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P

rogrammed cell death was initially thought to occur
through induction of death-dedicated cellular proteins.
However, it is now known to be mediated mainly by proteins that exist in the cell throughout its life (1). Moreover, some
of these proteins display, in addition to their death-oriented function, activities that contribute to the functioning of the living cell.
Clarification of the dual nature of these proteins is central to our
understanding of the mechanisms of programmed cell death and its
physiological significance.
The caspase cysteine protease family is known mainly for the
participation of some of its members in programmed cell death in
eukaryotes (2). However, increasing evidence suggests that the
death-inducing caspases, beside their apoptotic role, also have
functions that contribute to activities of living cells (see, e.g., Refs.
3–9). Studies of caspase-8 have focused on the ability of this
caspase to interact with receptors of the TNF/nerve growth factor
(NGF)5 family and to signal for their cell death-inducing effect
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(10 –12). However, deletion of caspase-8 in mice resulted in death
in utero, which was associated with cardiac deformations, neural
tube defects, and hemopoietic progenitor deficiency (13, 14). Because no such phenotype results from targeting of any of the
known TNF/NGF family members that use caspase-8 in their signaling, these findings suggested that caspase-8 serves other functional roles as well. In this study, we report the establishment of
conditional knockout of the caspase-8 gene using the Cre/loxP
recombination system, and its use for exploring these other
functions.

Materials and Methods
Generation of mice carrying conditional caspase-8 allele
(Casp8F/⫹) and their use for ubiquitous or tissue-specific
inducible deletion of the caspase-8 gene
A targeting construct designed to excise exons 1 and 2 of caspase-8 upon
expression of cyclization recombination enzyme (Cre) was assembled in
the Bluescript vector by inserting a loxP site upstream of the first exon of
caspase-8 and introducing a NEOr⫹TK (thymidine kinase) cassette flanked
by two loxP sites (derived from the ploxP-neo vector; Samuel Lunenfeld
Research Institute, Toronto, Ontario, Canada) downstream of exon 2 (see
Fig. 1A). The construct contains two DNA stretches derived from the 129
mouse genome, one fragment placed 5⬘ of the first loxP site and the other
3⬘ of the “floxed” neo cassette.
NotI-linearized DNA was electroporated into R1 embryonic stem (ES)
cells (15), and this was followed by selection with G418. Individual clones
were screened for homologous recombination by Southern blot analysis of
EcoRV-digested DNA, using genomic DNA probes from regions upstream
of the 5⬘ arm and downstream of the 3⬘ arm of the targeting construct. The
ES cell clones with homologous recombination were transfected with a
supercoiled Cre recombinase-expressing construct (EF1a-GFPcre/
pBS500), and this was followed by selection with ganciclovir. Casp8F/⫹positive ES cell clones with correct deletion of the selection cassette were
identified by Southern blot analysis. These ES cells were aggregated with
MF-1 blastocysts to generate chimeric mice, which were then mated with
MF-1 mice to obtain Casp8F/⫹ offspring.
Mice in which one of the caspase-8 alleles was knocked out and the
other floxed (Casp8F/⫺), and which also expressed Cre in a tissue- or timespecific manner, were obtained by first mating the various Cre-expressing
strains (Tie1-Cre (16), Mx1-Cre (17), LysM-Cre (18), Alb-Cre (19), or
PGK-Cre (20)) with mice heterozygous for the caspase-8 knockout allele
(Casp8⫹/⫺) (13). Offspring that expressed both the Casp8⫺ allele and the
Cre transgene were then mated with mice homozygous for the floxed allele,
obtained by intercrossing the Casp8F/⫹ mice. To visualize tissue-selective
0022-1767/04/$02.00
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Knockout of caspase-8, a cysteine protease that participates in the signaling for cell death by receptors of the TNF/nerve growth
factor family, is lethal to mice in utero. To explore tissue-specific roles of this enzyme, we established its conditional knockout using
the Cre/loxP recombination system. Consistent with its role in cell death induction, deletion of caspase-8 in hepatocytes protected
them from Fas-induced caspase activation and death. However, application of the conditional knockout approach to investigate
the cause of death of caspase-8 knockout embryos revealed that this enzyme also serves cellular functions that are nonapoptotic.
Its deletion in endothelial cells resulted in degeneration of the yolk sac vasculature and embryonal death due to circulatory failure.
Caspase-8 deletion in bone-marrow cells resulted in arrest of hemopoietic progenitor functioning, and in cells of the myelomonocytic lineage, its deletion led to arrest of differentiation into macrophages and to cell death. Thus, besides participating in cell death
induction by receptors of the TNF/nerve growth factor family, caspase-8, apparently independently of these receptors, also
mediates nonapoptotic and perhaps even antiapoptotic activities. The Journal of Immunology, 2004, 173: 2976 –2984.
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expression of functional Cre, some of the offspring of the latter mating
were mated with the Z/EG reporter mouse strain that expresses enhanced
GFP (EGFP) upon Cre-mediated excision (21).
To induce deletion of caspase-8 in mice expressing Cre under the control of the myxovirus resistance-1 (Mx1) promoter, mice were injected i.p.
with either recombinant type I mouse IFN (106 U/mouse, kindly donated
by Dr. C. Weissmann) (Imperial College School of Medicine at St. Mary’s,
London, U.K.) or poly(I:C) (pI-pC) dsRNA (5) (250 g/mouse; SigmaAldrich, St. Louis, MO). Unless otherwise indicated, the mice were injected with pI-pC three times at 2-day intervals. Liver cell or bone
marrow (BM) cell function of the Mx1-Cre-expressing mice was assessed 2 days after injection of IFN or pI-pC.
In all experiments, the phenotype of the Cre-expressing Casp8F/⫺ mice
was compared with that of Cre-expressing Casp8F/⫹ mice from the same
litter. In terms of all the parameters tested in this study, the phenotype of
the Cre-expressing Casp8F/⫹ mice was indistinguishable from that of wildtype mice, irrespective of the Cre strain used.

