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Caspase-8 is a key integrator of cell survival and cell death decisions
during infection and inflammation. Following engagement of tumor
necrosis factor superfamily receptors or certain Toll-like receptors
(TLRs), caspase-8 initiates cell-extrinsic apoptosis while inhibiting
RIPK3-dependent programmed necrosis. In addition, caspase-8 has
an important, albeit less well understood, role in cell-intrinsic
inflammatory gene expression. Macrophages lacking caspase-8 or
the adaptor FADD have defective inflammatory cytokine expression
and inflammasome priming in response to bacterial infection or TLR
stimulation. How caspase-8 regulates cytokine gene expression, and
whether caspase-8–mediated gene regulation has a physiological
role during infection, remain poorly defined. Here we demonstrate
that both caspase-8 enzymatic activity and scaffolding functions
contribute to inflammatory cytokine gene expression. Caspase-
8 enzymatic activity was necessary for maximal expression of Il1b
and Il12b, but caspase-8 deficient cells exhibited a further decrease
in expression of these genes. Furthermore, the ability of TLR stimuli
to induce optimal IκB kinase phosphorylation and nuclear translo-
cation of the nuclear factor kappa light chain enhancer of activated
B cells family member c-Rel required caspase activity. Interestingly,
overexpression of c-Rel was sufficient to restore expression of IL-
12 and IL-1β in caspase-8–deficient cells. Moreover, Ripk3−/−Casp8−/−

mice were unable to control infection by the intracellular parasite
Toxoplasma gondii, which corresponded to defects in monocyte re-
cruitment to the peritoneal cavity, and exogenous IL-12 restored
monocyte recruitment and protection of caspase-8–deficient mice dur-
ing acute toxoplasmosis. These findings provide insight into how
caspase-8 controls inflammatory gene expression and identify a crit-
ical role for caspase-8 in host defense against eukaryotic pathogens.
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Pathogen-associated molecular patterns, produced by both
commensal and pathogenic microbes, trigger the activation

of pattern recognition receptors (PRRs) located within the cy-
toplasm and at the host membrane (1, 2). Activation of a subset
of PRRs known as Toll-like receptors (TLRs) initiates in-
tracellular signaling cascades that lead to the nuclear trans-
location of transcription factors belonging to the nuclear factor
kappa light chain enhancer of activated B cells (NF-κB) and AP-
1 families, among others, which control the expression of in-
flammatory mediators (3). Conversely, pathogen-mediated or
chemical blockade of these signaling pathways triggers cell death
programs mediated by caspases (4–11).
Caspases are cysteine proteases that initiate various forms of

programmed cell death (12). One member of this family impli-
cated in both inflammatory (13, 14) and immunologically silent
cell death is caspase-8. Caspase-8 is the initiator caspase that induces

cell-extrinsic apoptosis in response to various death-inducing stimuli,
such as Fas (15) and tumor necrosis factor (TNF) (16), but also
has a prosurvival function in concert with its enzymatically in-
active homolog cFLIP.
Under baseline conditions, caspase-8 is bound to cFLIP, forming

a heterodimer that prevents the autoprocessing of caspase-8
required for its apoptotic function (17, 18). Up-regulation of
cFLIP maintains survival of cells in response to TLR or TNF re-
ceptor family stimulation (18–22). Thus, during pharmacologic
or pathogen-mediated blockade of gene transcription, lack of
cFLIP up-regulation is thought to enable caspase-8 to form
homodimers and undergo autoprocessing, thereby stabilizing its
apoptotic conformation (23–26). Moreover, both prosurvival and
proapoptotic conformations of caspase-8 negatively regulate
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programmed necrosis, in part through cleavage of the deubi-
quitinating enzyme CYLD (27–29).
In humans, caspase-8 deficiency is associated with defects in

