immunoglobulin production.
The in vivo role of caspase 8 in adult tissues remains

poorly understood because of the embryonic lethality as-
sociated with caspase 8 deletion in mice. Despite the
exciting findings by Chun et al. (2002) in patients with
mutant caspase 8, the in vivo specific function of
caspase 8 still remains uncertain. The residual function
of “protease dead’ caspase 8 is not known. Compensa-
tory roles for caspase 10 in humans with mutant caspase
8 cannot be adequately addressed at the present time.

The phenotypes associated with caspase 8 and caspase
10 mutations in humans are based on limited genetic
data. Furthermore, mutation of caspase 8 in all cells, as
seen in humans caused by germ-line mutation, may
complicate the study of its specific roles in lymphocytes.
We report the generation of mice bearing a caspase 8
mutation specifically targeted to the T-cell lineage. We
show that caspase 8 mutation abrogated CD95-induced
apoptosis but did not affect apoptosis activated through
the mitochondria. Finally, we demonstrate that caspase
8 is dispensable for thymocyte development; however, it
is essential for T-cell homeostasis, activation-induced T-
cell responses in vitro, and T-cell-mediated immunity.

Results

Generation of mice with a floxed caspase 8 allele

A targeting construct was generated in which exons 3
and 4 of caspase 8, a neomycin resistance cassette, and
the herpes simplex virus thymidine kinase gene were
each flanked by LoxP sites (Fig. 1A). The linearized con-
struct was electroporated into E14K embryonic stem (ES)
cells, and G418-resistant clones were selected. Four in-
dependent clones with insertion of the targeting vector
by homologous recombination at the caspase 8 locus
were obtained and confirmed by Southern blot analysis
(Fig. 1A,B). To remove the floxed PGKneor-PGKtk cas-
settes, two independent casp8fl3-4;neo-tk/wt ES clones
were transiently transfected with a CMV-driven con-
struct encoding Cre recombinase (Fig. 1C). Four different
clones that had lost the PGKneor-PGKtk cassettes but
retained the floxed caspase 8 exons 3 and 4 (casp8fl3-4)
were injected into C57BL/6 blastocysts to generate chi-
mericmice. Heterozygous (casp8fl3-4/wt) mutantmice were
generated by crossing chimeras to C57BL/6 mice (Fig. 1D).
Intercrossing of heterozygous casp8fl3-4/wt mice gen-
erated homozygous casp8fl3-4/fl3-4 mice in the predicted
Mendelian ratio. casp8fl3-4/fl3-4 mice were healthy and
indistinguishable from their control littermates.
To confirm that in vivo Cre-mediated deletion of

caspase 8 exons 3 and 4 results in a nonfunctional allele,
we generated mice carrying a germ-line mutation of
caspase 8 (casp8�3-4/wt) by crossing casp8fl3-4/wt mice to
CMV-Cre transgenic mice. In this transgenic strain,
deletion of LoxP-flanked DNA occurs in all tissues, in-
cluding germ cells (Su et al. 2002). No homozygous
casp8�3-4/�3-4 mice were obtained from interbreeding of
heterozygotes casp8�3-4/wt mice (data not shown). Addi-
tionally, analysis of embryos at different days of gesta-
tion indicated that casp8�3-4/�3-4 mutants did not sur-
vive past embryonic day 12.5 (E12.5). The embryonic le-
thality observed before E12.5 with the casp8�3-4

mutation was consistent with previously reported
caspase 8 deletion in mice (Varfolomeev et al. 1998;
Sakamaki et al. 2002).

Conditional disruption of caspase 8
in the T-cell lineage

To inactivate caspase 8 in the T-cell lineage, casp8fl3-4/wt

mice were mated to LckCre transgenic mice (C57BL/6
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background), which express Cre recombinase under the
control of the T-cell-specific Lck promoter (Hennet et al.
1995). Deletion of caspase 8 in casp8fl3-4/fl3-4; LckCre
mice (T-cell-lineage-specific caspase 8 mutant mice; re-
ferred to in this paper as tcasp8−/−) was restricted to the
T-cell lineage. Southern blot analysis indicated a specific
and complete deletion of exons 3 and 4 of caspase 8 from
thymocytes and peripheral T-cells in comparison to tail
DNA, which retained the floxed exons 3 and 4 (Fig. 2A;
data not shown). Sequencing of the mutant cDNA re-
vealed that the casp8�3-4 transcript contained a frame-
shift mutation that introduced several termination
codons into the open reading frame of caspase 8 (Fig. 2B).
Thus, the casp8�3-4 transcript if stable, would encode for
a N-terminal peptide of 182 amino acids, in contrast to
the wild-type caspase 8 protein made up of 480 amino
acids. Western blots performed on cell extracts derived
from wild-type and tcasp8−/− total thymocytes using a
polyclonal antisera specific for the C-terminal p10 do-
main of caspase 8 did not detect caspase 8 in tcasp8−/−

T-cells (Fig. 2C). These results in addition to a lack of
phenotype in the casp8fl3-4/wt; LckCre mice suggest that
casp8�3-4 produces either a null mutation, or alterna-
tively, if an N-terminal peptide is made, it is not acting
in a dominant-negative manner.

Caspase 8 is dispensable for thymocyte development

To identify a potential role for caspase 8 in thymocyte
development, thymocytes from tcasp8−/− and control lit-
termate mice were analyzed by flow cytometry. CD4−

CD8−, CD4+ CD8+, CD4+ CD8−, and CD4− CD8+ thy-
mocyte subpopulations were similarly represented in
tcasp8−/− and control mice (Fig. 2D). Also, the total num-

ber of the different thymocyte subpopulations was not
significantly different in tcasp8−/− and control mice (Fig.
2E; data not shown). Finally, the expression levels of
TCR��, CD3, CD25, CD44, CD95, and CD95L were
similar in the tcasp8−/− and control mice (data not
shown). Together, these findings suggest that caspase 8
function is dispensable for normal thymocyte develop-
ment.