Genotyping the mice

Assessing the consequences of Fas triggering in vivo
Mice were injected i.p. with anti-Fas Ab (Jo-2, 15 g/mouse; BD Biosciences, San Diego, CA). Tissues were harvested at the indicated times
afterward. Caspase expression and processing were analyzed by Western
blotting using rat anti-mouse caspase-8 mAb (1G12; kindly donated by
Drs. A. Strasser and L. A. O’Reilly, Walter and Eliza Hall Institute, Melbourne, Australia) and anti-mouse caspase-3 (H-227; Santa Cruz Biotechnology, Santa Cruz, CA), after extraction of the tissues in cell-lysis buffer
(20 mM Tris-Cl (pH 7.4), 135 mM NaCl, 1 mM EDTA, 1% Triton X-100,
and 10% glycerol) containing 1⫻ complete protease inhibitor mixture
(Roche Diagnostics, Mannheim, Germany).

Histology and immunostaining
Embryos and the tissues of adult mice were fixed in 10% phosphate-buffered formalin pH 7.4, embedded in paraffin, cut into 4-m sections, and
stained with H&E. To detect cells expressing processed caspase-3, paraffin
sections of E10.5 embryos were deparaffinized, rehydrated, and incubated
with anticleaved caspase-3 (Asp175) Ab (no. 9661; Cell Signaling Technology, Beverly, MA), according to the manufacturer’s instructions. This
was followed by staining either with Cy3-conjugated goat anti-rabbit Ab
(Jackson ImmunoResearch Laboratories, West Grove, PA) or (for immunohistochemical detection) with biotinylated peroxidase anti-rabbit secondary Ab (DAKO Envision⫹ System, peroxidase (3-amino-9-ethyl carazloe); DakoCytomation, Glostrup, Denmark). Immunofluorescent sections
were observed with a confocal microscope (LSM 510; Carl Zeiss, Thornwood, NY), using an excitation wavelength of 543 nm and differential
interference contrast optics. The immunostained cells were quantified using
the ImagePro program (Media Cybernetics, Silver Spring, MD), with at
least 2500 cells examined in each of 10 yolk sacs of Casp8F/⫺Tie1-Cre
embryos and 10 yolk sacs of Casp8F/⫹:Tie1-Cre embryos.
For whole-mount staining with Ab against PECAM-1 (CD31), yolk sacs
were dissected in PBS, fixed for 2 h at 4°C in 2% paraformaldehyde,
washed overnight at 4°C in PBS, and treated for 1 h at 4°C in PBS containing 0.3% H2O2. After three washings with PBS, the embryos and yolk
sacs were incubated for 1 h at 4°C in blocking solution (Casblock; Zymed
Laboratories, San Francisco, CA) containing 0.1% Triton X-100, and were
then incubated overnight at 4°C with rat anti-mouse PECAM-1 Ab (BD
Biosciences) in the same blocking solution. The embryos and yolk sacs
were then washed five times, each for 1 h at 4°C in PBS, and incubated
overnight at 4°C with biotinylated peroxidase donkey anti-rat Ab (Jackson
ImmunoResearch Laboratories) in the same blocking solution. After five
more washings, each for 1 h at 4°C, staining was completed using the
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) according to
the manufacturer’s instructions. The color was resolved with 3.3⬘-diaminobenzidine (Sigma-Aldrich).

FIGURE 1. Generation of conditional caspase-8 knockout mice and assessment of Cre-mediated deletion. A, Schematic representation of the targeting strategy. The figure shows the structure of the mouse caspase-8 gene
before and after its recombination with the targeting vector and after deletion of the NEOr⫹TK cassette, as well as after further deletion of its
floxed region. The positions of the loxP sites are designated by triangles.
The exons, deduced by comparison with the cDNA sequence, are denoted
by black boxes. The positions of the 5⬘ and 3⬘ external genomic DNA
probes used for Southern blot analysis of the recombination are underlined.
EcoRV restriction sites (RV) are marked by vertical lines. B, Cre-loxPmediated deletion of the flanked caspase-8 gene. Southern blot analysis
(using the 3⬘ probe shown in A) of DNA from the littermate mice obtained
by crossing Casp8F/⫹ mice with the Casp8⫹/⫺:PGK-Cre transgene. PCR
assessment of occurrence of the Cre transgene is shown at the bottom. The
6.8-kb fragment corresponding to the deleted floxed allele (⌬) could be
observed only in floxed mice that also expressed Cre. Homozygous deletion and combination of the deleted and knockout (ko) allele were lethal in
utero and could be found only in embryos before midgestation. C, Genomic
location of the oligonucleotide sequences used to assess the extent of
caspase-8 deletion by PCR (A–C) and by real-time PCR (D–E). The figure
shows the locations of oligonucleotides used to assess levels of the wildtype (WT), targeted (floxed, F), knockout (KO), and deleted floxed (⌬)
caspase-8 alleles. The underlying short bar corresponds to the genomic
region whose level was assessed by real-time PCR.