resistance against infection, suggesting that caspase-8–induced con-
trol of cell death contributes to antimicrobial defense (30). However,
these patients also have defects in B, natural killer (NK), and T cell
activation independent of cell death, raising the possibility that these
patients’ susceptibility to microbial infection may involve caspase-8–
mediated control of immune cell activation. In murine models of
caspase-8 deficiency, caspase-8 also plays a cell-intrinsic role in gene
expression in response to gram-negative bacterial (31–35) and fungal
infections (36), suggesting that cell-intrinsic control of gene expres-
sion by caspase-8 contributes to antimicrobial host defense in-
dependent of the role of caspase-8 in regulating cell death.
The mechanisms governing caspase-8–dependent control of

gene expression in macrophages remain unclear. Initial obser-
vations of caspase-8 deficiencies in human patients suggested a
role for caspase-8 in NF-κB signaling in response to B, NK, and
T cell receptor (TCR) activation (37, 38). However, murine
T cells lacking both caspase-8 and RIPK3 did not exhibit defects
in TCR signaling or T cell activation, implying either that T cells
deficient in caspase-8 alone undergo necroptosis upon TCR
activation (39) or that human- and mouse-specific differences in
these pathways impact the cellular response to activation. Mice
lacking caspase-8 and RIPK3 have no discernable defects in
T cell responses to mouse hepatitis virus infection or T cell
proliferation (40). Caspase-8 scaffolding, but not catalytic ac-
tivity, is important for TNF-related apoptosis-inducing ligand-
induced inflammatory gene expression in HeLa cells (41).
However, we previously observed that treatment of Ripk3−/−

cells with pan-caspase inhibitors led to the inhibition of in-
flammatory cytokine production by macrophages, and that
caspase-8 was required for maximal expression of Il12b and Il1b
in response to multiple TLR ligands (31). To address these
findings, and to mechanistically dissect the contribution of
caspase-8 to macrophage inflammatory gene expression, we in-
vestigated the roles of caspase-8 scaffolding and enzymatic ac-
tivities in the regulation of NF-κB family signaling.
We show that caspase-8 promotes inflammatory gene expression

in macrophages through both enzymatic and nonenzymatic activi-
ties. Either caspase-8 deficiency or inhibition of caspase activity in
Ripk3−/− bone marrow-derived macrophages (BMDMs) was asso-
ciated with both reduced IκB kinase (IKK) phosphorylation and
defective nuclear translocation of the NF-κB family member c-Rel,
which has a particularly important role in regulating the expression
of both Il12 (39) and Il1b. Ectopic expression of c-Rel restored IL-
12 and IL-1β expression in caspase-8–deficient cells, indicating that
caspase-8 controls transcription of these key inflammatory cy-
tokines in part via c-Rel. Ripk3−/−Casp8−/− mice succumbed to
infection with the intracellular protozoan parasite Toxoplasma
gondii, and this correlated with a failure to recruit monocytes to
the peritoneum and with increased parasite burdens in the
peritoneal cavity. Critically, both monocyte recruitment and
control of T. gondii parasite burdens in Ripk3−/−Casp8−/− mice
was restored by exogenous IL-12. Taken together, these findings
demonstrate a previously undescribed role for caspase-8 in the
control of c-Rel nuclear translocation and immune defense
against a protozoan parasite.

Results
Caspase-8 Catalytic Activity Regulates Activation of the IKK Complex.
Caspase-8–deficient cells have defects in inflammatory gene
expression, and this defect has been attributed to both a non-
apoptotic function of caspase-8 catalytic activity and an activity-
independent caspase-8 scaffolding function (31, 41). To resolve
this apparent discrepancy, we analyzed the transcriptional in-
duction of specific caspase-8–dependent genes (31) in Ripk3−/−

