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Caspase-8 (casp8) is required for extrinsic apoptosis, and mice
deficient in casp8 fail to develop and die in utero while ultimately
failing to maintain the proliferation of T cells, B cells, and a host of
other cell types. Paradoxically, these failures are not caused by
a defect in apoptosis, but by a presumed proliferative function
of this protease. Indeed, following mitogenic stimulation, T cells
lacking casp8 or its adaptor protein FADD (Fas-associated death
domain protein) develop a hyperautophagic morphology, and die
a programmed necrosis-like death process termed necroptosis.
Recent studies have demonstrated that receptor-interacting pro-
tein kinases (RIPKs) RIPK1 and RIPK3 together facilitate TNF-
induced necroptosis, but the precise role of RIPKs in the demise
of T cells lacking FADD or casp8 activity is unknown. Here we
demonstrate that RIPK3 and FADD have opposing and comple-
mentary roles in promoting T-cell clonal expansion and homeo-
stasis. We show that the defective proliferation of T cells bearing
an interfering form of FADD (FADDdd) is rescued by crossing with
RIPK3−/− mice, although such rescue ultimately leads to lymphade-
nopathy. Enhanced recovery of these double-mutant T cells fol-
lowing stimulation demonstrates that FADD, casp8, and RIPK3
are all essential for clonal expansion, contraction, and antiviral
responses. Finally, we demonstrate that caspase-mediated cleav-
age of RIPK1-containing necrosis inducing complexes (necrosomes)
is sufficient to prevent necroptosis in the face of death receptor
signaling. These studies highlight the “two-faced” nature of casp8
activity, promoting clonal expansion in some situations and apo-
ptotic demise in others.

Following ligation of death receptors (DR), death domain-
containing members of the TNF receptor superfamily recruit

proteins that are essential for promoting DR-induced apoptosis
(1). These include caspase-8 (casp8), a noncatalytic paralogue of
casp8 called c-FLIP, and the adaptor protein FADD (Fas-asso-
ciated death domain protein). Curiously, loss of any of these
proteins leads to early embryonic lethality and significant defects
in hematopoiesis and activated lymphocyte survival (2). Fur-
thermore, T-cell–specific expression of an interfering form of
FADD containing only the death domain of this adaptor
(FADDdd) leads to defective T-cell clonal expansion and altered
thymopoiesis (3–5). These findings suggest that the signaling
molecules that promote apoptosis following DR function serve
additional roles that are linked, but unrelated to apoptosis.
Recently, it was discovered that the defective survival of T cells
lacking active casp8 is associated with a hyperautophagic mor-
phology, and that such T cells die from an alternative form of
cell death mediated by receptor-interacting protein kinase-1
(RIPK1) (6, 7).
For several years, it has been known that triggering DRs in the

absence of caspase activity can lead to a nonapoptotic form of
cell death that resembles necrosis (8, 9) that requires the serine/
threonine kinase activity of RIPK1 (10). By using a small-mol-
ecule library, Yuan and colleagues identified a family of mole-

cules termed necrostatins that are capable of binding to RIPK1
and blocking DR-induced necrosis (11), a process defined as
necroptosis. RNAi screening of genes responsible for DR-in-
duced necroptosis validated that RIPK1 is required for this al-
ternative form of cell death (12) by forming a complex with
RIPK3 termed the necrosome (13) in the absence of casp8
function (14–16). Thus, it is now clear that both RIPK1 and
RIPK3 are functionally required for the elaboration of nec-
roptotic signaling following DR ligation in cells lacking the ca-
pacity to activate caspases. As RIPK1 and RIPK3 have both
been shown to be targets for casp8 activity, it has been suggested
that failure in casp8-mediated cleavage of RIPK1 and RIPK3
may lead preferentially to necroptosis (13, 17).
Although our previous work has demonstrated that FADDdd-