Flow cytometric analysis
To exclude dead cells, propidium iodide (Sigma-Aldrich) was included in
all staining. For quantification of progenitor cell levels in the BM, singlecell BM suspensions were stained with allophycocyanin-anti-CD117 Ab
(c-kit, 2B8; eBioscience, San Diego, CA) and biotin-conjugated Abs for
lineage (Lin) markers (CD3, I45-2C11; B220, RA3-6B2; Mac-1, M1/70;
Gr-1, RB6-8C5; TER119) (BD Pharmingen, San Diego, CA) and stained
using PE-conjugated streptavidin (BD Pharmingen). Dying cells in the BM
culture were quantified by staining of the nonattached cells with PE-antiCD11b (M1/70) Ab and FITC-Annexin V. (Note that the cells were gated
for lack of propidium iodide staining, and thus, their annexin V staining
indicates an early stage of death.) Mature macrophages were stained with
APC-anti-CD11b (M1/70) Ab and PE-anti-F4/80 Ab (MCA 497PE; Serotec, Oxford, U.K.). T and B cells in lymphoid organs were analyzed after
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Genotyping of the various caspase-8 alleles was done by Southern blot and
PCR analyses of tail DNA. Southern blots were analyzed after digestion of
the DNA with EcoRV, using genomic DNA probes from regions upstream
of the first exon and the 5⬘ arm, and downstream of the 3⬘ arm (between
exons 5 and 6) of the targeting construct (Fig. 1, A and B). For the PCR
analyses, we used the oligonucleotides 5⬘-TAGCCTCTTTGGGGTTGT
TCTACTG-3⬘ (sense) and 5⬘-TGGGGCTTCGTTTAGTCTCTACTTC-3⬘
(antisense) for the knockout allele, 5⬘-TAGCCTCTTTGGGGTTGTTC
TACTG-3⬘ (sense) and 5⬘-CGCGGTCGACTTATCAAGAGGTAGAAGAG
CTGTAAC-3⬘(antisense)forthefloxedallele,and5⬘-CGTTGATGCCGGTGA
ACGTG-3⬘ (sense) and 5⬘-AGCTGGCTGGTGGCAGATGG-3⬘ (antisense)
for the Cre transgenes.
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the cells were stained with PE-anti-B220 (RA3-6B2; eBioscience), allophycocyanin-anti-IgM (II/41; BD Pharmingen), PE-anti-CD4 (RM4-5; BD
Pharmingen), and allophycocyanin-anti-CD8 (53-6.7; eBioscience) Abs.
PE-anti-Ly6G (1A8; BD Pharmingen) and allophycocyanin-anti-CD11b
Abs were used for granulocyte analysis, and allophycocyanin-anti-CD11c
(N418) and PE-anti-MHC class II (PE-anti-MHC-II) (M5/114.15.2; eBioscience) were used for dendritic cell analysis. Before staining, the cells
were incubated with Fc-block (anti-CD16/32 Ab; BD Pharmingen) to
block nonspecific Ab binding. Stained cells were analyzed on a FACSCalibur using the CellQuest software (BD Biosciences).

assay (23) in 96-well plates seeded with 5 ⫻ 103 cells per well. More than
90% of the adherent cells stained positively with anti-CD11b and the
F4/80 Ab.
Peritoneal cells were harvested by rinsing the mouse peritoneal cavity
with sterile PBS (10 ml/mouse) containing 2% FCS. The cells were washed
once with PBS and suspended in RPMI 1640 medium supplemented with
10% FCS, glutamine, and penicillin/streptomycin. They were then plated
on 35-mm Nunc culture dishes (Nunc, Roskilde, Denmark) at a density of
3 ⫻ 106 cells per dish, and cultured for 2– 4 h at 37°C and 5% CO2 to allow
macrophage adherence.

In vitro progenitor assay

Preparation of BM-derived granulocytes and peritoneal
neutrophils

In vivo CFU spleen (CFU-S) assays
For the CFU-S assay, BM from pI-pC-treated Casp8F/⫹:Mx1-Cre and
Casp8F/⫺Mx1-Cre mice were depleted of mature T cells using anti-mouse
CD4 (L3T4) and CD-8 (Ly-2) MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). Single-cell suspensions (1 ⫻ 105 cells) were then
injected into the tail veins of irradiated (8.5 Gy, 137C source) 10-wk-old
C57BL/6 female mice. In each experiment, cells from each donor were
injected into ten recipient mice. The recipients were treated with Ciproxin
(Bayer, Leverkusen, Germany) in their drinking water (6.7 mg/l) throughout the experiment. Mice were killed 8 or 13 days after transplantation.
Spleens were weighed and fixed in Bouin’s solution. Colonies were
counted under the microscope.

Generation of radiation chimera
BM cells (2 ⫻ 106 per recipient) harvested from the femora of Casp8F/⫹:
Mx1-Cre and Casp8F/⫺Mx1-Cre (Ly5.2) mice were injected into irradiated
(8.5 Gy, 137C source) C57BL/6-Ly5.1 recipient mice (Charles River Laboratories, Lyon, France) via the tail vein or, conversely, BM cells from
C57BL/6-Ly5.1 mice were injected into the tail veins of similarly irradiated Casp8F/⫹:Mx1-Cre and Casp8F/⫺Mx1-Cre recipients. After 8 –10 wk,
the recipient mice were injected with pI-pC to induce deletion of
caspase-8, and BM cells derived from these mice were assayed for CFU as
described above. Donor engraftment in the recipient mice was quantified
by using FITC-CD45.2 (anti-Ly5.2, clone 104) and PE-CD45.1 (antiLy5.1, clone A20) Abs, and was found to be over 95%.

Reconstitution of T and B lymphocytes in RAG-1⫺/⫺ mice
Casp8F/⫹:Mx1-Cre and Casp8F/⫺Mx1-Cre mice were injected with pI-pC
to induce deletion of caspase-8, and their femoral BM cells were harvested
and transplanted (1 ⫻ 106 cells per recipient mouse) into irradiated (4 Gy,
137
C source) RAG-1⫺/⫺ mice (The Jackson Laboratory, Bar Harbor, ME)
via the tail vein. The recipient mice were euthanized 7 wk or 6 mo after
transplantation, and their BM and lymphoid organ cells were harvested and
analyzed.

Preparation of BM-derived and peritoneal macrophages
Primary cultures of BM-derived macrophages were generated from 3- to
4-mo-old mice. Femoral BM cells were cultured with DMEM supplemented with 20% FCS and 30% L929 cell-conditioned medium. After
overnight culture, nonadherent cells were harvested and suspended in fresh
medium. Aliquots of 2.5 ⫻ 105 cells were cultured for 7–10 days at 37°C
and 5% CO2 in 35-mm culture wells. Fresh culture medium was added on
day 3 and replaced on day 6. Adherent cells were quantified by the MTT

Femoral BM cells (see above) were cultured at a density of 5 ⫻ 105
cells/ml with RPMI 1640 medium supplemented with 10% FCS and 20
ng/ml mrG-CSF (PeproTech). Granulocyte yield on the 7th day of culturing was assessed by trypan blue exclusion and FACS analysis after immunostaining with anti-Ly6G Ab.
Peritoneal neutrophils were harvested 4 h after injection of 3% thioglycolate (Difco, Detroit, MI) as described (24), followed by purification of
Ly6G⫹ cells by MACS magnetic cell separation system (Miltenyi Biotec).
FACS analysis using anti-CD11b and Ly6G Abs confirmed that the purity
of the cells was ⬎90%.

