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Background: c-FLIP, is a regulator of caspase-8 activity in T lymphocytes.
Results: Caspase-8 activity is lost upon deletion of c-FLIP; . p43FLIP rescues caspase-8 activity through Rafl, TRAF2, and RIPK1

association, augmenting ERK and NF-«B pathways.

Conclusion: The FLIP, cleavage product p43FLIP promotes activation of pathways involved with T cell growth.
Significance: This study provides new insight into the regulation of caspase-8 activity by c-FLIP.

Caspase-8 is now appreciated to govern both apoptosis fol-
lowing death receptor ligation and cell survival and growth via
inhibition of the Ripoptosome. Cells must therefore carefully
regulate the high level of caspase-8 activity during apoptosis
versus the modest levels observed during cell growth. The
caspase-8 paralogue c-FLIP is a good candidate for a molecular
rheostat of caspase-8 activity. c-FLIP can inhibit death receptor-
mediated apoptosis by competing with caspase-8 for recruit-
ment to FADD. However, full-length c-FLIP; can also het-
erodimerize with caspase-8 independent of death receptor
ligation and activate caspase-8 via an activation loop in the C
terminus of c-FLIP;. This triggers cleavage of c-FLIP; at Asp-
376 by caspase-8 to produce p43FLIP. The continued function
of p43FLIP has, however, not been determined. We demon-
strate that acute deletion of endogenous c-FLIP in murine effec-
tor T cells results in loss of caspase-8 activity and cell death. The
lethality and caspase-8 activity can both be rescued by the trans-
genic expression of p43FLIP. Furthermore, p43FLIP associates
with Rafl, TRAF2, and RIPK1, which augments ERK and NF-«B
activation, IL-2 production, and T cell proliferation. Thus, not
only is c-FLIP the initiator of caspase-8 activity during T cell
activation, it is also an initial caspase-8 substrate, with cleaved
p43FLIP serving to both stabilize caspase-8 activity and pro-
mote activation of pathways involved with T cell growth.

The functions of caspase-8 have expanded from its original
description as an upstream initiator caspase in cell death to a
mediator in a variety of other signal pathways, including signal-
ing of certain Toll-like receptors, T cell survival and growth,
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and the RIG-I helicase pathway (1—4). In nearly all instances in
which it was examined, the enzymatic activity of caspase-8 was
required, most likely to cleave RIPK1 (receptor (TNFRSF)-in-
teracting serine/threonine protein kinase 1) and prevent for-
mation of the Ripoptosome (5-9). This raised the question of
how the level of caspase-8 activity is regulated to mediate such
divergent functions as cell growth versus death.

c-FLIP (cellular FLICE-like inhibitory protein; CFLAR,
Casper) is an enzymatically inactive paralogue of caspase-8,
arising most likely as a gene duplication of caspase-8, as both
genes are located in proximity on human chromosome 2 (10—
12). c-FLIP; (full-length c-FLIP-Long) differs in the C-terminal
enzymatic region of caspase-8 (10), and as a consequence,
¢-FLIP; has no intrinsic caspase activity of its own. The original
descriptions of c-FLIP differed in their claims to function, with
some investigators reporting that c-FLIP inhibited caspase-8
activation by death receptors such as Fas (CD95) and inhibited
cell death (10), whereas others reported that it enhanced
caspase activity and promoted cell death (13). With the subse-
quent realization that caspase-8 functions not only in promot-
ing cell death but also in cell survival and growth (14, 15), inter-
est increased in c-FLIP as a potential regulator of caspase-8
activity in these opposing processes. Further suggestion of this
model came from structural studies showing that c-FLIP; could
heterodimerize with caspase-8 (16). The structural findings
revealed that c-FLIP; contains in its C terminus a loop that
actually activates the enzymatic pocket of caspase-8 and stabi-
lizes its activity in the full-length form (16). Hence, in addition
to its first described function as an inhibitor of caspase-8 acti-
vation by competitively binding to FADD following death
receptor ligation, c-FLIP; has now emerged also as an activator
of caspase-8. This provides an explanation for the earlier oppo-
site functions described for c-FLIP.