expressing and casp8-deficient T cells succumb to RIPK1-de-
pendent necroptosis, we wished to assess the potential involvement
ofRIPK3 in this process. Interestingly, althoughFADD is required,
the classic DRs are unlikely to be involved in the demise of such
mutant T cells, as antagonizing them failed to block the induction of
casp8 activity following T-cell mitogenic stimulation (18). Thus, we
sought to establish the in vivo impact of non–DR-induced nec-
roptosis to T-cell–mediated immune function in the context of T
cells lacking the capacity to activate casp8. Importantly, because
mice bearing a germline RIPK1 deletion succumb to perinatal le-
thality (19), we chose instead to cross FADDdd-expressingmice (4)
with RIPK3−/− mice, as the latter strain develops in an overtly
normal fashion, and RIPK3−/− T cells display no obvious activation
defects (20). We find that a RIPK3 deficiency acts as a second site
suppressor mutation in the context of FADDdd-expressing T cells,
and prevents acute necroptosis of these cells following mitogenic
stimulation. This RIPK3 deficiency also restores in vivo T-cell–
mediated antiviral activity observed in FADDdd transgenic mice
(21), but promotes development of lymphoproliferative disease.
RIPK1 and RIPK3 both appear to be cleaved following T-cell an-
tigenic stimulation, and we demonstrate that blockade of RIPK1
processing is sufficient to promote DR-induced necroptosis.
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Results
To investigate the role of RIPK3 in T-cell development and ho-
meostasis, spleens, lymph nodes, and thymi were harvested from
WTmice, mice expressing FADDdd in thymocytes and T cells (4),
RIPK3−/− mice (20), and RIPK3−/− × FADDdd mice for initial
comparison of CD4+ and CD8+ T-cell ratios. WT naive spleno-
cytes typically display a 2:1 CD4:CD8 ratio, whereas FADDdd
splenocytes display a 4:1 CD4:CD8 ratio as a result of defective
CD8+ accumulation and homeostasis (21). Loss of RIPK3 sig-
naling in FADDdd T cells restored the CD4:CD8 ratio to WT
levels in spleen and lymph nodes (Fig. 1A), and rescued the di-
minished fraction of FADDdd CD44High/CD62LHigh T cells or
central memory T cells (TCM; Fig. 1B). These dual mutant mice
also displayed an enhanced fraction of CD44High/CD62LLow ef-
fector T cells (Fig. 1C), potentially because of defective clearance
of autoreactive T cells. We observed no significant differences in
the fractions of CD4, CD8, CD4/CD8 double positive, or CD4/
CD8 double-negative (DN) populations among the four geno-
types (Fig. 1D). FADDdd T cells display a partial block during
thymopoiesis at the CD4−CD8−CD25+CD44− (DN3) stage as-

sociated with expression of the pre-Tα/T-cell receptor (TCR)-β
complex (4). Failure to express the pre-Tα/TCRβ complex leads to
thymocyte death, whereas successful surface expression promotes
proliferation and differentiation into the CD25−/CD44− “DN4”
stage (22). As expected, we observed an enhanced DN3 pop-
ulation and a paucity of DN4 cells in FADDdd thymocytes,
whereas WT, RIPK3−/−, and FADDdd × RIPK3−/− thymocytes
developed normal fractions of DN3 cells (Fig. 1E and Fig. S1).
Previous studies have demonstrated that FADDdd or casp8−/−

T cells display defective clonal expansion following antigen re-
ceptor stimulation (2) as a result of the induction of necroptotic
cell death (6, 7). With recent evidence demonstrating that both
RIPK1 and RIPK3 are involved in promoting necroptotic death
following DR ligation (23), we sought to determine if RIPK3 may
participate in the necroptotic death of FADDdd T cells. Spleno-
cytes from FADDdd × RIPK3−/− mice were labeled with car-
boxyfluorescein succinimidyl ester (CFSE) and cultured with
α-CD3/-CD28 for 3 d to detect the T-cell proliferative response.
As observed previously, FADDdd T cells had a diminished pro-
liferative response, as assessed by accumulation of live CD8+/
CFSELo T cells (Fig. 2A). In contrast, FADDdd × RIPK3−/− T
cells displayed an enhanced proliferative response, correlating
with a reduced fraction of 7-actinomycin D (7AAD) high T cells,
demonstrating that the loss of RIPK3 rescued the defective clonal
expansion and death of FADDdd T cells (Fig. 2B). Although
treatment with the RIPK1 inhibitor Nec-1 restored FADDdd T-
cell proliferation to levels comparable to RIPK3−/− T cells, the
loss of both FADD and RIPK3 signaling led to an appreciable
enhancement in recovery of live proliferating T cells (Fig. 2C).
Further assessment of the role of FADD in peripheral tolerance
revealed that, upon restimulation through the TCR, FADDdd
and FADDdd × RIPK3−/− T cells are resistant to restimulation-
induced cell death (RICD) (Fig. 2D). However, loss of RIPK3
signaling, alone or in the context of the FADDdd mutation, led to
little enhanced recovery of live T cells upon restimulation, dem-
onstrating that the death pathway induced during RICD is almost
entirely FADD-directed, casp8-mediated apoptosis.
Mice and human subjects lacking functional Fas receptor (CD95)