Casp8−/− cells, which lack caspase-8 entirely, and in Ripk3−/−

cells treated with the pan-caspase inhibitor zVAD-fmk, which
blocks caspase activity without affecting caspase-8’s scaffolding
function (41). As expected, zVAD-fmk reduced the expression of
Il12b, Il1a, Il1b, and Il4i1 in response to lipopolysaccharide
(LPS) stimulation; however, the impact of zVAD on gene ex-
pression was less than that seen in isogenic cells in which
caspase-8 was entirely missing (Fig. 1A). These data imply that
caspase-8 promotes the induction of TLR-dependent inflamma-
tory gene expression via both enzymatic activity-dependent and
-independent pathways. Importantly, the effect of z-VAD-fmk
is independent of cell death, as Ripk3−/− cells are protected from
cell death in response to zVAD treatment (42, 43).
As expected, zVAD reduced the secretion of IL-12p40, but

again, this reduction was less than that occurring with complete
loss of caspase-8 (Fig. 1B). In contrast, cells lacking caspase-8 and
cells in which caspase activity was blocked with zVAD had
equivalent levels of pro-IL-1β (Fig. 1B), suggesting that caspase-
8 catalytic activity is critical for caspase-8–dependent expression of
IL-1β in response to TLR stimulation.
Caspase-8 has been proposed to promote NF-κB signaling in

both innate and adaptive immune cells (30, 37, 44), and caspase-
8 promotes IKK phosphorylation in response to LPS (35) (Fig.
1C). Interestingly, we observed that Ripk3−/−Casp8−/− cells
showed reduced IKK phosphorylation in response to both LPS
and CpG (Fig. 1D), and that caspase activity was necessary for
optimal IKK phosphorylation in response to both TLR stimuli
(Fig. 1E). Intriguingly, loss of the adaptor protein FADD, which
is required for the assembly of caspase-8–containing signaling com-
plexes (33, 45, 46), also resulted in a defect in IKK phosphorylation
and decreased inflammatory cytokine production in response to TLR
stimulation (Fig. 1F and SI Appendix, Fig. S1). Importantly, the
caspase-8–selective inhibitor IETD also significantly reduced
levels of IL-12p40 secretion as well as Il12b expression (SI Appendix,
Fig. S2 A and B). zVAD treatment abrogated caspase-8 activity in
response to staurosporine treatment or TLR stimulation, and
treatment with either a pan-caspase or caspase-8–selective in-
hibitor abrogated CYLD cleavage in response to LPS, which is
mediated by the nonapoptotic activity of caspase-8 (28) (SI Ap-
pendix, Fig. S2 C and D). These data indicate that caspase in-
hibitors robustly block caspase activity in this system, suggesting
that caspase activity contributes to inflammatory gene expres-
sion, at least in part, via regulation of IKK phosphorylation.
To further dissect the contributions of caspase-8 scaffolding or

catalytic activities to inflammatory cytokine gene expression, we
examined inflammatory cytokine production in immortalized
Ripk3−/−Casp8−/− BMDMs (iBMDMs) reconstituted with Casp8WT

or Casp8D3A mutant constructs in which all 3 aspartate residues in
the interdomain linker between large and small catalytic subunits
were mutated to alanines, and was previously shown to be deficient
in IETDase activity (13). As expected, Ripk3−/−Casp8−/− iBMDMs
produced minimal levels of TNF in response to TLR4 or TLR9
stimulation, and this was rescued by ectopic expression of wild-type
(WT) caspase-8 (SI Appendix, Fig. S2 E and F). Intriguingly, the
Casp8D3A partially restored TNF expression, although not to the
same extent as WT caspase-8 (SI Appendix, Fig. S2 E and F).
Primary BMDMs from Casp8DA mice, which have a single mu-
tation at D387 that largely prevents autoprocessing and caspase-8–
induced cell death (13, 25), showed WT levels of cytokine in-
duction as well as IKK phosphorylation (SI Appendix, Fig. S2 G
and H). However, in the absence of RIPK3, loss of caspase-
8 autoprocessing led to intermediate effects on both transcrip-
tion and IKK phosphorylation (SI Appendix, Fig. S2 I–K), sug-
gesting that caspase-8 and RIPK3 function in concert to control
optimal innate immune activation. Collectively, these data demon-
strate a dual role for caspase-8 scaffolding and catalytic activities in
regulating macrophage cytokine production in response to
inflammatory stimuli.
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Caspase-8 Regulates TLR-Induced Gene Expression Programs. In the
setting of RIPK3 deficiency, caspase-8 has been proposed to
mediate the expression of TLR4- or TLR3-induced genes, due to
the link between TRIF and RIPK1/caspase-8 (13, 32, 33, 35). In
previous studies, we had also observed a role for caspase-8 in
regulating TLR2- and TLR9-dependent gene expression, which
depends solely on MyD88 (31).
To gain further insight into caspase-8–dependent regulation of