Caspase 8 is required for CD95-, but not
mitochondria-mediated apoptosis in the T-cell lineage

We investigated the effect of caspase 8 mutation on T-
cell lineage death induced through the DR and the mi-
tochondrial apoptotic pathways. Thymocytes and acti-
vated T-cells were challenged with various apoptotic
stimuli—anti-CD95, CD95L, �-irradiation, dexametha-
sone, and anti-CD3 antibody. The role of caspase 8 defi-
ciency on apoptosis induced by neglect in media was also
investigated. tcasp8−/− thymocytes and activated T-cells
were resistant to death mediated by anti-CD95 antibody
and CD95L (Fig. 3A,B; data not shown). However,
tcasp8−/− and control thymocytes and activated T-cells
exhibited similar sensitivity when apoptosis was in-
duced by �-irradiation, dexamethasone, and anti-CD3
and anti-CD28 antibodies or by neglect in media (Fig.
3A,B).
Western blots were performed to further characterize

the apoptotic response in the absence of caspase 8. The
processing of caspase 3 and Bid were monitored in thy-
mocytes after treatment with CD95L or �-irradiation
(Fig. 3C). In contrast to controls, tcasp8−/− thymocytes
treated with CD95L did not show an increase in the pro-
cessing of either caspase 3 or Bid (Fig. 3C). Pro-caspase 3

Figure 1. Generation of conditional caspase 8 mutant
mice. (A) Schematic representation of the wild-type
caspase 8 locus, the targeting construct, and the
caspase 8 mutant alleles casp8fl3-4;neo-tk, casp8fl3-4, and
casp8�3-4. Exons are indicated as filled boxes and LoxP
sites as triangles. B, BamHI site. (B) Four independent
clones carrying homologous recombination to the
caspase 8 locus were identified by PCR and confirmed
by Southern blot with the 5� probe. (Lane 1) Wild-type
ES DNA. (Lanes 2–5) casp8fl3-4;neo-tk ES clones. (C)
casp8fl3-4,neo-tk ES clones were transiently transfected
with a CMV-driven construct encoding for Cre recom-
binase. Clones that have lost the neo-tk cassettes but
retained the floxed caspase 8 exons 3 and 4 (casp8fl3-4)
were identified by Southern blot with exons 3–4.
(Lane 1) Wild-type ES clone. (Lane 2) casp8fl3-4;neo-tk/wt

ES clone. (Lane 3) casp8fl3-4/wt ES clone. (Lane 4)
casp8�3-4/wt ES clone. (D) Heterozygous (casp8fl3-4/wt)
mutant littermate mice were identified by Southern
blot on tail DNA with a 5�-flanking probe. (Lanes 1,3,4)
casp8fl3-4/wt. (Lane 2) Wild type. BamHI restriction frag-
ments (detected by 5� probe): wild-type fragment = 9.4
kb; casp8fl3-4;neo-tk = 8.7 kb; casp8fl3-4 = 4.5 kb; and
casp8�3-4 = 9.0 kb.

Conditional deletion of caspase 8 in T-cells
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and Bid were equally processed in tcasp8−/− and control
thymocytes in response to �-irradiation or dexametha-
sone (Fig. 3C; data not shown). The low level of cleavage
of caspase 3 observed in the tcasp8−/− thymocytes at 4
and 8 h (with or without CD95L) is a caspase-8-indepen-
dent event that may be a result of culturing these cells in
the absence of the necessary survival factors.
The level of p53 protein was assessed as a control for

the cellular response to �-irradiation and was found to be
unaffected by caspase 8 deficiency. Taken together,
these results demonstrate that caspase 8 is necessary for
CD95-mediated death of thymocytes and activated T-
cells, but does not impact T-cell death in response to
apoptotic stimuli that target the mitochondrial pathway,
nor does it protect from anti-CD3-mediated AICD or
death resulting from lack of survival factors. Further-
more, caspase 8 is essential for caspase 3 and Bid pro-
cessing when apoptosis is activated through the CD95
receptor but not when apoptosis is induced via the mi-
tochondrial pathway with �-irradiation or dexametha-
sone.

Caspase 8 is essential for peripheral T-cell homeostasis

Mutation of human CD95, CD95L, or caspase 10 leads
to ALPS associated with splenomegaly, lymphoadenopa-
thy, and the accumulation of a Thy1+ CD4− CD8− B220+

T-cell population (Lenardo et al. 1999; Straus et al. 1999).
Similarly, lymphoadenopathy and splenomegaly are
characteristics of mice with lpr and gld disease (Nagata
1999). Unexpectedly, we observed a general decrease in
the proportion of Thy1.2+ peripheral cells in tcasp8−/−

mice relative to their control littermates (Fig. 4A). The
relative proportion (percent ± S.T.E.) of splenic T-cells
was significantly lower in tcasp8−/− mice compared with
control mice (6.5% ± 0.8% vs. 16.9% ± 2.3%; n = 16,
p = 0.00011). In lymph nodes (LN), the proportion of T-
cells was also significantly lower (37.1% ± 3.9% vs.
65.6% ± 3.8%; n = 17, p < 0.0001) in tcasp8−/− versus
control mice, respectively. These results were supported
by histological analysis of tcasp8−/− spleens, which
showed a reduced level of staining for follicular T-cells
(Fig. 4B). The total number of splenic lymphocytes
was not affected by the deletion of caspase 8. How-
ever, the total number of T-cells was significantly
lower (1.1 ± 0.2 × 107 vs. 3.6 ± 1.1 × 107; n = 9, p = 0.045)
in tcasp8−/− versus control mice (Fig. 4C). Furthermore,
the CD4+ to CD8+ T-cell ratio was markedly increased in
tcasp8−/− spleens, LN, and in peripheral blood (PBL; Fig.
4C). The expression levels of CD3, TCR��, CD69,
CD25, CD95L, CD44, and CD62L were equivalent in the
mutant and control peripheral T-cells (Fig. 4D; data not
shown). Intriguingly, an increase in the expression of
CD95 was observed in tcasp8−/− peripheral T-cells com-
pared with controls (Fig. 4D). These data demonstrate
that in contrast to thymocyte development, caspase 8 is
required for the maintenance of T-cell homeostasis. Spe-
cifically, the number of CD8+, and to a lesser extent
CD4+, T-cells is dramatically lower in tcasp8−/− mice
when compared with control siblings.