This dual function of c-FLIP raised a further issue regarding
how c-FLIP could maintain caspase-8 activity at a moderate
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level for cell survival and growth because it contained an acti-
vation domain for caspase-8. Indeed, overexpression systems
for c-FLIP; often revealed that it induced cell death by virtue of
intensely activating caspase-8 (13, 17). A potentially simple and
elegant solution came with the realization that the activation
loop in the C terminus of c-FLIP; contains a caspase-8 cleavage
site at Asp-376, which would yield a predicted p43FLIP cleav-
age product (16). It was thus possible that, temporally, c-FLIP;
could initiate caspase-8 activation, and then caspase-8 would
cleave c-FLIP; to produce truncated p43FLIP.

c-FLIP; thus emerged as both the initiator of caspase-8 activ-
ity and potentially its initial substrate. This model left unclear
whether c-FLIP; was still required to maintain caspase-8 activ-
ity once caspase-8 was activated. Conceivably, in the absence of
c-FLIP;, caspase-8 would spontaneously form homodimers,
resulting in apoptosis. Conversely, the persistence of c-FLIP; in
the caspase complex might also continue to augment caspase-8
activation to the point of cell death. This led us to consider two
possibilities for p43FLIP function. First, p43FLIP might be a
critical substrate product of caspase-8 and supplant the need
for continued caspase-8 activity. Second, p43FLIP might be ide-
ally suited for the function of maintaining caspase-8 activity
once initiated by c-FLIP; and supplant the continued need for
c-FLIP;. We therefore sought to test the function of p43FLIP
specifically following T cell activation, once caspase-8 activity is
established. We examined this question by transgenically
expressing p43FLIP in T lymphocytes in situations in which
either caspase-8 or endogenous c-FLIP could be deleted follow-
ing T cell activation and the initiation of caspase-8 activity. Our
findings reveal that following T cell activation in wild-type T
cells, c-FLIP, is cleaved to form p43FLIP, which is in complex
with active caspase-8, and can recruit the adaptor proteins Raf1,
RIPK1, and TRAF2 (TNF receptor-associated factor 2), which
link to the ERK and NF-«B pathways. Furthermore, the acute
loss of c-FLIP in effector T cells leads to reduced caspase-8
activity and impairment of cell growth, whereas p43FLIP can
rescue T cells from the acute loss of c-FLIP by maintaining
caspase-8 in an active form.

EXPERIMENTAL PROCEDURES

Production of p43FLIP Transgenic Mice and Stably p43FLIP-
transfected Jurkat T Cells—Murine p43FLIP was expressed
transgenically in the T cell compartment. Briefly, FLAG-tagged
murine p43FLIP ¢cDNA was inserted into a target vector con-
taining the /ck proximal promoter and a downstream human
growth hormone locus (18). Transgenic mice were produced
using C57BL/6 fertilized eggs. Mice were screened by PCR of
ear DNA for the human growth hormone sequence contained
within the p43FLIP construct using the following primers:
5'-primer, 5'-GGAGCCAGGGCTGGGCATAAAA-3'; and
3'-primer, 5'-GACTCACCCTGAAGTTCTCAGGATCC-3'.

Immunoblotting using anti-FLIP monoclonal antibody
(Dave-2, Millipore, Billerica, MA) further confirmed expres-
sion of the transgene. Three p43FLIP transgenic mouse lines
that gave similar phenotypes were obtained. One line (line 34)
was selected for the studies reported here.

The same p43FLIP was cloned into the pEF-BOS vector (19)
and transfected into Jurkat T cells. Stable transfectants were
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obtained under puromycin selection and then cloned by limit-
ing dilution. Five separate clones that yielded similar character-
istics of signaling were derived.

Additional Mouse Lines—Mice containing loxP sites sur-
rounding either the caspase-8 or c-FLIP locus have been
described previously (15, 20). ER-Cre mice (CAG-Cre/Esrl)
were obtained from The Jackson Laboratory (Bar Harbor, ME).
These transgenic mice have a tamoxifen-inducible Cre-medi-
ated recombination system driven by the chicken B-actin pro-
moter/enhancer coupled with the CMV immediate-early
enhancer. The transgene insert contains a fusion product
involving Cre recombinase and a mutant form of the mouse
estrogen receptor ligand-binding domain that does not bind
natural ligand estrogen at physiological concentrations but will
bind the synthetic ligand 4-hydroxytamoxifen. Restricted to the
cytoplasm, the Cre/ESR1 protein can gain access to the nuclear
compartment after only exposure to tamoxifen. When crossed
with a mouse strain containing a JoxP site-flanked sequence of
interest, the offspring are useful for generating tamoxifen-in-
duced, Cre-mediated targeted deletions.

T Cell Subset Purification, Culture, and Growth—Spleen cells
after hemolysis with Gey’s solution were combined with lymph
node cells, followed by negative selection to enrich for T cells.
To purify cell subsets, samples were incubated with antibodies
to MHC class II (3F12), B220 (RA3-6B2), NK1.1 (PK136), and
CD11b (Tib-128) for 30 min to bind B cells, NK cells, and
macrophages. Samples were washed and then incubated with
goat anti-rat/mouse IgG-labeled magnetic beads (Qiagen,
Valencia, CA) for 45 min, followed by magnetic field separation.
Purity was confirmed by flow cytometry and was routinely
>90%.