TLR-induced gene expression, we performed a global RNA-
sequencing analysis of BMDMs stimulated with LPS or CpG
for 2 h and 6 h (GEO accession no. GSE131171). Principal
component analysis revealed that while the largest proportion
(58%) of the variance in gene expression was driven by stimu-
lation with either LPS or CpG, a substantial portion of the var-
iance in gene expression (8.8%) was due to the presence or
absence of caspase-8 (Fig. 2A). We considered genes caspase-8–
dependent if they were differentially expressed in the absence of
caspase-8 relative to both WT and Ripk3−/− BMDMs. We found
that caspase-8 was required for WT expression levels of several
hundred genes in response to both LPS (Fig. 2 B and D) and CpG
(Fig. 2 C and D). Notably, 192 caspase-8–dependent genes at 2 h
and 115 caspase-8–dependent genes at 6 h overlapped between LPS
and CpG, representing approximately one-half of the respective
LPS- or CpG-induced genes at 2 h and one-fourth to one-third of
these genes at 6 h (Fig. 2D). This suggests a generally shared subset
of genes regulated by caspase-8 during TLR engagement.
Hierarchical clustering of caspase-8–dependent genes and

subsequent gene ontology enrichment analysis identified 3 clus-
ters of genes significantly enriched for known biological processes
or cellular components. Consistent with the role of caspase-8 in
cytokine production (31) (Fig. 1), a subset of caspase-8–dependent
genes induced in response to LPS or CpG stimulation were
enriched for gene ontology terms broadly related to immune ac-
tivation, including cytokine, inflammatory response, and cellular
response to LPS (Fig. 2E and SI Appendix, Dataset S1).
While immune-related genes accounted for a significant

fraction of caspase-8–regulated genes in both TLR4- and TLR9-
stimulated datasets, we were also surprised to find a large
number of genes enriched in gene ontology terms related to the

cell cycle, chromosome segregation, and cytoskeleton (Fig. 2E).
Intriguingly, recent studies revealed that the nonapoptotic ac-
tivity of the caspase-8/RIPK1 complex regulates the function of
Polo-like Kinase 1, and that loss of either caspase-8 or RIPK1
activity was associated with defects in chromosome segregation,
mitotic spindle assembly, and genomic integrity in dividing cells
(47). These data indicate that the nonapoptotic activity of caspase-
8 has broader cellular functions beyond the control of inflamma-
tory gene expression. Nevertheless, due to the enrichment of NF-
κB–binding sites at the promoters of LPS- and CpG-induced
caspase-8–dependent genes (Fig. 2F), together with the effect of
caspase-8 on IKK activation (Fig. 1), we sought to define the
contribution of caspase-8 to the regulation of NF-κB signaling.
Despite the requirement for caspase-8 in promoting IKK

phosphorylation, the degradation of IκBα, a key regulator of NF-
κB nuclear translocation, was unaffected in Ripk3−/−Casp8−/−

cells, consistent with our previous observations (SI Appendix, Fig.
S3A). However, both Ripk3−/−Casp8−/− and the Mlkl−/−Fadd−/−

BMDMs exhibited a small but consistently reproducible effect
on degradation of another member of the IκB family, IκBe (SI
Appendix, Fig. S3 A–C). In contrast, neither phosphorylation of
IκBβ nor phosphorylation of p38 MAPK was affected by caspase-
8 deficiency. These data indicate a selective effect of caspase-8
deficiency on IκBe.