Preparation of BM-derived dendritic cells (BMDC)
BMDC were prepared as described (25) by culturing femoral BM cells
(2 ⫻ 105 cells/ml) with RPMI 1640 medium supplemented with 10% FCS,
50 M 2-ME, and 10 ng/ml mrGM-CSF (PeproTech) for 8 days. Cells
were sorted with the aid of anti-CD11c and anti-MHC-II Abs (for isolation
of mature MHC-IIhigh and immature MHC-IIlow BMDC).

PCR and real-time PCR for assessing deletion efficiency
The effectiveness of Cre-mediated deletion of the floxed caspase-8 allele was
roughly estimated by PCR. DNA was extracted from the adherent cultured
peritoneal macrophages or BM-derived macrophages, and from liver and
spleen samples, as described (26). DNA was subjected to PCR analysis using
three primers: 5⬘-TAGCCTCTTTGGGGTTGTTCTACTG-3⬘ (A in Fig. 1C;
sense for the wild-type, knockout, floxed, and deleted allele), 5⬘CGCGGTCGACTTATCAAGAGGTAGAAGAGCTGTAAC-3⬘ (B in Fig.
1C; antisense for the wild-type, knockout, and floxed allele), and 5⬘GCGAACACGCCGTGTTTCAAGGGC-3⬘ (C in Fig. 1C; antisense for the
deleted allele).
For more precise quantitative evaluation, the extent of deletion was
assessed by real-time PCR. The assay was conducted in a reaction volume
of 20 l containing 10 ng DNA, 300 nM oligonucleotide primers, 200 nM
oligonucleotide 3⬘-minor groove binder (MGB) probes, and 10 l of TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA).
Primers and probes were designed using Primer Express software (Applied
Biosystems). PCR was initiated by incubating the reaction mixture for 2
min at 50°C for activation of the AmpErase UNG (Applied Biosystems).
This was followed by incubation for 10 min at 95°C, and then by 40 cycles
of 15 s at 95°C and 1 min at 60°C on an ABI Prism 7000 Sequence
Detection System (Applied Biosystems).
Levels of caspase-8 were normalized on the basis of quantification of
the NF-B-inducing kinase (NIK) gene in the same DNA samples using 5⬘AGCCTCCTCTACCGCCAGAA-3⬘ (sense), 5⬘-GTGCCAGACTCCTCC
TTGCT-3⬘ (antisense), and (5⬘-6-FAM-ACCAGAACCGAGCAAAMGB-3⬘
(probe). The comparative threshold cycle method (⌬⌬Ct) was used to determine the level of caspase-8 (27). The caspase-8 oligonucleotide primers
applied were 5⬘-GGAAACAAGCTGGTAGCTGACA-3⬘ (D in Fig. 1C;
sense), 5⬘-CCTGGGTCAACACAAGATGCT-3⬘ (E in Fig. 1C; antisense),
and 5⬘-6-FAM-TTAACTTCCTCACTTGATCAT-MGB-3⬘ (Applied Biosystems). To define the dynamic range and the efficiency of the assay, DNA
samples were varied by the use of successive 2-fold dilutions in the range
of 0.5–25 ng per reaction. All dilution and negative control samples were
tested in triplicate. Analysis of ⌬Ct at the chosen range of template dilutions confirmed that the plot of log input vs ⌬Ct has a slope of ⬍0.1,
implying that the efficiencies of the real-time PCR for caspase-8 and for
NIK were about equal.
Ct were determined by plotting normalized fluorescent signal against
cycle number, and the caspase-8 copy number was calculated by the expression 2⫺⌬⌬Ct, where ⌬⌬Ct ⫽ (Ctcasp8 ⫺ CtNIK)sample DNA ⫺ (Ctcasp8 ⫺
CtNIK)nondeleted control DNA.
Using this method, the 2⫺⌬⌬Ct values were expected to be close to 1 in
samples without caspase8 deletions and close to 0.5 in samples with 100%
caspase-8 deletions. The percentage of caspase-8 deletion in each sample
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Hemopoietic progenitors in mouse embryos were assayed as previously
described (13). To determine the number of clonogenic BM progenitors,
single-cell suspensions were harvested from the femoral BM and the nucleated cells were counted and diluted to 2 ⫻ 105 cells/ml in IMDM containing 2% FCS. For each myeloid clonogenic progenitor assay, 2 ⫻ 104
cells were mixed with 1 ml of methylcellulose medium containing recombinant murine stem cell factor, recombinant murine (m)IL-3, recombinant human IL-6, and erythropoietin (M3434; StemCell Technologies, Vancouver,
British Columbia, Canada). The cells were plated and grown in humidified
chambers at 37°C and 5% CO2. After 10–14 days, erythroid burst-forming
unit, CFU granulo-macrophagic, and CFU granulocytic-erythroid-megacaryocytic-macrophagic progenitors were scored by microscopic analysis. Colony
identification was confirmed by staining of sampled colonies with May-Grünwald-Giemsa stain. CFU B cells were assayed by plating BM suspension (5 ⫻
104 cells) in a methylcellulose medium (M3630; StemCell Technologies) supplemented with 10 ng/ml IL-7, and scoring the colonies after 7 days of incubation. CFU granulocytes were assayed by culturing samples of 1 ⫻ 105 BM
cells for 7 days in a methylcellulose medium supplemented with 20 ng/ml
mrG-CSF (PeproTech, Rocky Hill, NJ) as described (22). Cell patterns in the
colonies were assessed by May-Grünwald-Giemsa staining.

The Journal of Immunology
was deducted from the 2⫺⌬⌬Ct values according to the following calculation: percentage of deletion ⫽ (1 ⫺ 2⫺⌬⌬Ct) ⫻ 200.