Defective activation-induced expansion of peripheral
T-cells deficient for caspase 8

We investigated the effect of caspase 8 mutation in T-
cells by assessing the ability of tcasp8−/− T-cells and B-
cells to respond to activation stimuli ex vivo. Purified
tcasp8−/− T-cells display decreased levels of [3H]thymi-
dine incorporation in response to activation mediated by
anti-CD3 antibody, and the further addition of anti-
CD28 antibody or exogenous IL2 was not able to rescue
T-cell expansion relative to control T-cells (Fig. 5A). In
addition, [3H]thymidine incorporation was not rescued
when mutant T-cells were stimulated with Phorbol My-
ristate Acetate (PMA) and Ionomycin, agents that bypass
TCR:CD3 signaling and induce downstream messengers
directly (Fig. 5B). In contrast, B-cells purified from
tcasp8−/− and control mice displayed similar responses to
activation by stimuli ex vivo (Fig. 5C).
Cell cycle analysis was performed on purified T-cells

that were stimulated for 0–72 h with anti-CD3 and anti-
CD28 antibodies (Fig. 5D). The proportion of T-cells in
the G0/G1, S, and G2/M phases of the cell cycle were

Figure 2. Deletion of caspase 8 in the T-cell lineage. (A) South-
ern blot performed on BamHI-digested genomic DNA extracted
from tcasp8−/− mice shows a specific and complete deletion
of exons 3 and 4 of caspase 8 in thymocytes in comparison to
tail extracted DNA. (Lane 1) Wild-type tail DNA. (Lane 2)
casp8fl3-4/wt; LckCre tail DNA. (Lane 3) casp8fl3-4/wt; LckCre
thymocyte DNA. (Lane 4) tcasp8−/− tail DNA. (Lane 5) tcasp8−/−

thymocyte DNA. (B) The casp8�3-4 nucleotide sequence con-
tained several termination codons that disrupted the open read-
ing frame of caspase 8 shortly beyond exon 2. (C) Western blot
performed on thymocyte cell extracts derived from control and
tcasp8−/− mice confirmed the absence of caspase 8 protein in
thymocytes. (D) Representative dot blots showing similar thy-
mocyte populations in tcasp8−/− and control mice. (E) Mean
total thymocyte numbers in tcasp8−/− and control mice (n = 17,
p = 0.601).
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similar in control and tcasp8−/− backgrounds. Neverthe-
less, the G1 subpopulation, which represents dead
T-cells, was equivalent at 0 h but consistently greater in
the tcasp8−/− T-cells compared with controls at 48 and
72 h after stimulation (Fig. 5C). Together, these results
demonstrate that defective activation-induced expan-
sion observed specifically in T-cells derived from
tcasp8−/− mice is not the result of impaired cell cycling,
but rather a result of a decreased cell survival.

Activation of caspase 8 mutant T-cells

To investigate the molecular mechanisms responsible
for the defective homeostasis and survival observed in
tcasp8−/− T-cells, we examined different pathways that
are induced in response to activation stimuli in vitro. We
first assessed the effect of caspase 8 deficiency on
TCR:CD3 signaling events by determining the levels of
TCR:CD3-induced tyrosine phosphorylation. As shown
in Figure 6A, no gross abnormalities in tyrosine phos-
phorylation were seen in tcasp8−/− T-cells stimulated by
anti-CD3 antibody for 5 min. NF-�B, a cellular factor
that is translocated to the nucleus in response to activa-
tion stimuli, induces the transcription of genes that are
essential for lymphocyte survival and activation, and for
immune responses (Li and Verma 2002). NF-�B activa-
tion in purified T-cells was analyzed by gel shift assays

and was found to be similar in control and tcasp8−/− T-
cells in response to anti-CD3 antibody with or without
anti-CD28 antibody or exogenous IL-2, or stimulation by
PMA and Ionomycin (Fig. 6B). Furthermore, caspase 8
mutation did not alter MAPK signaling in response to
anti-CD3 antibody stimulation of T-cells as demon-
strated by the similar phosphorylation of Erk1/2 (p42/44)
in control and tcasp8−/− T-cells (Fig. 6C). IL-2 production
was measured 48 and 72 h after T-cell stimulation with
anti-CD3 and anti-CD28 antibodies (Fig. 6D). We de-
tected less IL-2 in the supernatants of tcasp8−/− T-cells
relative to control T-cells stimulated for 48 and 72 h
with anti-CD3 (2 or 5 µg/mL) and anti-CD28 (2 µg/mL).
This difference is likely a consequence of the decreased
survival of tcasp8−/− activated T-cells and, thus, the
smaller number of cells present to secrete IL-2. Simulta-
neously, the expression levels of CD95 and the activa-
tion markers CD44, CD69, and CD25 (IL-2R�) were also
monitored and were found to be similarly up-regulated
in tcasp8−/− and control T-cells after 48 and 72 h of anti-
CD3 and anti-CD28 antibody stimulation (Fig. 6E). Our
findings suggest that caspase 8 mutation does not affect
proximal TCR:CD3 signaling, NF-�B nuclear transloca-
tion, or p42/44-MAPK activation. Furthermore, T-cells
derived from tcasp8−/− mice were observed to produce
IL-2 and to up-regulate activation markers normally in
response to activation stimuli in vitro.