Caspase-8 Promotes c-Rel Nuclear Translocation. Distinct IκB pro-
teins preferentially regulate specific NF-κB family members (43).
Notably, while IκBα preferentially binds to and inhibits nuclear
translocation of p65, IκBe regulates c-Rel homodimers, as well as
p50:c-Rel heterodimers (48–50). Because c-Rel is a critical reg-
ulator of macrophage Il12b expression (51, 52), and because
Il12b was among the genes most strongly affected by the absence
of caspase-8 in response to both LPS and CpG (31) (Fig. 1 and
Dataset S1), we considered whether caspase-8–dependent regu-
lation of gene expression could be due to an effect on c-Rel.
Analysis of nuclear fractions from LPS- or CpG-simulated cells
revealed a defect in c-Rel nuclear translocation following stimu-
lation with either TLR ligand, whereas p65 nuclear translocation
was unaffected, consistent with our previous findings (Fig. 3A and

ns

****

Il12b
Fo

ld
 c

ha
ng

e 
(re

la
tiv

e 
to

 u
nt

re
at

ed
) Il1a

1500

1000

2500

2000

500

0

40

20

80

60

0

40

20

80

100

60

0

Il1b Il4i1
** ***

*

****

****

**

****

**

****

+LPS +CpG +LPS +CpG +LPS +CpG +LPS +CpG

Ripk3-/-

Ripk3-/-Caspase8-/-

Ripk3-/-

Ripk3-/-Caspase8-/-

z-VAD fmk

Vehicle

+LPS +CpG

%
 p

ro
-IL

-1
β+

IL
-1

2p
40

 (n
g/

m
L) Ripk3-/-

Ripk3-/-Caspase8-/-

Ripk3-/-

Ripk3-/-Caspase8-/-

z-VAD fmk

Vehicle

+LPS +CpG

**

***

*

*

**

ns

ns

Actin

IKKβ

Unt. 0.5 1
B6

Unt. 0.5 1
Ripk3-/-

Unt. 0.5 1
Ripk3-/-Casp8-/-

Actin

IKKβ

p-IKKα/β

+LPS (hrs) Unt. 0.5 1
B6

Unt. 0.5 1
Ripk3-/-

Unt. 0.5 1
Ripk3-/-Casp8-/-

 +CpG (hrs)

Unt. 0.5 1 0.5 1 Unt. 0.5 1 0.5 1

LPS CpG
z-VAD-fmk + +- - + +- -

Actin

IKKβ

p-IKKα/β
Hrs post stimulation

p-IKKα/β

+LPS (hrs)Unt. 0.5 1 Unt. 0.5 1
Mlkl-/-Fadd-/-Mlkl-/-

Actin

IKKβ

p-IKKα/β

6000

4000

2000

0

1500

1000

500

0

15

10

5

0

E F

A

B

C D

Fig. 1. Caspase-8 catalytic activity regulates activa-
tion of the IKK complex. (A) Fold change in mRNA
expression of indicated genes in Ripk3−/− and
Ripk3−/−Casp8−/− BMDMs pretreated with z-VAD-fmk
or vehicle control for 1 h, followed by treatment with
LPS or CpG as indicated in Materials and Methods for
2 h. (B) Levels of secreted IL-12p40 and frequency of
intracellular pro-IL-1β expression by Ripk3−/− and
Ripk3−/−Casp8−/− BMDMs pretreated with z-VAD-fmk
or vehicle control for 1 h, followed by LPS or CpG
treatment for 5 h. (C and D) Levels of phospho-IKKα/β
and total IKKβ in B6, Ripk3−/−, and Ripk3−/−Casp8−/−