or Fas-ligand (CD95L) develop lymphoproliferative disease and
autoimmune lymphoproliferative syndromes, respectively, as well
as an accumulation of CD4−, CD8−, CD3+, B220+ T lymphocytes.
Similarly, older FADDdd × RIPK3−/− mice displayed a slight
splenomegaly with frank lymphadenopathy and enlarged thymi
(Fig. 2E), coupled with a dramatic increase of CD4−, CD8−, CD3+,
B220+ T lymphocytes (Fig. 2 F and G). Histological analyses
revealed lymphocyte infiltrates within livers of the DKOmice (Fig.
S2). These findings demonstrate that, although RICD drives a
mostly apoptotic form of death, chronic loss of both DR-induced
apoptosis and necroptosis leads to recapitulation of the lympho-
proliferative phenotype observed in mice lacking functional Fas
or FasL.
FADDdd mice are incapable of mounting an effective immune

response against viral pathogens, including lymphocytic chorio-
meningitis virus and murine hepatitis virus (MHV) (21). To
address the consequence of the loss of both RIPK3 and FADD
signaling during an antiviral response, FADDdd × RIPK3−/−

mice were injected intraperitoneally with 2 × 105 pfu of MHV
and killed 7 d after infection. Tetramer staining of T cells in the
liver showed infiltration of virus-specific T cells to the infected
tissue, which was not evident in FADDdd mice as expected, but
restored in FADDdd × RIPK3−/− mice (Fig. 3A). To determine
whether FADD and RIPK3 play a role in cytotoxic T lymphocyte
(CTL) activity, in vivo and in vitro CTL assays were performed
by using target cells pulsed with nonspecific [ovalbumin (OVA)]
or virus-specific immunodominant (S510) peptides. To assess
in vivo killing activity, C57BL56/J splenocytes were pulsed with
low and high concentrations of CFSE, followed by peptide
pulsing with S510 and OVA peptides, respectively. One hour
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after injection of pulsed splenocytes into 7 d mock- and MHV-
infected mice, spleens were harvested to assess the recovery of
S510- vs. OVA-pulsed target cells. Whereas FADDdd mice
failed to kill S510-pulsed target cells because of defective accu-
mulation of effector cells, killing activity was similar among WT,
RIPK3−/−, and FADDdd × RIPK3−/− mice (Fig. 3 B and C). As
with restoration of virus-specific effector cells, deletion of RIPK3
in FADDdd mice rescued their defective clearance of MHV
(Fig. 3D).
To address the T-cell–intrinsic role of both RIPK3 and FADD

signaling during an antiviral response, we performed MHV in-
fection studies in immunodeficient Rag2−/− × IL2Rγc−/− mice
reconstituted with purified T cells from the four genotypes. 2.5 ×
106 T cells were adoptively transferred into Rag2−/− × IL2Rγc−/−
mice, and rested for 7 d before injected intraperitoneally with 2 ×
105 pfu of MHV. Although overall splenocyte numbers 7 d after
infection were approximately similar in uninfected mice, in-
dicating no defect in homeostatic proliferation, FADDdd ×
RIPK3−/− possessed a greater number of splenocytes relative to
other mice, consistent with a potential defect in lymphocyte
homeostasis following viral infection (Fig. 4A). To evaluate the
generation of virus-specific T cells, IFN-γ production was ana-
lyzed after a 6-h in vitro restimulation of splenocytes with the
immunodominant CD8+ T-cell epitope, the MHV S510 peptide.