Figure 3. Caspase 8 is required for CD95 but not mi-
tochondrial-mediated apoptosis in the T-cell lineage.
(A) Sensitivity of thymocytes to DR-mediated apoptosis
induced by CD95L and mitochondrial-mediated apo-
ptosis induced by ionizing radiation (�IR) or dexameth-
asone. Death induced by anti-CD3 and anti-CD28 an-
tibodies and thymocyte death from neglect were also
measured. Cell viability was determined 24 h after
treatment (n � 3 for each data point). (B) Activated T-
cell death was studied in a similar fashion. (C) Thymo-
cytes were treated with 1 µg/mL CD95 ligand for the
indicated times. Western blots were performed on ly-
sates with the indicated antibodies. The anti-caspase 8
antibody detects the C-terminal p10 cleavage product of
caspase 8 in control but not tcasp8−/− thymocytes.
Caspase 3 cleavage was markedly reduced in tcasp8−/−

thymocytes treated with CD95L but not in response to
�IR. Similarly, loss of full-length Bid was reduced in
tcasp8−/− thymocytes in response to CD95L but not to
�IR. p53 response to �IR was unaffected by caspase 8
mutation.
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Caspase 8 deficiency in T-cells leads
to immunodeficiency

Lymphocytic choriomeningitis virus (LCMV) infection
of wild-type mice leads to expansion of CD8+ cytotoxic
T-cells that are required for the clearing of the virus (Gal-
limore et al. 1998). To evaluate the effect of the caspase
8 deficiency on T-cell mediated immunity and responses
to viral infection, tcasp8−/−, control littermates, �2m−/−,
and C57BL/6 mice were injected with LCMV. The pro-
portion of CD4+ and CD8+ T-cell populations in the pe-
ripheral blood of these mice was monitored by flow cy-

tometry at regular time points after infection. A drastic
expansion of CD8+ T-cells in the peripheral blood was
observed 6 d after infection in control and C57BL/6 mice
but not in tcasp8−/− or �2m−/− mice (Fig. 7A). The im-
paired expansion of CD8+ T-cells in peripheral blood and
spleens of LCMV-infected tcasp8−/− mice was accompa-
nied by a decreased representation of CD62Lhigh

CD44low (memory) T-cells in tcasp8−/− mice compared
with control littermates (data not shown). Furthermore,
the ability of LCMV-infected tcasp8−/− mice to generate
CD8+ cytotoxic T-cells (CTL) specific for LCMV was ab-
rogated (Fig. 7B,C; data not shown). These findings are
consistent with the observation of persistence of the
LCMV virus in tcasp8−/− mice but not in control litter-
mates (Fig. 7D). These findings demonstrate an absolute
requirement for caspase 8 in CD8+ T-cell mediated an-
tiviral immunity.

Discussion

Dysregulation of apoptosis or programmed cell death is a
predisposing factor for different human diseases includ-
ing cancer and autoimmunity (Vaux and Flavell 2000).
Emerging evidence indicates that the DR pathway,
which is traditionally associated with apoptosis, is piv-
otal in the control of T-cell proliferation and activation
(Budd 2002). Caspase 8 has been shown to be essential in
the signaling of all known DRs including CD95, DR3,
DR4, and DR5 (Ashkenazi 2002). The in vivo study of
caspase 8 function in adult animals has been hampered
by the early embryonic lethality associated with caspase
8 mutant mice (Varfolomeev et al. 1998; Sakamaki et al.
2002). Recently, caspase 8 mutation has been associated
with immunodeficiency in humans (Chun et al. 2002).
However, only two patients were available for that
study, and redundancy between caspase 8 and caspase 10
function (which is not present in mouse) has not been
clearly addressed. Furthermore, the “protease-dead”
caspase 8 described in that study may still be able to
function or interfere in some cellular processes. There-
fore, the specific function of caspase 8 is still blurred. In
our study using a conditional gene targeting approach in
mice, we present evidence that supports a dual role for
caspase 8 in apoptosis and T-cell response. We also dem-
onstrate in vivo and in vitro that caspase 8 is essential for
maintaining T-cell homeostasis and in preserving T-cell-
mediated immunity.

Caspase 8 is not required for thymocyte development

More than 95% of immature thymocytes are eliminated
in the thymus (Egerton et al. 1990). These thymocytes
die by apoptosis that is caused by negative selection lead-
ing to the elimination of autoreactive T-cells (Germain
2002). Alternatively, thymocytes die of neglect if they
fail to go successfully through the positive selection pro-
cess (Germain 2002). Previous studies have indicated
that thymocyte development in mice was unaltered by
mutation of caspases such as caspase 1, 2, 3, 9, 11, and 12

Figure 4. Caspase 8 is essential for T-cell homeostasis. (A)
Thy1.2+-positive T-cell numbers are decreased in tcasp8−/− com-
pared with control spleen (Sp), lymph nodes (LN), and peripheral
blood (PBL). Representative dot blots are shown. (B) Histological
examination of tcasp8−/− spleens identifies irregular T- and B-
cell follicles characterized by a decreased presence of T-cells
(anti-CD3, pink staining) and increased B-cells (anti-B220,
brown staining) compared with spleen from control littermates.
(C) The mean total number of lymphocytes in the spleens was
similar, yet the total number of Thy1.2+ T-cells was signifi-
cantly decreased in tcasp8−/− spleens. Total CD8+ and to a lesser
extent, CD4+ T-cells were reduced in spleen, LN, and PBL from
tcasp8−/− mice. The CD4:CD8 ratio was markedly increased in
spleen (n = 13), LN (n = 13), and PBL (n = 4). *, p < 0.05. (D)
CD69 and CD25 levels were normal on naive caspase 8-defi-
cient peripheral T-cells; however, there was increased expres-
sion of CD95 on tcasp8−/− T-cells.
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(Kuida et al. 1995, 1996, 1998; Bergeron et al. 1998;
Hakem et al. 1998; Wang et al. 1998; Woo et al. 1998;
Nakagawa et al. 2000).
We show that caspase 8 is not required for thymocyte

development as no differences were found in the number
or distribution of thymocyte populations in caspase 8
mutants compared with control mice. This finding is
reminiscent of the normal thymocyte development ob-
served in lpr and gld mice, which carry mutations in
CD95 and CD95L, respectively (Nagata and Suda 1995).
However, it contrasts with the defects observed in early
thymocyte development of FADD mutant mice (Walsh
et al. 1998; Newton et al. 2000; Kabra et al. 2001). This
finding suggests a caspase 8-independent function of
FADD in regulating early thymocyte development. Fur-
thermore, we show that caspase 8 deficiency does not
protect thymocytes from in vitro death by neglect or in
response to anti-CD3. Further investigation is required
to determine an in vivo role for caspase 8 in thymocyte
negative selection.