BMDMs following stimulation with LPS or CpG for
indicated times, as determined by immunoblotting.
(E) Levels of phospho-IKKα/β and total IKKβ in
Ripk3−/− BMDMs pretreated with z-VAD-fmk or ve-
hicle control for 1 h and stimulated with LPS or CpG.
(F) Levels of phospho-IKKα/β and total IKKβ in Mlkl−/−

and Mlkl−/−Fadd−/− BMDMs stimulated with LPS for
the indicated times. Error bars indicate ± SEM of
triplicates. n.s., not significant; *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001, Student’s 2-tailed un-
paired t test. The data in A–D are representative of 3
independent experiments, and the data in E are
representative of 2 independent experiments.
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SI Appendix, Fig. S4A). WT, Ripk3−/−, and Ripk3−/−Casp8−/−

BMDMs had similar basal and inducible levels of total c-Rel across
all time points examined, indicating that the decrease in nuclear c-
Rel levels was not due to differences in total c-Rel expression
(Fig. 3B).
To further assess c-Rel nuclear translocation, and to quantify

c-Rel translocation in individual cells, we analyzed nuclear
translocation of c-Rel by confocal microscopy. Consistent with
the defect in overall nuclear accumulation of c-Rel, we observed
a significant defect in nuclear translocation of c-Rel in individual
Ripk3−/−Casp8−/− BMDMs 2 h after stimulation with either LPS
or CpG (Fig. 3 C–E), but no defect in translocation of p65 in
response to LPS (SI Appendix, Fig. S4 B and C). Moreover, we
observed a significant loss of c-Rel enrichment at the promoters
of caspase-8–dependent genes in response to LPS in Ripk3−/−

Casp8−/− BMDMs (Fig. 3F). The reduced accumulation of c-Rel
at Il12b, Il1b, Il6, and Tnf promoters in Ripk3−/−Casp8−/−

BMDMs was detectable as early as 30 min after treatment with
LPS (Fig. 2F). In contrast to c-Rel, p65 recruitment to these
promoters was unaffected in Ripk3−/−Casp8−/− BMDMs (SI
Appendix, Fig. S4D), consistent with our previously published
observations (31). These data demonstrate that caspase-8 selectively
regulates nuclear translocation of c-Rel, but not p65, in response to
LPS and CpG.
We next asked whether catalytic activity might contribute to

caspase-8–dependent nuclear translocation of c-Rel following
TLR stimulation. Intriguingly, Ripk3−/− BMDMs treated with z-
VAD-fmk showed lower levels of nuclear c-Rel in response to
both LPS and CpG at 2 h after stimulation (Fig. 4 A and B).

Moreover, there remained a statistically significant difference
between Ripk3−/− BMDMs treated with z-VAD and Ripk3−/−

Casp8−/− BMDMs, suggesting that caspase-8 contributes to c-Rel
nuclear translocation via both its enzymatic and nonenzymatic
functions and consistent with our observation that caspase-
8 controls cytokine gene expression via catalytic activity-
dependent and -independent functions (Fig. 1).

c-Rel Promotes Expression of a Subset of Caspase-8–Dependent
Genes. While most TLR-induced genes are regulated by p65,
Il12b expression specifically requires c-Rel (52–54). Our observa-
tion that caspase-8 deficiency is associated with defects in c-Rel
nuclear translocation and defective expression of a subset of in-
flammatory response genes led us to ask whether c-Rel might
contribute to the expression of multiple caspase-8–dependent genes
in response to TLR stimulation. Interestingly, Rel−/− BMDMs
exhibited significant defects in transcriptional induction of Il12b,
Il6, Il1b, Il1a, Il4i1, Csf2, and Tnfsrf9 mRNA 2 h after stimulation
with either LPS or CpG (Fig. 5A). The c-Rel–dependent defect in
expression of Il12b and Il1b corresponded to a significant defect in
both IL-12p40 and pro-IL-1β production in response to either LPS
or CpG stimulation (Fig. 5 B–D). However, consistent with pre-
vious observations that c-Rel is not generally required for the ex-
pression of NF-κB–dependent genes (52, 55), there was no defect
in TNF or IL-6 secretion by Rel−/− BMDMs (Fig. 5D), suggesting
that compensatory mechanisms exist for the production of other
cytokines in the absence of c-Rel. Overall, these data sug-
gest that the defects in IL-12 and IL-1β expression observed in
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caspase-8–deficient BMDMs are likely due to decreased levels of
c-Rel translocation to the nucleus.