T cells were activated in RPMI 1640 medium (Mediatech,
Herndon, VA) supplemented with 100 units/ml penicillin/
streptomycin (Invitrogen), 25 mm HEPES (Sigma), 50 um
2-mercaptoethanol (Sigma), 2.5 mg/ml glucose (Sigma), 110
pg/ml pyruvate (Invitrogen), 292.3 ug/ml glutamine (Invitro-
gen), 10 pg/ml folate (Invitrogen), and 5% FBS (HyClone,
Logan, UT) using plate-bound anti-CD3 antibody (10 pg/ml;
clone 145-2C11), soluble anti-CD28 ascites antibody (1:1000),
and recombinant human IL-2 (50 units/ml; Cetus, Emeryville,
CA) for 2 days. Cells were then removed from anti-CD3 anti-
body-coated wells and fed with fresh culture medium contain-
ing IL-2. Cell proliferation was measured using [*H]thymidine
incorporation. Cells were plated at 1.0 X 10°/well in wells
coated with anti-CD3 antibody (10 pg/ml) and soluble anti-
CD28 antibody (1:100). On day 3, cells were pulsed with
[*H]thymidine (1 uCi/well) for 16 h and then harvested and
counted.

Antibodies and Flow Cytometry— Anti-murine CD8« mono-
clonal antibody conjugated to phycoerythrin-Texas Red® was
purchased from Invitrogen. Anti-murine CD4 monoclonal
antibodies conjugated to phycoerythrin-Cy5.5 or phycoeryth-
rin were purchased from Invitrogen. For flow cytometry,
750,000 cells were incubated in 0.1 ml of PBS containing 1.0%
BSA Fraction V (Sigma), 0.001% (w/v) sodium azide (PBS/az-
ide), and the appropriate antibodies at 4 °C for 30 min. After
washing with PBS/azide, cells were fixed in 1% methanol-free
formaldehyde (Ted Pella, Inc., Reading, CA) in PBS/azide. Sam-
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ples were stored at 4 °C until they were analyzed with an BD
LSR II flow cytometer (BD Biosciences).

For TUNEL assay of apoptosis, surface staining was first
completed as described above, with the exception that cells
were fixed on ice for 15 min using 10% formaldehyde in PBS.
Cells were then washed twice with PBS, fixed in 70% ice-cold
ethanol for 15 min, and washed twice with PBS. Nicked DNA
was labeled by incubating cells with terminal deoxynucleotidyl-
transferase buffer (2.5 mm CoCl,, 1 unit of terminal deoxy-
nucleotidyltransferase, and 0.5 nmol of FITC-dUTP (Roche
Diagnostics)) in a total volume of 50 ul at 37 °C for 1 h. Samples
were then washed twice with 1% BSA in PBS and fixed using 1%
formaldehyde in PBS. Cytokine levels were assessed using Bio-
Plex (Bio-Rad) in supernatants from purified T cells (10°/ml)
stimulated with anti-CD3/anti-CD28 antibody for 24 h.

Immunoblot Analysis—Cells were washed once with ice-cold
PBS and solubilized in lysis buffer (0.2% Nonidet P-40, 20 mm
Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm sodium orthovanadate,
10% glycerol, and cOmplete protease inhibitor (Roche Diag-
nostics)). Post-nuclear lysate proteins (20 ug/lane) were sepa-
rated by 12.5% SDS-PAGE. Proteins were transferred to PVDF
membranes (Bio-Rad), and blots were blocked and probed with
the indicated antibodies in 4% nonfat milk in TBS and 0.1%
Tween 20. Immunoreactive proteins were visualized using
HRP-labeled conjugates (Jackson ImmunoResearch Laborato-
ries, West Grove, PA) and developed using LumiGLO (KPL
Laboratories, Gaithersburg, MD). The antibodies used were
specific for caspase-8 (a kind gift of Dr. Andreas Strasser, Wal-
ter and Eliza Hall Institute); c-FLIP (ProSci, Poway, CA);
caspase-3 (a kind gift of Dr. Y. Lazebnik, Cold Spring Harbor
Laboratory); and RIPK1, RIPK3, TRAF2, and Rafl (BD
Biosciences).