Caspase 8 and apoptotic pathways

We and others have demonstrated that targeted muta-
tion of caspases involved in the mitochondrial-mediated

apoptotic pathway do not affect the integrity of the DR
pathway (Hakem et al. 1998; Kuida et al. 1998). How-
ever, mutations of caspase 1, caspase 3, or caspase 11
confer a partial resistance to CD95 killing of T-cell lin-
eage (Kuida et al. 1995; Wang et al. 1998; Woo et al.
1998). Furthermore, the existence of an alternative
caspase 8-independent CD95-induced death pathway has
been proposed (Holler et al. 2000), raising the question of
the extent of the importance of caspase 8 mutation on
CD95-mediated apoptosis. Our data demonstrate that
caspase 8 is essential for CD95-mediated cell death of
thymocytes as well as activated T-cells. Furthermore,
our data suggest that the existence of an alternate
caspase 8-independent CD95 death pathway, in the T-
cell lineage, is either unlikely or composes a very minor
component of the CD95 death signaling pathway. In ad-
dition, our study clearly shows that caspase 8 is dispens-
able for anti-CD3-mediated thymocyte apoptosis as well
as anti-CD3-mediated AICD, processes that are likely to
be mediated by the BH3-only Bcl-2 family member Bim
(Bouillet et al. 1999, 2002). Finally, we have demon-
strated that caspase 8 mutation abrogates Bid processing
in response to CD95. However, caspase 8 is not required
for efficient Bid processing in response to stimuli that
target the mitochondrial apoptotic pathway, nor is it

Figure 5. Defective cell growth of tcasp8−/− T-cells. (A)
[3H]Thymidine incorporation in tcasp8−/− and control
purified T-cells after 48 or 72 h of stimulation with
anti-CD3 (2 or 5 µg/mL) with or without costimulation
by anti-CD28 (2 µg/mL) or IL-2 (100 U/mL). Represen-
tative experiments are shown. (B) [3H]Thymidine incor-
poration in tcasp8−/− and control purified T-cells after
stimulation with PMA and ionomycin (concentrations
in nanograms per milliliter). Representative experi-
ments are shown. (C) [3H]Thymidine incorporation in
B-cells purified from tcasp8−/− and control mice after 48
or 72 h of activation with various stimuli. (D) The pro-
portion of T-cells in G0/G1, S, and G2/M phases were
similar in control and tcasp8−/− backgrounds after anti-
CD3 and anti-CD28 stimulation. The larger G1 sub-
population in the cycling tcasp8−/− T-cells at 48 and 72
h after stimulation indicates decreased survival of
stimulated tcasp8−/− T-cells. G0/G1, S, and G2/M are
calculated from the total number of cycling T-cells.
Sub-G1 values represent the percentage of the total
number of all cells cycling or dead.
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necessary for the activation of this apoptotic pathway in
the T-cell lineage.

Caspase 8 and T-cell homeostasis

Mature peripheral T-cell numbers are maintained
through a balance between thymic output and expansion
and death of T-cells in the secondary lymphoid tissues
(Jameson 2002; Khaled and Durum 2002). It is estimated
that 106 T-cells are released from mouse thymus every
day to the pool of peripheral T-cells and a similar num-
ber of cells are eliminated daily from this pool to main-
tain T-cell homeostasis (Khaled and Durum 2002). In
contrast to previous investigations of caspase mutant
mice (Zheng et al. 1999), we show here that caspase 8
deficiency perturbs the equilibrium of T-cell turnover,
resulting in a significant depletion of peripheral T-cells.
Deficiency in peripheral T-cells, particularly CD8+, was
previously observed in very young FADDdn, but not old
mice (Walsh et al. 1998). In contrast, the profound deple-
tion of caspase 8-deficient peripheral T-cells affects both
CD8+, and to a lesser extent CD4+ populations and is
age-independent.
Maintenance of pools of naive and memory T-cells is

influenced by various factors including cytokines and
interaction of TCR–CD3 with the peptides-MHC (Rooke
et al. 1997; Marrack et al. 2000; Leonard 2001; Polic et al.
2001; Jameson 2002; Khaled and Durum 2002). Both na-
ive and memory T-cells deficient in caspase 8 may be at
a homeostatic disadvantage owing to their impaired re-
sponses to TCR–CD3 and cytokines including IL-2 as
indicated by their impaired growth in response to these
stimuli ex vivo.

Caspase 8 function in T-cell activation
and proliferation

To date, various studies suggest a link between proteins
involved in the DR pathway and cellular proliferation
(Budd 2002). CD95L was able to promote proliferation
and increase IL-2 production in combination with sub-
optimal doses of CD3 stimulation (Suzuki and Fink
1998). c-FLIP transgenic T-cells showed an enhanced
NF-�B activation and IL-2 production, which increases
T-cell proliferation (Lens et al. 2002). On the other hand,
TCR-induced proliferation of naive T-cells was greatly
impaired in FADD mutant mice (Newton et al. 1998;
Walsh et al. 1998; Zhang et al. 1998) and in vitro inhibi-