c-Rel Restores Expression of IL-12p40 to Caspase-8–Deficient BMDMs.
Recent studies have identified cellular nucleic-acid binding
protein (CNBP) as an important factor in regulating the nuclear
translocation and nucleic acid-binding activity of c-Rel (56).
However, caspase-8–deficient BMDMs exhibited similar or ele-
vated levels of total and nuclear levels of CNBP compared with
WT and Ripk3−/− BMDMs (SI Appendix, Fig. S5 A and B), in-
dicating that caspase-8 regulates c-Rel nuclear translocation in-
dependent of CNBP.
To test the hypothesis that defective expression of IL-12 in

Ripk3−/−Casp8−/− cells is due to the effect of caspase-8 on c-Rel,
we transfected Ripk3−/−Casp8−/− BMDMs with a c-Rel expres-

sion plasmid containing an IRES-GFP element (57). Approxi-
mately 30% of the total cell population was successfully transfected,
as determined by the expression of GFP (SI Appendix, Fig. S5C).
GFP expression remained robust up to 6 h posttransfection but
then declined at 12 h and 24 h, commensurate with a decline in
total actin (SI Appendix, Fig. S5D). These data indicate reduced
viability of the cells at later times posttransfection, leading us to
limit our analysis of the cells to no later than 6 h posttransfection.
Electroporation of the c-Rel expression vector significantly in-
creased the expression of both IL-12 and pro-IL-1β in the Ripk3−/−

Casp8−/− GFP+ cells compared with GFP− cells from the same
transfection, as well as with GFP+ cells containing empty vector
control (Fig. 6). Interestingly, c-Rel expression alone was sufficient
to induce IL-12 production even in the absence of TLR activation,
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whereas pro-IL-1β was induced only in c-Rel transfected cells
stimulated with LPS (Fig. 6).
While CpG stimulation increased the frequency of IL-1β–

expressing cells, this increase was not statistically significant. This
suggests that while c-Rel overexpression is sufficient to induce IL-
12 in the absence of caspase-8, additional factors are required to
enable optimal production of IL-1β in response to CpG. Notably,
c-Rel transfection led to similar expression of IL-12 and IL-1β in
both caspase-8–sufficient and caspase-8–deficient cells (SI Appen-
dix, Fig. S6), indicating that ectopic c-Rel expression compensates
for the lack of caspase-8 to enable IL-12 and IL-1β expression.
Overall, these findings indicate that caspase-8 promotes the in-
duction of IL-12 via its effect on c-Rel.

Caspase-8 Mediates Control of T. Gondii Infection via Innate
Production of IL-12. Ripk3−/−Casp8−/− mice are highly suscepti-
ble to infection by the gram-negative bacterial pathogen Yersinia
(13, 35), and human patients with homozygous inactivating CASP8
mutations suffer from recurrent sinopulmonary and herpes simplex
virus infections and poor responses to immunization (30). Given the
broad role of caspase-8 in host defense, as well as previous obser-
vations that c-Rel and IL-12 promote control of the eukaryotic
parasite T. gondii (58–62), we investigated whether caspase-8 might
promote the control of this pathogen. Indeed, caspase-8 was re-
quired for survival of mice following i.p. infection with the Prug-
niard (Pru) strain of T. gondii, as 100% of Ripk3−/−Casp8−/− mice
succumbed to T. gondii infection with kinetics similar to those of

both Il12b−/− and Rel−/− mice, while WT and Ripk3−/− mice largely
survived (Fig. 7A and SI Appendix, Fig. S7A).
Importantly, Ripk3−/−CaspDA/DA mice exhibited intermediate