T Cell Activation and Analysis of ERK and NK-kB Activity—
Purified T cells were activated using biotinylated anti-CD3
and anti-CD28 antibodies (each 5 ug/ml) and avidin (Sigma) in
the absence or presence of the proteasome blocker MG132
(Sigma). Reactions were stopped after the times indicated using
cold PBS. Cells were then lysed in the appropriate buffer for
analysis using Bio-Plex and by immunoblotting using antibod-
ies to phospho-MEK]1, total MEK1, phospho-ERK, total ERK,
phospho-IkBe, and total IkBa.

Biotinylated VAD-fluoromethyl Ketone Active Caspase and
Anti-FLAG Precipitation Assays—Viable day 4 T cell lympho-
blasts were disrupted using lysis buffer containing 20 um bioti-
nylated Val-Ala-Asp(OMe)-fluoromethyl ketone (biotin-VAD;
MP Biomedicals). 600 ug of protein lysate was then precleared
by rocking with 40 ul of Sepharose 6B-agarose beads (Sigma) at
4 °C for 2 h. The supernatant was subsequently incubated over-
night with 30 ul of streptavidin-Sepharose beads (Zymed Lab-
oratories Inc., Inc., San Francisco, CA) on a rocker at 4 °C. Beads
were washed five times with lysis buffer without cOmplete protease
inhibitor and then boiled in loading buffer. Beads were
removed by centrifugation, and immunoblot analysis was per-
formed on the supernatants. Alternatively, FLAG-tagged
p43FLIP was immunoprecipitated from 600 ug of protein lysate
from the same cells using biotinylated anti-FLAG magnetic
beads. Precipitates were prepared using a magnetic column,
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FIGURE 1. Deletion of caspase-8 reduces growth of effector T cells and pre-
vents cleavage of c-FLIP,. Purified T cells from either casp8 ™" mice
(Casp8'°®) or ER-Cre-casp8'®*'°* mice were stimulated with anti-CD3/anti-
CD28 antibody plus IL-2. On day 3, tamoxifen was added at the indicated
concentrations for 24 h and then washed out, and cells were re-cultured in
medium containing IL-2. A, on day 5, cell lysates were made and immuno-
blotted (20 ug of protein/lane) for caspase-8. B, cell growth was monitored
during days 3-6 following the addition of tamoxifen (0.35 um) on day 3.
Shown are the mean -fold changesin cellnumber =+ S.D. of three experiments
normalized to the cell number at the time of tamoxifen addition on day 3. ***,
p < 0.0001 by repeated measures ANOVA. C, cell lysates from ER-Cre-
casp8'™*1°* T cells without or with tamoxifen treatment (48 h) were immu-
noblotted for caspase-8 and c-FLIP. These findings were consistent in four
experiments.

washed five times, and then eluted and immunoblotted for the
indicated proteins.

Statistical Analyses—Student’s ¢ test or repeated measures
analysis of variance (ANOVA)? was conducted to assess differ-
ences between the indicated genotypes of mice.

RESULTS

P43FLIP Is Generated by Caspase-8 and Promotes Recruit-
ment of Adaptor Proteins That Link to NF-kB and ERK—Both
caspase-8 and c-FLIP are required to initiate T cell growth (14,
15, 21). However, it is not known whether the persistence of
these molecules is required to sustain proliferation once initi-
ated. We therefore used the inducible ER-Cre system to delete
caspase-8 upon the addition of tamoxifen. T cells from ER-Cre-
casp8/o*/1°*F mice were activated with anti-CD3/anti-CD28
antibody plus IL-2 and cultured for 3 days, at which time
tamoxifen (0.25-1.0 um) was added for 24 h and then washed
out, and cells were re-cultured in IL-2-containing medium. As
shown in Fig. 14, these doses of tamoxifen nearly completely
eliminated the expression of caspase-8 but did not alter the
levels of caspase-8 in casp8*”/**” T cells lacking ER-Cre. Of
interest was that following the deletion of caspase-8 in effector
T cells, growth was arrested (Fig. 1B). The loss of caspase-8
expression was also paralleled by a loss of cleaved p43FLIP in
effector T cells, although total levels of c-FLIP were unchanged
(Fig. 1C). This is consistent with a known caspase-8 cleavage
site in c-FLIP, at Asp-376 (16).