Results
Generation of caspase-8 conditional knockout mice

Caspase-8 plays an apoptotic role in hepatocytes in vivo
Although there is extensive evidence for caspase-8 participation in
death induction in cultured cells, there is no reported direct evidence that caspase-8 serves a similar function in vivo. With the
object of using Cre-mediated ablation of caspase-8 to assess the in
vivo relevance of its in vitro apoptotic function we attempted to
delete caspase-8 in hepatocytes, cells whose apoptotic death in
response to Fas triggering has often been suggested to occur in a
caspase-8-dependent manner.
Crossing the Casp8F/⫺ mice with a transgenic mouse line that
expresses Cre under control of the liver-specific albumin promoter
(Alb-Cre; Ref. 19) resulted in effective decrease of caspase-8 expression in the liver, but not in other organs (Fig. 2A). A real-time
PCR test designed to allow quantification of caspase-8 deletion
(Fig. 1C) confirmed that deletion of the floxed allele occurred to

about the same high extent in the livers of Casp-8fl⫺ and control
Casp-8fl⫹ mice (Fig. 2B). The Casp-8F/⫹ Alb-Cre mice appeared
normal. However, whereas injection of anti-Fas Ab (15 g/mouse)
in the control Casp8F/⫹:Alb-Cre littermates or in wild-type mice
resulted in death of all mice within 6 h, the Casp8F/⫺Alb-Cre mice
(n ⫽ 20) injected with the Ab were still alive months afterward.
Histological and Western blot analysis after anti-Fas injection disclosed massive apoptosis and hemorrhage, associated with early
induction of caspase-3 processing, in the livers (though not in the
spleens) of control Casp8F/⫹:Alb-Cre mice, but not of
Casp8F/⫺Alb-Cre mice (Fig. 2, C and D).
Expression of the albumin promoter begins before birth, thus
dictating deficiency of caspase-8 in the liver of the Casp8F/⫺AlbCre mouse almost throughout its life. To exclude the possibility
that the resistance to anti-Fas observed in the Casp8F/⫺Alb-Cre
mice was secondary to other changes induced in the liver owing to
this prolonged caspase-8 deficiency, we crossed the Casp8F/⫺
mice with the Mx1-Cre line, which expresses Cre under the control
of the ␣␤ IFN-inducible Mx1 promoter. This line responds to injection of IFN or of the IFN inducer, pI-pC, by effective induction
of Cre and consequent deletion of floxed genes in various tissues,
including the liver (17). As in the case of the Casp8F/⫺ Alb-Cre
mice, the liver cells of Casp8F/⫺Mx1-Cre mice in which caspase-8
was deleted (by pI-pC injection) a few days before anti-Fas injection were resistant to the cytotoxicity of the anti-Fas Abs (Fig. 2E).
Caspase-8 function in endothelial cells plays a crucial role in
embryonic development
Caspase-8 knockout embryos show evidence of circulatory failure
at the time of death (13, 14). In an attempt to elucidate the mechanism underlying this failure, we specifically targeted caspase-8 in
endothelial cells by crossing mice in which one of the caspase-8
alleles had been knocked out and the other floxed (Casp8F/⫺) with
mice that express the Cre recombinase under control of the endothelium-specific Tie1 promoter (Ref. 16; see Fig. 3K for demonstration of the expression pattern of this Cre transgene). Whereas

FIGURE 2. Deletion of the caspase-8 gene in hepatocytes endows them with resistance to Fas cytotoxicity. A–D, Comparison of Casp8F/⫹:Alb-Cre and
Casp8F/⫺Alb-Cre mice. A, Western blot analysis of procaspase-8 expression in various tissues. B, Assessment of the levels of the various caspase-8 alleles by PCR
(top) and by real-time PCR (numbers at the bottom) in the livers and spleens. C, Evaluation of the extent of caspase-3 processing in the tissues by Western blotting
at various times after their injection with anti-Fas Ab. D, Liver histology 6 h after injection of anti-Fas Ab. E, Liver histology of pI-pC-pretreated Casp8F/⫹:
Mx1-Cre and Casp8F/⫺Mx1-Cre mice 6 h after injection of anti-Fas Ab. Arrows in D and E point to pyknotic nuclei in apoptotic cells.
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Applying the strategy used for the full knockout of caspase-8 (13),
we generated mice with conditional caspase-8 allele (Casp8F/⫹)
by using a targeting construct designed to excise exons 1 and 2 that
encode the two N-terminal death-effector domain motifs in the
protein (Fig. 1A). ES cell clones that underwent homologous recombination with the transfected construct were transfected with a
Cre-expressing construct to delete the loxP site-flanked selection
cassette, and were then aggregated with blastocysts to generate
germline-competent chimeras. Development was normal in mice
homozygous for the floxed allele and in mice in which one of the
caspase-8 alleles was floxed and the other knocked out (13); Casp8f/l⫺, whereas Casp-8fl/⫺ mice in which the floxed allele was deleted by their mating with a Cre-deleter strain (20) (Fig. 1B) died
during embryogenesis, as expected from the embryonic lethal phenotype of caspase-8 knockout mice.
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Caspase-8 is needed for the functioning of hemopoietic
progenitors
FIGURE 3. Deletion of the caspase-8 gene in endothelial cells results in
circulatory failure and cardiovascular and neural tube defects similar to
those observed in full caspase-8 knockout. A–J, Pathology of E11.5
Casp8F/⫺Tie1-Cre embryos at the time of their death (B, D, F, H, J),
compared with E11.5 Casp8F/⫹:Tie1-Cre embryos (A, C, E, G, I). A and B,
Whole view, demonstrating congestion and pericardial effusion (arrow)
and blood-depleted yolk sacs. C and D, Sagittal section through the whole
embryo (H&E staining) demonstrating congestion (circles) as well as an
expanded pericardial cavity and thinning of the chest wall (red bars) consistent with pericardial effusion, and rounding of the cardiac apex (A). E
and F, Section through the chest demonstrating thinning of the ventricular
wall (boxes) and abnormal rounding of the cardiac apex. G and H, Wholemount anti-PECAM-1 immunostaining of the yolk sacs demonstrating extensive reduction in vascular density. I and J, View of the undulant neural
tube (arrows). K, Green fluorescence staining in the head of an embryo of
a Casp8F/⫹:Tie1-Cre mouse crossed with a mouse of the reporter strain
(Z/EG) that expresses EGFP upon Cre-mediated excision, manifesting
EGFP expression throughout the vasculature. Scale bars: C and D, 250 m;
E and F, 50 m; G and H, 150 m.