Figure 6. Activation of tcasp8−/− T-cells. A. The
profile of tyrosine-phosphorylated proteins was
similar in tcasp8−/− and control T-cells activated
with anti-CD3 antibody for 5 min. (B) NF-�B activa-
tion analyzed by gel shift was found to be similar in
control and tcasp8−/− T-cells in response to various
stimuli. (C) Baseline levels and phosphorylation of
p42/44-MAPK (Erk1/2) following anti-CD3 activa-
tion of purified T-cells was similar in control and
tcasp8−/− T-cells. (D) IL-2 concentration in the su-
pernatant of purified T-cells after 48 and 72 h of
stimulation with anti-CD3 and anti-CD28 antibod-
ies. A representative experiment is shown. (E) The
expression of CD95 and the activation markers
CD44, CD69, and CD25 (IL-2R�) were similarly up-
regulated on tcasp8−/− and control T-cells at 48 and
72 h after anti-CD3 and anti-CD28 stimulation.
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tors of caspase 3 and caspase 8 are able to decrease IL-2
production, thereby reducing anti-CD3-mediated T-cell
proliferation (Alam et al. 1999; Kennedy et al. 1999;
Mack and Hacker 2002). In this study, we demonstrate
the requirement for caspase 8 for optimal T-cell expan-
sion. In vitro, expansion of tcasp8−/− T-cells in response
to anti-CD3 alone is impaired. However, this defect is
not associated with abnormal NF-�B or MAPK signaling,
and it is costimulation-independent, as it is not rescued
by addition of anti-CD28 or of exogenous IL-2. These
findings are consistent with results observed in mice
overexpressing a transgenic dominant-negative Fadd
molecule in their T-cells (Newton et al. 2001). Further-
more, this defect was not accompanied by any signifi-
cant differences in the tyrosine phosphorylation profile
of T-cells stimulated in vitro with anti-CD3 antibody.
Finally, T-cells derived from tcasp8−/− mice were able to
produce modest amounts of IL-2.
The mechanism whereby caspase 8 deletion affects ac-

tivation-induced T-cell expansion is presently unclear. It
was shown that caspase 8 and caspase 3 are activated in
anti-CD3-stimulated T-cells (Alam et al. 1999; Kennedy
et al. 1999). Together with the evidence showing that
proteins involved in the TCR signaling cascade such as
Gads, SLP-76, LAT, SLAP-130/Fyb (Berry et al. 2001),
vav1 (Hofmann et al. 2000), and HPK1 (Chen et al. 1999)
are substrates for caspase processing, it is tempting to
speculate that caspase 8 plays a role in maintaining op-
timal proximal signaling of the TCR–CD3 complex. Al-
ternatively, caspase 8 may be required for modulation of
proper cytokine responsiveness. This hypothesis is con-
sistent with the ability of caspase 8-deficient T-cells to
produce IL-2, and their inability to respond to exogenous
IL-2, as observed in our study. Therefore, tcasp8−/− T-
cells may not be capable of sustaining their own survival
through cytokine signaling. This lack of cytokine re-
sponsiveness may be responsible for the homeostatic im-
balance that results in dramatically reduced T-cell num-
bers observed in the periphery of tcasp8−/− mice.

Caspase 8 and immunodeficiency: effects of caspase 8
mutation in human and mouse

Immunodeficiency is associated with increased suscep-
tibility to infections and can be grouped based on the
defective function of T-cells, B-cells, and NK cells
(Khaled and Durum 2002). Intriguingly, we demonstrate
that caspase 8mutation restricted to the T-cell lineage is
sufficient to lead to immunodeficiency as indicated by
the inability of tcasp8−/− mice to clear LCMV viral in-
fection. In mice, it has been shown that LCMV infection
drives a potent expansion of CD8+ cells as it results in an
∼1000-fold increase of the CD8+ pool of T-cells (Blatt-
man et al. 2002). Remarkably, caspase 8-deficient T-cells
are unable to produce this burst of proliferation, and the
CD8+ T-cell population does not expand in vivo in re-
sponse to LCMV infection. Therefore, our study corrobo-
rates clinical studies that report that caspase 8 deficiency
predisposes for immunodeficiency (Chun et al. 2002).
More importantly, we demonstrate that caspase 8 defi-
ciency restricted to T-cells is sufficient to bring about
immunodeficiency as indicated by the profound decrease
in the number of peripheral T-cells and the complete
abrogation of T-cell-mediated immunity in response to
viral infection in mutant mice.
In human patients, caspase 8 mutation completely ab-

rogates IL-2 production in anti-CD3-stimulated T-cells.
This defect was rescued by directly activating second
messengers with PMA. In contrast, anti-CD3- and anti-
CD28-stimulated tcasp8−/− T-cells do not exhibit an ab-
rogation of IL-2 production, and their growth defect can-
not be rescued either by PMA-ionomycin treatment or
addition of exogenous IL-2. Furthermore, the up-regula-
tion of CD95 and the activation markers CD25 and
CD69 was defective in the human caspase 8-deficient
T-cells but not in murine tcasp8−/− T-cells. In contrast to
the two caspase 8 mutant patients that exhibit a rela-
tively normal total lymphocyte number (Chun et al.
2002), tcasp8−/− mice exhibit a profound depletion of pe-

Figure 7. Defective T-cell response of tcasp8−/−

mice to LCMV infection. (A) The expansion of CD8+

T-cells in peripheral blood was monitored by flow
cytometry using specific antibodies for Thy1.2,
CD4, and CD8 on days 0, 1, 3, 6, and 8. (B,C) The
cytotoxic response of splenocytes was assessed 8 d
after LCMV infection. EL4 cells were prepulsed with
p33 (a specific LCMV peptide) or AV (a control pep-
tide) and were used as target cells. (D) Viral titer was
assessed from the spleens of mice 8 d after LCMV
infection.
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ripheral T-cells. The simplest explanation for the differ-
ences observed in humans and mice is to attribute them
to species differences. Nevertheless, these differences
could be due to the limited number of caspase 8 patients
studied, the presence of caspase 10 in human (and not in
mice), and/or the presence of the caspase 8 mutation in
all patient cells as contrasted to its restriction to T-cells
in our study.
Our results support that in addition to its major role in

apoptosis mediated by DRs, caspase 8 is essential for
T-cell proliferation, immune responses, and in prevent-
ing immunodeficiency. Caspase 8 deficiency in the T-
cell lineage results in a marked depletion of peripheral
T-cells and a profound impairment of the in vivo im-
mune response to viral infection. Furthermore, the
tcasp8−/− mouse may serve as a model to investigate the
mechanisms that modulate lymphocyte homeostasis, a
phenomenon that is poorly understood at the present
time.