We and others have previously observed using cell lines and
overexpression systems that p43FLIP associated with RIPK1
and TRAF2 better than c-FLIP; (22, 23). This suggested that
part of the function of caspase-8 in effector T cells could be to

2 The abbreviation used is: ANOVA, analysis of variance.
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FIGURE 2. p43FLIP augments active caspase-8 and recruits RIPK1, TRAF2,

and Raf1 to the active caspase complex. Day 4 effector T cells from normal

littermate control (NLC) mice or p43FLIP transgenic mice were lysed in biotin-VAD. Whole cell lysates (WCL; 20 ug/lane) and either biotin-VAD precipitates (A)
or anti-FLAG precipitates (B) of FLAG-tagged p43FLIP (each precipitate from 600 g of protein of whole cell lysates) were immunoblotted for the indicated
molecules. The graphs represent densitometry of immunoblots of three experiments normalized to normal littermate control levels. Casp8, caspase-8; i.p.,

immunoprecipitate.

cleave c-FLIP; to p43FLIP to recruit these adaptor proteins. We
thus developed a transgenic mouse expressing murine p43FLIP
in T cells under the control of the /ck proximal promoter. Three
independent lines of mice with similar phenotypes were gener-
ated. There were no observed differences from wild-type mice
in thymus cellularity or T cell development, and there were no
differences in lymph node or spleen T cell numbers, CD4/CD8
ratio, or proportion of memory T cells based on CD44 expres-
sion (data not shown).

We examined whether p43FLIP would alter the activity of
caspase-8 as well as associating molecules. Although p43FLIP
did not alter the expression of total cellular caspase-8, there was
an increase in the active fraction of caspase-8 in day 4 effector T
cells, as determined by precipitation of active caspases using
biotin-VAD and avidin-Sepharose (Fig. 2). This is consistent
with the known ability of c-FLIP to stabilize active caspase-8
(16, 24, 25). Furthermore, p43FLIP was also in the active
caspase complex. Of particular interest was that the active
caspase complex in p43FLIP T cells also contained greater
amounts of RIPK1, TRAF2, and Rafl compared with wild-type
T cells (Fig. 2). To further confirm the specificity of this associ-
ation, we performed immunoprecipitation of the FLAG-tagged
p43FLIP transgene and observed that it also associated with
Rafl, TRAF2, and RIPK1 (Fig. 2B). The same observations were
made in the p43FLIP-transfected Jurkat T cells (data not
shown).

Pp43FLIP Augments Activation of NF-kB and ERK—Because
Rafl, TRAF2, and RIPK1 are upstream regulators of the ERK
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MAPK and NF-«B pathways, we examined the activity of these
pathways using Bio-Plex and by standard immunoblotting.
Freshly purified T cells from wild-type or p43FLIP mice were
activated with soluble biotinylated anti-CD3/anti-CD28 anti-
body and cross-linked with streptavidin for various time peri-
ods up to 30 min. Both assays detected a prominent increase in
phosphorylation of ERK within 5 min in p43FLIP T cells com-
pared with wild-type T cells (Fig. 3, A and C). However, both
groups of T cells equivalently activated ERK with phorbol
12-myristate 13-acetate, indicating that p43FLIP was acting in
proximity to T cell receptor signaling. MEK1, the upstream
activator of ERK, also manifested greater phosphorylation and
activation in p43FLIP T cells (Fig. 3C).

NF-kB activity was also increased in p43FLIP T cells. As
shown in Fig. 3 (B and D), both assays revealed greater phos-
phorylation of IkBa in p43FLIP T cells, and this was consider-
ably augmented in the presence of the proteasome blocker
MG132. Similar results for the activation of NF-«B and ERK
were seen in Jurkat T cells stably transfected with p43FLIP (data
not shown).

As the ERK and NF-kB pathways contribute to IL-2 gene
activation, we examined cytokine production in p43FLIP T
cells. Compared with wild-type T cells, p43FLIP T cells pro-
duced approximately twice the amount of IL-2 within 24 h fol-
lowing stimulation with anti-CD3/anti-CD28 antibody (Fig.
4A). Bio-Plex analysis of cell supernatants demonstrated no dif-
ferences in the production of IFNy, IL-6, IL-10, IL-13, IL-17, or
TNF« (data not shown). Proliferation of T cells was also mod-
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FIGURE 3. Increased activation of ERK and NF-«B in p43FLIP T cells. Purified T cells from p43FLIP mice or normal littermate control (NLC) mice were
stimulated with biotinylated anti-CD3/anti-CD28 antibody and cross-linked with streptavidin for the times indicated. The proteasome blocker MG132 was
added to some samples to prevent degradation of phospho-lkBa. Lysates were then analyzed using Bio-Plex for ERK phosphorylation (A) and IkBa phosphor-
ylation (B) as a ratio of the phosphorylated form of each molecule to the total amount of the same molecule. Shown are the means = S.D. of three experiments
expressed as -fold increase in the phospho-ERK/total ERK or phospho-lkBa/total IkBa ratios over unstimulated cells (time 0). Statistical analysis was done over
the complete time period using repeated measures ANOVA (phospho-ERK, p < 0.0001; phospho-IkBe, p = 0.0038). Independently, lysates were also analyzed
by immunoblotting for phospho-ERK, total ERK, phospho-MEK, and total MEK (C) and phospho-IkBa and total kB« (D). The findings obtained by immuno-
blotting were consistent in two experiments using p43FLIP T cells, as well as in two experiments using p43FLIP Jurkat T cells (not shown). PMA, phorbol
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FIGURE 4. Increased IL-2 production, proliferation, and reduced cell
death in p43FLIP T cells. Purified T cells from normal littermate control (NLC)
mice or p43FLIP mice were stimulated with anti-CD3/anti-CD28 antibody. A,
after 24 h, supernatants were analyzed for IL-2 production using Bio-Plex. B,
after 72 h, cells were pulsed for 16 h with [*H]thymidine, and the amount of
incorporated [*H]thymidine was measured. C and D, T cell lymphoblasts on
day 4 were re-stimulated for 6 h with either cross-linked anti-CD3 antibody (C)
or soluble FasL (D), and cell death was measured by TUNEL assay. Results are
the means = S.E. of triplicate cultures. Findings were consistent in four exper-
iments for IL-2, five experiments for [*H]thymidine, and two experiments
each for anti-CD3 antibody- and FasL-mediated cell death. *, p < 0.05.