Casp8F/⫹ mice harboring the Tie1-Cre transgene (Casp8F/⫹:Tie1-Cre)
and Casp8F/⫺ mice developed normally, the Casp8F/⫺Tie1-Cre
mice died during embryogenesis. Death occurred at about the same
time (around E12) as in Casp8⫺/⫺ mice and with the same gross
pathology: severe congestion of the liver and of the large blood
vessels of the chest and abdomen associated with depletion of
blood from the yolk sac (Fig. 3, A–D). Moreover, histological
analysis of Casp8F/⫺Tie1-Cre embryos that had died revealed the
same abnormalities as those found in Casp8⫺/⫺ embryos (13, 14):
enlargement of the pericardial space (Fig. 3, B and D) and thinning
of the chest wall (Fig. 3D), consistent with pericardial edema;
globose shape of the heart (Fig. 3, D and F) and marked attenuation, in some embryos even rupture, of the ventricular wall (Fig.
3F), associated with extensive necrosis of the ventricular and atrial
cardiomyocytes; decreased vascular density in the yolk sac (Fig.
3H); and abnormally undulant neural tube (Fig. 3J).
To learn more about the actual mechanism of death of the
Casp8F/⫺Tie1-Cre embryos, we attempted to define the sequence
in which the various aberrations occur in the embryo at the time of
death. Although all dying Casp8F/⫺Tie1-Cre embryos manifested
severe heart muscle deformations, we could not discern such de-

Apart from circulatory failure, Casp8⫺/⫺ embryos also manifest a
marked decrease in hemopoietic progenitors (13). However, in the
Casp8F/⫺Tie1-Cre embryos, the levels of clonogenic progenitors
observed in vitro were normal (data not shown). This finding suggested that the hemopoietic deficiency in the Casp8⫺/⫺ embryos
reflects a function of caspase-8 in cells other than endothelial cells.
To examine this possibility, we first attempted to determine
whether expression of caspase-8 is required for functioning of the
hemopoietic progenitors in the adult as well. The BM cells of
Casp8F/⫺Mx1-Cre mice, which we examined after injecting either
IFN or the IFN inducer, pI-pC, showed no change in the number
of cells with staining characteristics of hemopoietic progenitors
(lineage negative, c-kit positive; ⬃2.5–3% of the BM cells; data

FIGURE 4. Early manifestations of the pathology in Casp8F/⫺Tie1-Cre
embryos before death. A, Normal heart morphology and normal ventricular
wall thickness (box) in an E11 embryo. B, Whole-mount anti-PECAM-1
immunostaining of the yolk sac of the same E11 embryo, showing degenerating vasculature (red asterisk) alongside vasculature of normal morphology (green asterisk). C, Whole-mount anti-PECAM-1 immunostaining of
an E10.5 yolk sac with normal vasculature. D, Antiactive caspase-3 immunostaining (red fluorescence superimposed on the corresponding differential interference contrast image) of the same yolk sac, demonstrating
extravascular location of the apoptotic cells found in increased amounts in
the Casp8F/–:Tie1-Cre yolk sacs (e, endothelial cells) at this stage. Scale
bars: A and C, 150 m; B, 250 m; D, 10 m.
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formations in any of the live E10 –11.5 Casp8F/⫺Tie1-Cre embryos that we examined, suggesting that they occur only a very
short time before death. Most of these E10 –11.5 embryos did not
manifest any clear deformation of their yolk sac vasculature either.
However, in the yolk sac vasculature of some of these embryos, we
did discern focal sites of degeneration (Fig. 4, A–C). To obtain a
quantitative measure of this degeneration we determined the incidence of cells positive for processed caspase-3, a marker of apoptosis, in the yolk sacs. At E10.5 it was about 4-fold higher in the
yolk sacs of Casp8F/⫺Tie1-Cre embryos than in the yolk sacs of
Casp8F/⫹:Tie1-Cre embryos (an incidence of 0.9 ⫾ 0.2% compared with 0.2 ⫾ 0.1%, in analysis of the yolk sacs of 10 embryos
of each kind, from six litters). Notably, the increased cell death
was observed even in yolk sacs that did not manifest any evident
histological signs of vascular degeneration. Moreover, most of the
caspase-3 positive cells in the yolk sacs were found extravascularly (arrow in Fig. 4D). Therefore, their occurrence implies not
the death of the endothelial cells, but rather a degenerative process
in the cells surrounding the yolk sac vasculature that occurs secondarily to some invisible change in the endothelial cells.
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Caspase-8 is needed for M-CSF-induced macrophage
differentiation
The BM cells of pI-pC-injected Casp8F/⫺Mx1-Cre mice also
showed a dramatic decrease in the ability to differentiate to macrophages upon culturing with M-CSF (Fig. 7B). This finding raised
the possibility that caspase-8 is required in the myeloid lineage at
some later differentiation stage(s) as well. To explore this possibility, we crossed the Casp8F/⫺ mice with a transgenic mouse line

expressing Cre under control of the murine lysozyme M gene promoter (LysM-Cre), which functions in mature, lysozyme-expressing cells of the myelomonocytic lineage (18). As expected from
the nondeletion of caspase-8 at the progenitor stage in these mice,
their BM cells, unlike those of the pI-pC-injected Casp8F/⫺Mx1Cre mice, were found to produce normal numbers of in vitro myeloid colonies (Fig. 7A). The decrease observed in the Casp8F/⫺
Mx1-Cre mice thus clearly reflects deficient functioning of progenitors before their differentiation. However, further examination
of the function of the monocytic precursors in the BM of the
Casp8F/⫺LysM-Cre mice disclosed that upon differentiation they
do manifest caspase-8 dependence. When incubated with M-CSF,
significantly fewer F4/80⫹, CD11b⫹-adherent cells accumulated
in the Casp8F/⫺LysM-Cre-derived BM cultures (Fig. 7, C and D).
Moreover, PCR and real-time PCR analyses of the prevalence of
the various caspase-8 alleles in those few Casp8F/⫺LysM-Cre cells
that did adhere revealed that these were mainly cells in which
deletion of the floxed caspase-8 allele had failed to occur (Fig.
7E). Compared with Casp8F/⫹:LysM-Cre-derived cultures, the
cultures derived from Casp8F/⫺LysM-Cre also contained larger
amounts of annexin V-positive monocytic cells (Fig. 7F). Taken
together, these findings suggested that M-CSF can induce differentiation only in macrophage precursors that express caspase-8,
while in precursors that lack this enzyme it causes death. Such a
role for caspase-8 is consistent with previous findings that
caspase inhibitors inhibit macrophage differentiation and activation (28, 29).
In the presence of G-CSF, the BM cells differentiate to granulocytes, and when cultured with GM-CSF, they differentiate to
dendritic cells. In contrast to the extensive decrease in M-CSFdriven macrophage differentiation, the yield of granulocytes obtained when culturing Casp8F/⫺LysM-Cre BM cells with G-CSF
was identical with that obtained with Casp8F/⫹:LysM-Cre BM
cells (Fig. 7G). The yield of CFU granulocyte colonies obtained
when the Casp8F/⫺LysM-Cre BM cells were cultured in semisolid