RIPK3−/− and FADDdd × RIPK3−/− mice developed compara-
ble numbers of IFN-γ–expressing splenic CTLs as WT mice,
whereas the recovery of these virus-specific T cells was sig-
nificantly diminished in FADDdd spleens (Fig. 4B). These
findings demonstrate that the loss of RIPK3 rescued the ex-
pansion capacity of antiviral T cells expressing FADDdd. Con-
sistent with this, the diminished fraction of effector/memory
CD8+ (CD44High/CD62LLow) T cells observed after infection in
FADDdd splenocytes was restored to WT levels in FADDdd ×
RIPK3−/− mice (Fig. S3).
Processing of RIPK1 and/or RIPK3 by casp8, itself activated

by FADD [and possibly cFLIP (24)], is thought to prevent nec-
roptosis (13, 17). Considering that casp8 catalytic activity is re-
quired for T-cell clonal expansion (18), processing of RIPK1 or
RIPK3, both of which are targets of casp8 (25, 26), was assayed
following T-cell antigenic stimulation. We detected cleaved
RIPK1 and RIPK3 in viable OT-I OVA-specific T cells following
stimulation with OVA peptide or anti-Fas (27) (Fig. 5A). This
led us to pose the broader question of whether processing of
RIPK1 and/or RIPK3 may also occur during DR-induced apo-
ptosis vs. necroptosis. We treated Jurkat T cells lacking FADD
(28), which are known to be highly sensitive to DR-induced
necroptosis (10) (Fig. S4), and FADD−/− Jurkat cells transfected
with full length FADD (FADDREC; Fig. 5B) with TNF-α or
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TRAIL and detected RIPK1 (and PARP1) cleavage fragments
in FADDREC cells (Fig. 5C).
To assess the potential that casp8-mediated processing ofRIPK1

prevents the elaboration of a necroptotic response following DR
ligation, we treated RIPK1-deficient Jurkat cells (29) stably
reconstituted with cleavage-resistant RIPK1_D325A or kinase
dead/cleavage-resistant RIPK1_M92G/D325A [rendered catalyti-
cally inactive by a kinase “gatekeeper”mutation (30); Fig. S5] with
TNF-α ± Nec-1 or zVAD-FMK (Fig. 5D). RIPK1−/− cells were
sensitized to TNF-induced apoptosis, which was rescued with the
addition of zVAD-FMK. In contrast, cells expressing noncleavable
RIPK1_D325Awere sensitized to TNF-induced necroptosis, which
was rescued by Nec-1. Blocking kinase activity of cleavage-resistant
RIPK1 (M92G/D325A) diminished TNF-induced necroptotic
death observed in RIPK1_D325A reconstituted RIPK1−/− Jurkat
cells. Ectopic expression of RIPK1_D325A in RIPK1-sufficient

Jurkat cells failed to shift TNF-induced apoptosis to necroptosis
(Fig. S6). Thus, uncleaved RIPK1 does not act in a dominant
fashion to promote necroptosis. Presumably, only a small fraction
of activated RIPK1, recruited via association with FADD or other
adaptors, is necessary for a necroptotic response to TNF. These
results provide evidence that direct inactivation of RIPK1 and/or
RIPK3, through a FADD-dependent mechanism, differentiates
between apoptosis and necroptosis, and RIPK1 activity is required
to promote necroptosis.