erately increased in p43FLIP T cells (Fig. 4B). This was likely
due to the increased IL-2 production, as there were no differ-
ences in surface expression of CD25 (data not shown).
Although IL-2 can also sensitize effector T cells to reactivation-
induced death (26), we actually observed reduced death of day 4
effector T cells from c-FLIP mice following CD3 re-stimulation
(Fig. 4C). As reactivation-induced T cell death in vitro is medi-
ated largely by FasL (27), we directly examined cell death
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induced by FasL and found that this was also considerably
reduced in p43FLIP T cells (Fig. 4D). This is likely due to the
ability of c-FLIP to compete with recruitment of caspase-8 at
the death-inducing signal complex (12).

¢-FLIP Is Required to Maintain Caspase-8 Activity, and
Pp43FLIP Rescues Loss of Endogenous c-FLIP—As c-FLIP, is
both an activator of caspase-8 and an initial caspase-8 substrate,
it was possible that p43FLIP might be able to rescue T cells from
the loss of caspase-8. The ability of p43FLIP to associate with
Rafl, RIPK1, and TRAF2 (28) suggested that once p43FLIP is
formed, it might supplant the need for caspase-8 activity. We
therefore crossed the p43FLIP mice with ER-Cre-casp8’*"//**"
mice. Deletion of caspase-8 did not alter the levels of total
endogenous c-FLIP or transgenic p43FLIP (Fig. 5A4). Con-
versely, as anticipated, p43FLIP did not alter the loss of
caspase-8 following tamoxifen treatment. Of note is that
p43FLIP also did not rescue T cells from death following the
loss of caspase-8 (Fig. 5B). Thus, although p43FLIP can aug-
ment activation of caspase-8 as well as ERK and NF-«B, it can-
not replace the need for caspase-8 in T cell survival. This is
consistent with recent reports that identified a complex involv-
ing RIPK1, RIPK3, and FADD known as the Ripoptosome,
which induces cell death known as necroptosis when RIPK1
and RIPK3 are not tonically cleaved by caspase-8 (9).

Although loss of caspase-8 could not be supplanted by
p43FLIP, it was not clear what the effect of loss of endogenous
c-FLIP would be on maintaining caspase-8 activity in effector T
cells. Conceivably, caspase-8 could maintain its own activity,
independent of c-FLIP, through the formation of caspase-8
homodimers in effector T cells, as occurs following Fas ligation.
However, we previously observed that neither Fas nor TNFR1 is
required for the initiation or maintenance of caspase-8 activity
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FIGURE 5. p43FLIP does not rescue T cells from loss of caspase-8. Purified T cells from ER-Cre-casp8'*/* mice (lanes 1 and 2) or ER-Cre-casp8///oxF-
p43FLIP mice (lanes 3 and 4) were stimulated with anti-CD3/anti-CD28 antibody plus IL-2. On day 3, tamoxifen (0.35 um) was either added (+) or not (—), and
on day 5, cell lysates containing biotin-VAD were made. A, whole cell lysates (WCL) and biotin-VAD precipitates were immunoblotted for caspase-8 and c-FLIP.
B, cell growth for the same cells following the addition of tamoxifen (+T) or vehicle control (—T) on day 3. Shown are the mean -fold changes in cell number =
S.D. of three experiments normalized to cell number at the time of tamoxifen addition on day 3. ns, no significant difference for ER-Cre-casp8'>*/** (+tamox-
ifen) versus ER-Cre-casp8'>*/"-p43FLIP (+tamoxifen) by repeated measures ANOVA.