FIGURE 5. Induced ubiquitous deletion of the caspase-8 gene compromises hemopoietic progenitor function: CFU-C and CFU-S tests. Assessments of
the functionality of the hemopoietic progenitors in the BM of pI-pC-injected (A, B, D–F) and IFN-injected (C) Casp8F/⫹:Mx1-Cre and Casp8F/⫺Mx1-Cre
mice. A–C, In vitro progenitor assay. A, Gross appearance of in vitro myeloid clonogenic progenitor (CFU-C) tests, and B, yield of colonies (Total; erythroid
burst-forming unit (E); CFU-granulo-macrophagic cells (GM); CFU-granulocytic-erythroid-megacaryocytic-macrophagic cells (Mix); and CFU B cells
(CFU-B) in the BM of pI-pC-injected mice (mean ⫾ SD, n ⫽ 8, where n stands for the number of tests done, each with a single mouse). C, Yield of myeloid
colonies in the BM of IFN-injected mice (n ⫽ 4). D—F, In vivo CFU-S assay. D, Appearance of spleens; E, number of colonies in the spleens (n ⫽ 5);
and F, spleen weights in irradiated mice that were reconstituted with BM cells (n ⫽ 5). No colonies were detectable in the spleens of irradiated mice that
were not reconstituted. Average weights of these spleens (16.7 mg on day 8 and 23.7 mg on day 13) were subtracted from the weights of the spleens of
reconstituted mice. Unless otherwise indicated, solid (f) and open columns (䡺) in all figures correspond, respectively, to Casp8F/⫹ and Casp8F/⫺ cells.
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not shown). However, 2 days after the injection we observed a
precipitous decrease in the functionality of these progenitor cells,
as assessed by their ability to form myeloid or B lymphoid colonies (CFU culture (CFU-C)) in vitro (Fig. 5, A–C), form colonies
in the spleens of irradiated mice (CFU-S8 and CFU-S13) (Fig. 5,
D–F), and repopulate the BM and lymphoid organs of sublethally
irradiated RAG-1⫺/⫺ mice with B and T lymphocytes (Fig. 6, A
and B). The spleens, lymph nodes, and livers of pI-pC-injected
Casp8F/⫺Mx1-Cre mice showed a similar decrease in CFU-C, ruling out the possibility that the observed decrease of CFU-C in the
BM reflected translocation of these progenitors to other organs
(data not shown).
Further testing of the consequences of caspase-8 deletion in
radiation chimera of wild-type and floxed mice showed that pI-pC
injection resulted in a decrease of BM CFU-C in irradiated wildtype mice that were reconstituted with Casp8F/⫺Mx1-Cre BM
cells, but not in irradiated Casp8F/⫺Mx1-Cre mice reconstituted
with wild-type BM cells (Fig. 6, C and D). Therefore, it seems that
the arrest of hemopoietic progenitor function in mice deficient in
caspase-8 reflects a cell-autonomous role of this enzyme.
It should be noted that although we observed no effect of IFN or
pI-pC on hemopoietic progenitor function when injecting these
compounds alone into Casp8F⫹:Mx1-Cre mice (Fig. 6C, and data
not shown), our data do not exclude the possibility that the arrest
of hemopoietic progenitor function observed upon their injection
into Casp8F/⫺Mx1-Cre mice reflects conditioning to such an effect
by caspase-8 deficiency.
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toxin (data not shown). Thus, while apparently contributing to dendritic cell differentiation, caspase-8 seems not to serve as important
a role in this process as in macrophage differentiation.
In an initial attempt to assess the implication of this finding for
the in vivo occurrence of macrophages we could not discern any
abnormality in the amounts or properties of the macrophages in the
spleen or peritoneum of the Casp8F/⫺LysM-Cre mice. However,
when assessing the prevalence of the different caspase-8 alleles in
macrophages derived from peritoneal exudate cells, we found significantly less deletion of the floxed allele in the Casp8F/⫺LysMCre peritoneal exudate cells than in the Casp8F/⫹:LysM-Cre mice
(Fig. 7K). In contrast, the extent of deletion of the floxed allele in
Casp8F/⫺LysM-Cre peritoneal neutrophils was about the same as
that found in Casp8F/⫹:LysM-Cre neutrophils (Fig. 7L). These
findings indicated that also in vivo, ablation of caspase-8 compromises macrophage proliferation or survival or both while having
little effect on the differentiation of neutrophils.