Discussion
Our findings here demonstrate that RIPK3 acts in concert with
RIPK1 in promoting the necroptotic demise of T cells lacking the
nonapoptotic casp8 activity that is normally observed following
mitogenic signaling (6, 7, 18). Thus, early casp8 catalytic activity
within T cells acts to prevent the elaboration of signaling from an
RIPK1/RIPK3 containing necrosome (13) in a manner similar to
that observed following DR signaling. Although T-cell–intrinsic
casp8 and FADD activity are required for antiviral T-cell re-
sponses, loss of RIPK3 restores the ability of FADDdd T cells to
control MHV infection, suggesting that casp8 and RIPK3 play
additional opposing roles during antiviral immune responses.
Unlike the case for DR signaling, the process that leads to

RIPK1/RIPK3-containing necrosome formation is currently un-
clear. We previously observed RIPK1 recruitment to complexes
that likely exist on autophagosomal membranes (6) and found
that extracellular blockade of DR ligation fails to rescue casp8−/−

or FADDdd-expressing T cells (18). This suggests that the nu-
cleation of RIPK1/RIPK3 necrosomes occurs in a manner in-
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dependent of DR signaling. Here, we demonstrate that RIPK3,
like RIPK1 (6, 7), promotes necroptotic death of FADDdd T
cells following their activation. Our findings contrast with a re-
cent publication that suggested RIPK3 signaling is not involved
in the necroptotic demise of T cells lacking FADD (31) based on
the fact that RIPK3 failed to coimmunoprecipitate with RIPK1.
Given that our results demonstrate a requirement for RIPK3 in
TCR-induced necroptosis, it is possible that, whereas the up-
stream pathways that promote the nucleation of RIPK1/RIPK3
containing necrosomes may be unique following DR ligation vs.
T-cell mitogenesis, the downstream pathways are likely similar.
Here we present data that demonstrate an essential role for

DR-induced apoptotic death during reactivation-induced cell
death, a process that has previously been shown to require Fas
signaling (32). We emphasize that loss of RIPK3 signaling had
little impact on this; FADDdd was highly effective in blocking T-
cell RICD. In contrast, the loss of RIPK3 in FADDdd T cells led
to a significant increase of live proliferating T cells following
mitogenic stimulation. Although Nec-1 treatment also rescued
the expansion of FADDdd T cells, it did not lead to embellished

recovery of proliferating cells vs. WT T cells. This result suggests
that RIPK3 may have independent functions in T cells that may
have been previously overlooked. Alternatively, Nec-1 treatment
may have off-target effects that limit T-cell expansion.
Although RIPK3−/− T cells were shown to develop and pro-

liferate relatively normally in previous studies (20) and in our work
presented here, Moquin and Chan found that RIPK3−/− mice fail
to promote efficient inflammatory responses to vaccinia virus in-
fection (17). This may be a likely consequence of the expression of
the caspase inhibitory protein SPI-2, a protein related to poxvirus
CrmA, and possible assembly of necrosomes in an antiviral in-
flammatory environment. In contrast, we note here that RIPK3−/−

mice were also capable of controlling murine hepatitis virus
(MHV) infection. In previous studies, FADDdd expressing mice
failed to adequately respond to viral infection, and this was likely
a result of defective CD8+ T-cell responses (21). Supporting this
conclusion, the T-cell–intrinsic loss of RIPK3 restored the ability
of FADDdd mice to efficiently clear MHV infections (Fig. 4).
Thus, the primary defect in FADDdd-expressing mice to MHV
infection is in the expansion/survival of MHV-specific T cells.
Furthermore, as direct infection of RIPK3−/− mice led to efficient
viral clearance, our results call into question a general re-
quirement for RIPK3 signaling in antiviral immunity. Importantly,
the immune defects seen in FADDdd mice were rescued with
a RIPK3 deficiency, although older FADDdd × RIPK3−/− mice
bear a phenotypic resemblance to Fas-deficient (lpr/lpr) mice.
These data indicate casp8-dependent apoptosis and RIPK1/3-de-
pendent necroptosis are both necessary to maintain homeostasis
within the adaptive immune system.
These studies emphasize a primary role for RIPK3 in pro-