in effector T cells (17). We thus considered whether the persis-
tence of c-FLIP is required after T cell activation to maintain
caspase-8 activity. To examine this, we developed ER-Cre-
FLIP***/**F mice. Treatment with tamoxifen greatly reduced
c-FLIP expression within 48 h (Fig. 6A). Of particular interest
was that caspase-8 activity became undetectable when levels of
c-FLIP were diminished, and the association of RIPK1 and
RIPK3 in the active caspase complex was also reduced. As a
result, T cells devoid of c-FLIP rapidly stopped proliferating
(Fig. 6B). Using mouse embryonic fibroblasts, we confirmed
that the loss of c-FLIP also resulted in the loss of active
caspase-8 while not altering the levels of total caspase-8 (data
not shown).

To further assess whether p43FLIP could rescue caspase-8
activity following the loss of endogenous c-FLIP, we developed
ER-Cre-FLIP"**/%*"_p43FLIP mice. The addition of tamoxifen
to effector T cells from these mice still induced the loss of
endogenous c-FLIP, but the presence of transgenic p43FLIP
rescued the loss of caspase-8 activity (Fig. 7A). This was specific
to caspase-8, as it did not alter the activity of caspase-3. Paral-
leling the rescue of active caspase-8, p43FLIP also enhanced the
association of RIPK1 and RIPK3 in the active caspase complex.
Finally, p43FLIP also rescued proliferation following deletion of
c-FLIP (Fig. 7B).

DISCUSSION

The current findings underscore the intricate interactions of
c-FLIP and caspase-8 (Fig. 8). c-FLIP; is both an activator and
an initial substrate of caspase-8 in effector T cells. c-FLIP; con-
tains an activation domain in its C terminus that can activate
caspase-8 upon their heterodimerization (16). Active caspase-8
then rapidly cleaves c-FLIP; at Asp-376 to form p43FLIP,
which serves to limit further activation of caspase-8 but main-
tains its activity even with the loss of c-FLIP; . p43FLIP can also
recruit adaptor proteins that link to the ERK and NF-«B path-
ways. In T cells, this manifests as increased IL-2 production and
cell proliferation and survival. Thus, p43FLIP emerges as an
important caspase-8 cleavage product that is critical for main-
taining caspase-8 activity at a precise intermediate level for cell
survival and growth while also promoting signal pathways for
cell growth.
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In our previous studies (17, 29), we noted that expression of
either c-FLIP; or c-FLIPg in T cells results paradoxically in
increased cell death. In the case of c-FLIP| , this was the result of
greatly augmented caspase-8 activation, whereas c-FLIP¢ pro-
voked considerably reduced caspase-8 activation compared
with wild-type T cells. This underscores the relatively narrow
window of caspase-8 activity that is required for T cell survival
and growth. These observations are consistent with mathemat-
ical modeling studies that predicted that increased c-FLIP; in
complex with caspase-8 would lead to excessive activation of
caspase-8 (30), as we saw in T cells from c-FLIP; mice (17).
These findings are also consistent with studies showing that
non-cleavable c-FLIP; excessively activates caspase-8, presum-
ably because caspase-8 cannot cleave the C-terminal activation
domain of non-cleavable c-FLIP; (30). In the case of c-FLIPq,
the reduction in caspase-8 activity is consistent with the lack of
the C-terminal caspase-8 activation domain in c-FLIPg, and
thus, this may lead to activation of the Ripoptosome and cell
death. In addition, in T cells from both c¢-FLIP; and c-FLIPg
transgenic mice, NF-«B activity was reduced, which may have
further contributed to loss of cell viability. Because p43FLIP
lacks the activation domain but can remain associated with
caspase-8, p43FLIP is able to maintain moderate levels of active
caspase-8 without its further activation. Thus, in contrast
c-FLIP; and c-FLIPg, cleaved p43FLIP is the only c-FLIP form
that enhanced cell survival, in conjunction with its ability to
maintain moderate levels of caspase-8 activity and enhance
activation of ERK and NF-«B. In particular, p43FLIP was suffi-
cient to maintain active caspase-8 following the loss of endog-
enous c-FLIP. p43FLIP is thus an important caspase-8 cleavage
product, which, unlike c-FLIP; or c-FLIPg, maintains caspase-8
activity at an optimal level to promote cell survival while also
recruiting adaptor proteins for activation of ERK and NF-«B.