Materials and methods

Construction of the targeting vector

The targeting construct used to generate the caspase 8 condi-
tional allele contains a neomycin (neo) and thymidine kinase
(tk) cassette, short arm, long arm, and caspase 8 exons 3 and 4
flanked by loxP sites. The short arm, exon 3 and 4 region, and
long arm were PCR-amplified from a mouse 129Sv/J genomic
library using the following primer sets: 5�-CCCTCGAGGGTG
GCCCAGGGTCACATTT-3� and 5�-CCGTCGACCCCGATC
TCTCACAGGTG-3�; 5�-CCGGATCCGCCCTGAGTTTGGA
AGAAGTA-3� and 5�-CCAGATCTCAAAGGCCAGAGCAGA
GTTA-3�; 5�-CCCTCGAGGCTAGACACAAATCTTTTCCTG
GAC-3� and 5�-CCCTCGAGATTGTTGATGATCAGACAG
TATCCC-3�, respectively.

Generation of T-cell-specific caspase-8-deficient mice

ES cells (E14K) were electroporated with the linearized targeting
construct and cultured in the presence of 300 µg/mL G418 for
11 d. G418-resistant ES cells were screened for homologous re-
combination by PCR. Correctly targeted ES clones were verified
by Southern analysis using probes corresponding to the 5�- and
3�-flanking regions, exons 3–4, and neomycin coding region.
Southern blots were performed on BamHI- and EcoRI-digested
genomic DNA. The floxed neo-tk resistance cassette was re-
moved from tcasp8-fl3-4;neo-tk/wt ES clones by transient transfec-
tion with a CMV promoter-driven construct encoding Cre re-
combinase to generate casp8fl3-4/wt ES clones. ES cells that had
lost the neo-tk cassettes but retained the floxed exons 3 and 4
were identified by Southern blot analysis. casp8fl3-4/wt ES clones
were microinjected into C57BL/6 blastocysts to generate chi-
meric mice. Heterozygous (casp8fl3-4/wt) mutant mice were gen-
erated by crossing chimeric mice (129/Ola × C57BL/6 back-
ground) to C57BL/6 mice. Intercrossing of heterozygous
casp8fl3-4/wt mice generated homozygous casp8fl3-4/fl3-4 mice. To
inactivate caspase 8 in the T-cell lineage, homozygous and het-
erozygous mice were crossed with LckCre transgenic mice
(C57BL/6 background; Jackson Labs). Mice from these crosses in
a 129/Ola × C57BL/6 mixed background were intercrossed to
generate casp8fl3-4/fl3-4; LckCre mice (T-cell-lineage-specific
caspase 8 mutant mice; referred to in this paper as tcasp8−/−).

The mutant phenotype was studied in a mixed 129/C57BL/6
genetic background in mice between 5 and 7 weeks of ages. No
phenotypic differences were observed in casp8wt/wt, casp8fl3-4/wt,
casp8fl3-4/fl3-4, casp8wt/wt; LckCre, and casp8fl34/wt; LckCre
mice, and therefore they were used as experimental controls.

Genotyping

PCR genotyping of tcasp8−/− mice was performed with primer
5�-CCAGGAAAAGATTTGTGTACT-3� and primer 5�-GGC
CTTCCTGAGTACTGTCACCTGT-3�. PCR amplification of
the wild-type caspase 8 allele produces a 650-bp band, whereas
the casp8fl3-4 allele generates a band of 850 bp.

cDNA generation and sequencing

Total RNA was extracted from thymocytes (1 × 107) with
TRIzol reagent (Life Technologies) and reverse transcribed with
Superscript II (Life Technologies). Primers specific for exon 1
and exon 5 of caspase 8 were used to PCR-amplify a 375-bp
product corresponding to wild-type caspase 8, and a 183-bp
product that corresponds to the recombined casp8�3-4 allele.
PCR products were cloned into Topo cloning vectors (Clontech)
and sequenced using a CEQ 200XL DNA analysis instrument
(Beckman-Coulter).

Flow cytometry analysis

Single-cell suspensions prepared from thymus, spleen, and
lymph nodes (cervical, inguinal, axillary, brachial, and inguinal
lymph nodes were pooled) and PBL were stained with antibody
at 4°C in PBS + 10% FCS (GIBCO). The following antibodies
were used to analyze T-cell populations: anti-CD4, anti-CD8,
anti-CD3, anti-CD25 (IL2R), anti-CD69, anti-CD95, anti-
CD95L, anti-Thy1.2, anti-CD44, anti-TCR�, and anti-CD62L
conjugated to allophycocyanin, phycoerythrin, fluorescein,
perCP, or biotin (Pharmingen). Biotinylated antibodies were re-
vealed by streptavidin-PerCP (Pharmingen). Lymphoctes were
analyzed by flow cytometry (FACScalibur; Becton Dickenson)
with CellQuest software (Applied Biosystems).

Histological analyses

Spleens were fixed in buffered formalin, processed for paraffin-
embedded sectioning at 5 µm and stained by hematoxylin and
eosin (Fisher). For immunohistochemistry, spleen sections were
incubated with rat monoclonal anti-mouse B220 (Pharmingen)
and rabbit polyclonal anti-mouse CD3 (DAKO) antibodies. The
Liquid DAB Substrate Chromagen System (DAKO) and the Vec-
tor Red Alkaline phosphatase substrate kit revealed B220 and
CD3 labeling, respectively. No background staining was ob-
served with anti-CD3, anti-B220, or secondary antibody alone.