moting TCR-induced necroptosis in T cells lacking catalytically
active casp8 (18). The simplest interpretation is that RIPK1 and/
or RIPK3 are inactivated by casp8 directly (13) when brought
into close apposition. Supporting this, we observed cleavage of
both RIPK1 and RIPK3 in antigenically stimulated primary T
cells, but only RIPK1 cleavage was detected in Jurkat T cells
treated with DR ligands (Fig. 5). Expression of cleavage-resistant
RIPK1 was sufficient to convert TNF-induced apoptosis into
necroptosis, whereas kinase-dead RIPK1 diminished TNF-in-
duced necroptosis and apoptosis. Thus, a failure in caspase-
mediated cleavage of RIPK1 alone is sufficient to promote
necroptosis following DR ligation. Following the submission of
our manuscript, several other laboratories have reported parallel
findings in the context of T cells, supporting our studies here
(33–36). Taken together, our findings show that casp8 activity is
essential for controlling RIPK1/3-dependent necroptosis in ac-
tivated T cells, and that RIPK1/3 processing orchestrates the
switch between apoptotic vs. necrotic cell death. Furthermore,
these findings demonstrate that RIPK3-induced necroptotic ac-
tivity leads to the early demise of FADDdd T cells, and this
blocks antiviral immunity and the development of lymphoproli-
ferative disease in mice lacking FADD signaling in T cells.

Methods
Mice. FADDdd transgenic mice (4) were crossed with RIPK3−/− mice (20), the
latter provided by Kim Newton and Vishva Dixit at Genentech (South San
Francisco, CA). Rag2−/− × γc and C57BL6/J (B6) mice were obtained from
Jackson Laboratories. Mice were bred and maintained in accordance with
the institutional animal use and care committee at the University of Cal-
ifornia, Irvine, vivarium.

T-Cell Assays/Infections. T cells were activated as described previously (37). In
some cases, 10 μM Nec-1 was added at the start of culture to block nec-
roptosis (6). For transfer, T cells from mice of the indicated genotypes were
isolated by depletion of B220+, CD11b+ and MHCII+ cells with magnetic
beads (Miltenyi), and injected i.v. at a dose of 2.5 × 106 cells per Rag2−/− × IL-
2Rγc−/− mouse. For infection, 2 × 105 pfu MHV (strain JHM-DM) was injected
intraperitoneally into mice. PBS solution was injected into “mock” controls.
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Fig. 5. RIPK1/RIPK3 cleavage following TCR vs. DR ligation. (A) OT-I T cells
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Intracellular staining, viral titer plaque assays, and statistical analyses were
performed by using methods reported previously (38).

RICD and CTL Assay. Restimulation was by using an approach based on
a previous publication (39) by using 1 × 105 cells per well and proceeded
overnight before staining with 7-AAD. For the in vivo CTL assay, mice were
infected, and, after 7d, CTL activity was assessed as described previously (40).
B6 splenocytes were pulsed with 5 μM OVA or S510 peptide as target cells
and resuspended at 20 × 106/mL for CFSE labeling. OVA/S510-pulsed cells
were labeled with 2.5 and 0.5 μM CFSE, respectively, and mixed at a 1:1 ratio
to obtain a cell suspension of 100 × 106/mL. Target cells (100 μL) were
transferred i.p. into each infected mouse, and the assay was allowed to
proceed 75 min before harvesting spleens for FACS. The specific lysis per-
centage was defined as 100*[1 − R(sham) / R(infected)], with R representing
the ratio of CFSEhi to CFSElo. In vitro, EL4 target cells were pulsed with
peptides as stated earlier. OVA-pulsed/S510-pulsed EL4 cells were labeled
with 2.5 μM CFSE and 5 μM EF670, respectively (10 min., 37 °C; eBioscience),
and mixed at equal volumes. To prepare effectors, splenocytes of infected

mice were RBC-lysed and plated in 96-well round-bottom plates at 100 μL/
well before the addition of 100 μL target cells. Plates were incubated at
37 °C, 5% CO2, for 4 h before FACS analysis. The specific lysis percentage was
determined as 100*[1 − R(infected) / R(no effectors)], with R representing
the ratio of EF670 to CFSE.

Retroviral Infection. Jurkat cells were infected with retroviral supernatants by
using methods reported previously (6). Two days after infection, cells were
treated with Nec-1 (10 μM), zVAD-FMK (20 μM), CHX (5 μg/mL), TNF-α (20 ng/
mL), and etoposide (50 μM). Fourteen hours after treatment, cells were
stained with annexin V, anti-Thy1, and 7-AAD for FACS analysis.
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