An unanticipated observation was that when c-FLIP was
deleted from effector T cells, there was a concomitant loss of
active caspase-8 rather than spontaneous homodimerization of
caspase-8 and its complete cleavage and activation, as would
occur with death receptor ligation. It is thus likely that different
stoichiometric conditions and localization of caspase-8 activa-
tion govern caspase-8 homodimerization and activation at
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FIGURE 6. Deletion of c-FLIP reduces active caspase-8 but not active caspase-3. Purified T cells from ER-Cre-FLIP’>?** mjce were stimulated with
anti-CD3/anti-CD28 antibody plus IL-2. A, on day 3, tamoxifen (0.35 um) was either added (+) or not (—), and on day 5, cell lysates containing biotin-VAD were
made. Shown are whole cell lysates (WCL) and biotin-VAD precipitates immunoblotted for c-FLIP, caspase-8, caspase-3, RIPK1, and RIPK3. The graphs represent
densitometry of the displayed biotin-VAD immunoblots. Casp, caspase; Tmx, tamoxifen. B, cell growth for the same cells following the addition of tamoxifen on
day 3. Shown are the mean -fold changes in cell number = S.D. of three experiments normalized to cell number at the time of tamoxifen addition on day 3. **,
p = 0.0058 by repeated measures ANOVA.
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FIGURE 7. p43FLIP rescues loss of active caspase-8 and growth of FLIP-deficient T cells. Lymph node T cells from the indicated strains of mice were
activated with anti-CD3/anti-CD28 antibody plus IL-2 for 3 days, and tamoxifen (0.35 um) added for an additional 2 days. A, whole cell lysates (WCL) and
biotin-VAD precipitates were immunoblotted for c-FLIP, caspase-8, caspase-3, RIPK1, and RIPK3. The graphs represent densitometry of the displayed immu-
noblots. Casp, caspase. B, cell growth for the same cells following the addition of tamoxifen (+7) or vehicle control (—T) on day 3. Shown are the mean -fold
changesin cell number =+ S.D. of three experiments normalized to cell number at the time of tamoxifen addition on day 3. ***, p < 0.0001 for ER-Cre-FL|p/ox*//x?
(+tamoxifen) versus ER-Cre-FLIP'>?o®_n43FLIP (+tamoxifen) by repeated measures ANOVA.

death receptors when forming a death-inducing signal complex The inability of p43FLIP to rescue defective growth of effec-
for apoptosis versus caspase-8/c-FLIP heterodimers that are tor T cells following their loss of caspase-8 is likely due to acti-
needed for cell survival and growth. However, there are several vation of the Ripoptosome. Recent studies have revealed that
reports of Fas stimulating growth or activation of various cell  tonic caspase-8 activity is required to cleave RIPK1 to prevent
types, including neurons, hepatocytes, dendritic cells, fibro- formation of a complex that activates RIPK3 and MLKL to pro-
blasts, and certain tumors (31-36). In some of these studies, mote caspase-independent necroptosis (9, 37). Thus, although
analysis of signal pathways has shown up-regulation of c-FLIP  ¢-FLIP; is a critical caspase-8 substrate in T cell survival, the
and activation of ERK and/or NF-«B following Fas stimulation = formation of p43FLIP cannot supplant the need for continued
(33,34). Thus, it is likely that with sufficient levels of c-FLIP, Fas  caspase-8 activity to cleave RIPK1. However, p43FLIP is
signaling can form caspase-8/c-FLIP heterodimers that divert required to maintain precise moderate amounts of caspase-8
signals for cell survival and growth. activation and to promote recruitment of RIPK1 to the active
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FIGURE 8. Model of c-FLIP regulation of caspase-8 activity. Caspase-8
(Casp8) and c-FLIP, heterodimerize by their mutual death effector domains
(DED). c-FLIP_ activates caspase-8 in its full-length form via an activation loop
in the C terminus of c-FLIP , and active caspase-8 then cleaves c-FLIP, at Asp-
376. Cleaved p43FLIP maintains caspase-8 activity while associating with the
adaptor proteins RIPK1 and TRAF2 to promote activation of NF-«B and with
Raf1 to promote activation of ERK.

caspase complex. Both caspase-8-deficient and c-FLIP-defi-
cient mice are embryonic lethal (38, 39). In the case of caspase-8
deficiency, lethality can be rescued by the additional deletion of
RIPK3 (5, 6). Of interest is that rescue of lethality from loss of
c-FLIP requires the further loss of RIPK3 and FADD (40). This
may allude to additional functions of c-FLIP beyond regulating
caspase-8 activity.
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