FIGURE 6. Induced ubiquitous deletion of the caspase-8 gene compromises hemopoietic progenitor function: study of radiation chimera. A and
B, Analysis of the T cell and B cell compartments in BM and lymphoid
organs of irradiated RAG-1⫺/⫺ mice 7 wk after their reconstitution with the
BM cells of pI-pC-injected Casp8F/⫹:Mx1-Cre and Casp8F/⫺Mx1-Cre
mice (or, as a control, irradiated RAG-1⫺/⫺ mice that were not reconstituted). The cell numbers in these organs are given at the top left corners of
the panels. Cell numbers in the inguinal lymph nodes were also determined, and found to be 8 –14 ⫻ 104 in the nonreconstituted RAG-1⫺/⫺
mice, 15–15.2 ⫻ 106 in the mice reconstituted with BM cells of the
Casp8F/⫹:Mx1-Cre mice, and 6 –10 ⫻ 104 in the mice reconstituted with
BM cells of the Casp8F/⫺Mx1-Cre mice. Also shown are the percentages
of living cells identified as B lymphocytes (in the BM subdivided into
mature and immature) and T lymphocytes (CD4, CD8, and, in the thymus,
double positive). Shown are representative data from the analysis of three
transplanted mice in each of the three presented groups. Similar cell numbers were found when data from the mice were analyzed 6 mo after reconstitution (data not shown), suggesting that caspase-8 deletion compromises the function of both committed and uncommitted hemopoietic
progenitors. C and D, In vitro progenitor assay (CFU-C) of the hemopoietic
progenitor levels in BM of pI-pC-injected radiation chimera. C, Irradiated
C57BL/6 (Ly-5.1) mice reconstituted with BM cells of Casp8F/⫹:Mx1-Cre
or Casp8F/⫺Mx1-Cre mice. D, Irradiated Casp8F/⫹:Mx1-Cre (f) and
Casp8F/⫺Mx1-Cre mice (䡺) reconstituted with BM cells of C57BL/6 (Ly5.1) mice (n ⫽ 3).

medium was also normal, as was the relative proportion of mature
granulocytes within each colony (data not shown).
The yield of dendritic cells obtained upon culturing of
Casp8F/⫺ LysM-Cre BM cells with GM-CSF was somewhat lower
than in the Casp8F/⫹:LysM-Cre BM culture (Fig. 7H). The extent
of caspase-8 deletion in the dendritic cells (which is significantly
lower than in macrophages (18)) was about the same in the
Casp8F/⫺LysM-Cre and the Casp8F/⫹:LysM-Cre cultures. Moreover, the extent of caspase-8 deletion in the mature
Casp8F/⫺LysM-Cre dendritic cells was about the same as in the
immature cells (Fig. 7, I and J) and the cells in both cultures could
be fully driven to differentiation by treatment with bacterial endo-

This study provides evidence that the functions of caspase-8 in
vivo are heterogeneous with regard to both the cellular activity to
which caspase-8 contributes and the physiological role of this activity. In mediating cell death induction by receptors of the TNF/
NGF family, caspase-8 helps to eliminate injured and infected cells
and maintain leukocyte homeostasis. Our finding that caspase-8
deletion in hepatocytes protected these cells from Fas-mediated
cytotoxicity further demonstrates, and for the first time in vivo, this
immune defense-related apoptotic role. In addition, we showed in
this study that caspase-8 serves some function(s) that are nonapoptotic and perhaps even antiapoptotic, and which can play a physiological role other than immune defense. Our findings indicated
that in the myeloid lineage caspase-8 is needed both at an early
progenitor stage and at a more differentiated monocyte precursor
stage. It was also needed in B lymphocyte progenitors. According
to a recent study, conditional deletion of caspase-8 by Cre expression under control of the T cell-specific lck promoter compromises
the expansion of activated mature T lymphocytes (30). In that
model, caspase-8 deletion had no effect on thymocyte subpopulations. Because the lck promoter is effectively active in thymocytes
from their late double-negative stage (31), this finding suggests
that, at least from that stage on, caspase-8 is not needed for thymocyte development. The present finding that deletion of
caspase-8 in the BM does arrest thymocyte generation (Fig. 6B),
indicates that, as in the myeloid lineage, apart from the need for
caspase-8 at late differentiation stage(s), there is in the T lymphoid
lineage a need for this protein also at some earlier stage(s), such as
the progenitors or the early double-negative thymocytes or both. In
addition, our analysis of the cause of the death of caspase-8-deficient embryos points to a developmental role of this enzyme that
also appears to be nonapoptotic. This death was shown in this
study to be largely, if not fully, attributable to circulatory failure
resulting from caspase-8 deficiency in the endothelial cells. The
earliest aberration discerned in the embryos was degeneration of
the yolk sac and its vasculature. This degeneration might have
occurred as a consequence of the circulatory failure. However, the
fact that it preceded all other visible changes argues in favor of the
opposite sequence of events. We are inclined to believe that degeneration of the yolk sac capillaries resulted from arrest of a
nonapoptotic or even antiapoptotic function of caspase-8 in the
endothelial cells, and that this degenerative process was the cause
of the circulatory failure.
A mutation of caspase-8 that renders it enzymatically inactive
and reduces its stability has been described in humans (32). Unlike
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the devastating impact of caspase-8 knockout in mice, this mutation, despite interfering with leukocyte activation, seems not to
affect vasculature development or compromise hemopoiesis. This
difference might be attributable to the ability of caspase-10, a close
homologue of caspase-8 that occurs in humans but not in mice, to
compensate for caspase-8 deficiency. Alternatively, it might reflect
different structural requirements for the different activities of
caspase-8. Some of the activities of caspase-8 might be mediated
in a way that does not depend on its proteolytic function and could
therefore still be mediated in those humans with enzymatically
inactive caspase-8, but not in the caspase-8-deficient mice.
As opposed to the previously described apoptotic function of
caspase-8, none of its novel functions described in this study seems
related to the functions of any of the known receptors of the TNF/
NGF family. Nevertheless, deletion of mediator of receptor-induced toxicity-1/Fas-associated death domain protein (MORT1/
FADD), the adapter protein through which caspase-8 associates
with death receptors of this family, appears to have an impact quite
similar to that of ablation of the function of caspase-8. As with
caspase-8 knockout, deletion of the MORT1/FADD gene in mice
results in death at midgestation, associated with congestion and
deformation of the heart muscle (33, 34). Like caspase-8, MORT1/
FADD is also crucially involved in the fate of mature T lymphocytes, not only in their induced caspase-mediated death but also in
their survival and growth (34 –38). Thus, it seems that although the
nonapoptotic functions of caspase-8 might be independent of the

receptors that trigger its apoptotic function, they require the same
adapter protein.
The crucial involvement of the same enzyme and apparently
also the same adapter protein in mediation, even in the same cell,
of both apoptotic and nonapoptotic functions poses a challenge to
our understanding of the mechanisms of action of these proteins. It
also calls into question the completeness of our knowledge of the
molecular factors determining initiation of programmed cell death.
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