Thymocyte apoptosis

Thymocytes (1.0 × 105 cells) were treated with apoptotic
stimuli: CD95L (recombinant hCD8-mCD95L fusion protein;
0.25, 0.5, and 1.0 µg/mL; Kayagaki et al. 1997), dexamethasone
(0.1, 1, 10, and 100 nM; Sigma), �-irradiation (1, 2, and 4 Gy), and
anti-CD3� (0.01, 0.1, 1, 5, and 10 µg/mL; 2C11 clone; Pharmin-
gen) in combination with anti-CD28 (1 µg/mL; Pharmingen).
Apoptosis and cell death were measured 24 h after treatment
using the Annexin/PI Apoptosis Detection Kit (R&D Systems)
or 7-amino-actinomycin D (7AAD; Sigma).
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Activation-induced cell death

T-cells derived from spleen or lymph nodes were activated over-
night in the presence of preplated anti-CD3� (10 µg/mL), and for
3 d in media with 100 U/mL IL-2. Viable, activated T-cells were
isolated using Lympholyte M (Cedarlane), washed and (1.0 × 105

cells) replated in 24-well dishes in 1 mL of media supplemented
with IL-2, and the cells were subjected to the following apo-
ptotic stimuli (treatments were the same as above): CD95L,
dexamethasone, �-irradiation, and anti-CD3 (no CD28 was used
to kill activated T-cells). Twenty-four hours following treat-
ment, cell viability was determined using the Annexin/PI Apop-
tosis Detection Kit (R&D Systems) or 7-amino-actinomycin D
(7AAD; Sigma).

T-cell purification, proliferation analysis, and IL-2 production

T-cells were enriched from lymph nodes by either fluorescence-
activated cell sorting (FACS) or by negative selection of B-cells
using anti-B220-bound magnetic beads (Dynal). All T-cell ex-
periments were performed with purified T-cells with a purity
�93%. For proliferation analysis, 1.0 × 105 purified T-cells were
placed into round-bottom 96-well plates in RPMI-1640 media
containing 10% FCS and 0.1% �-mercaptoethanol and stimu-
lated in triplicate with soluable anti-CD3 (2 or 5 µg/mL), with or
without anti-CD28 (2 µg/mL), or IL-2 (100 U/mL) or phorbol
12-myristate 13-acetate (PMA; 20 ng/mL) plus ionomycin (50
ng/mL). T-cells were pulsed for the last 18 h with 1 µCi [3H]thy-
midine (Amersham) per well and harvested at 48 and 72 h after
treatment. For cell cycle determination, T-cells were fixed in
70% ethanol, and DNA was stained with 5 µg/mL propidium
iodide (PI; Sigma) as previously described (Hakem et al. 1999).
G1/G1, S, G2/M, and Sub G1 values were determined by using
ModFit LT analysis software (Verify Software House Inc.). IL-2
production was quantitated after 48 and 72 h of stimulation
with anti-CD3 (2 or 5 µg/mL) and anti-CD28 (2 µg/mL) using
the mouse IL-2 Quantikine Immunoassay Kit (R&D Systems).

Electrophoretic mobility shift assay

For EMSA, 6 × 106 purified T-cells, either untreated or stimu-
lated for 6 h with the following treatments: anti-CD3 (1 µg/mL
immobilized), anti-CD3� and anti-CD28 (1 µg/mL), anti-CD3
and IL-2 (100 U/mL), and phorbol 12-myristate 13-acetate
(PMA; 50 ng/mL) plus ionomycin (50 ng/mL). Nuclear extracts
were analyzed for NF-�B activation as described previously
(Jones et al. 2000).

T-cell activation

For T-cell activation, 6.0 × 106 purified T cells were stimulated
with 5 µg/mL of anti-CD3 antibody and 5 µg/mL of cross-link-
ing antibody (anti-hamster IgG; Jackson ImmunoResearch) at
37°C for 0, 2, 5, and 20 min. Cells were immediately lysed, and
lysates were analyzed by Western blot.

Western blots

Thymocytes or T-cells were washed once in ice cold PBS and
lysed on ice for 30 min in CHAPS lysis buffer (10 mM Tris at
7.5, 0.5% CHAPS, 1 mM MgCl2, 1 mM EGTA, 10% glycerol, 1
mM sodium o-vanadate, and 0.1 mg/mL Pefabloc) supple-
mented with one protease inhibitor cocktail tablet (Roche) per
10 mL of lysis buffer. Lysates were cleared of cellular debris by
centrifugation at 15,000 rpm, at 4°C for 10 min. Protein con-
centration was determined using the Bio-Rad Protein Assay
(Bio-Rad). Thirty micrograms of protein was separated on 4%–

20% Tris Glycine gels (Novex). Antibodies were used at the
following dilutions in 2.5% powderedmilk (Carnation) in PBST:
rabbit polyclonal anti-caspase 8 (epitope SNKDDRRNKGKQMP;
amino acids 453–466 of murine caspase 8; 1:100), anti-Bid (1:
1000; R&D Systems), anti-caspase 3 (1:500; Transduction Labo-
ratories), anti-MAPK p42/44 (1:1000) and anti-phospho MAPK
p42/44 (1:1000; Transduction Laboratories), anti-p53 (1:500;
Novocastra), anti-�-actin (1:1000; Sigma), and anti-panPKC (1:
500) and anti-phosphotyrosine antibody 4G10 (1:1000; both
from Upstate Biotechnology).

LCMV infection and cytotoxicity assay

Mice were immunized i.v. with 2000 PFU of LCMV (Armstrong
strain). Eight days later, cytotoxicity assays were performed
using splenocytes. Responders were incubated at 37°C for
5 h with 104 EL4 target T-cells that had been pulsed with 10−5

M p33 peptide (KAVYNFATM) or AV (adenovirus) peptide
(SGPSNTPPEI) and 51Cr (NEN DuPont) at 37°C for 2 h. Specific
lysis was calculated as (experimental release − spontaneous re-
lease)/(maximum release − spontaneous release) × 100. For
LCMV titration, spleens from infected mice were homogenized
in balanced salt solution. Supernatant was diluted and added to
MC57G cells. Following a 48-h incubation, cells were fixed in
formalin and stained with anti-LCMV mAb (hybridoma kindly
provided by R.M. Zinkernagel, Institute for Experimental Im-
munology, University Hospital, Zurich, Switzerland).

Statistical analysis

Data are reported as mean ± SEM. P values for statistical differ-
ences were determined using the Student’s t-test. Values of
P < 0.05 were considered significant.
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