survival between Ripk3−/− and Ripk3−/−Casp8−/− mice, indicating
that autoprocessing of caspase-8 contributes to host defense
against T. gondii, but that remaining scaffolding or catalytic ac-
tivities are sufficient to partially restore antiparasitic immunity in
this context (SI Appendix, Fig. S7B). Critically, a significantly
higher frequency of peritoneal exudate cells (PECs) from
Ripk3−/−Casp8−/− mice contained T. gondii parasites and har-
bored more parasites per cell than WT or Ripk3−/− mice, in-
dicating a key role for caspase-8 in the control of T. gondii
replication (Fig. 7 B–D). The function of caspase-8 in the control
of T. gondii was mediated primarily by the hematopoietic com-
partment, as mice reconstituted with Ripk3−/−Casp8−/− bone
marrow failed to control T. gondii infection, similar to IL12b−/−

bone marrow chimeras (SI Appendix, Fig. S7 C and D). Fur-
thermore, Ripk3−/−Casp8−/− mice showed significantly lower
frequencies of IL-12–expressing Lin−CD64−CD11c+MHCII+

dendritic cells (DCs) relative to control mice 5 d postinfection
(dpi) (Fig. 7E and SI Appendix, Fig. S7 E and F).
The foregoing data suggest that caspase-8–deficient mice fail

to control T. gondii replication due to an inability to robustly up-
regulate IL-12 expression. However, caspase-8 could also medi-
ate other aspects of the immune defense against T. gondii in-
dependent of IL-12. To address this possibility, we asked whether
exogenous IL-12 could restore survival in caspase-8–deficient
mice, even in the absence of any other caspase-8–dependent fac-
tors. Critically, recombinant IL-12p70 fully rescued survival of
caspase-8–deficient animals infected with T. gondii (Fig. 7F) and
reduced parasite burdens in Ripk3−/−Casp8−/− and Il12b−/−mice to
levels observed in control animals (Fig. 7 G and H). Furthermore,
both Il12b−/− and Ripk3−/−Casp8−/− mice showed reduced fre-
quency and numbers of Ly6Chi monocytes recruited to the peritoneal
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cavity following T. gondii infection, and this defect was rescued
by exogenous IL-12 (Fig. 7 I and J and SI Appendix, Fig. S7E).
Overall, these findings demonstrate that caspase-8 enables con-
trol of T. gondii infection via DC production of IL-12.

Discussion
Caspase-8 plays an important role in cell-extrinsic apoptosis,
necroptosis, and inflammatory gene expression (31, 35, 43, 44,
63, 64). Both caspase-8 activity and scaffolding functions have
been implicated in caspase-8–mediated control of gene expres-
sion, raising fundamental questions about the mechanism by
which caspase-8 performs this role (31, 41, 44, 65). Caspase-
8 promotes phosphorylation of IKK (35), but whether this is
mediated by caspase-8 activity is currently unknown. Intriguingly,
blocking caspase activity in Ripk3−/− BMDMs decreased levels of
phospho-IKK to a similar extent as deletion of caspase-8 or
FADD in response to either LPS or CpG stimulation, indicat-
ing that caspase-8 enzymatic activity, most likely in an FADD-
containing complex, regulates IKK phosphorylation downstream
of multiple TLRs. Consistent with previous observations, caspase-
8 regulated a specific subset of genes downstream of TLR stimulation.
This suggests that if caspase-8 is present in a TLR-proximal sig-

naling complex, it is not absolutely required for the assembly of
this complex, but functions as a modifier or amplifier of its activity.
Our data suggest that caspase-8 regulates inflammatory cyto-

kine gene expression via multiple pathways. Specifically, we can
classify inflammatory response genes in accordance with their
requirement for caspase-8, c-Rel, and caspase-8 enzymatic ac-
tivity. In particular, we observed genes that are caspase-8–
dependent and c-Rel–dependent, such as Il12b, Il1b, and Il1a,
as well as genes that are caspase-8–dependent but c-Rel–independent,
such as Tnf and Il6. Furthermore, within the caspase-8–dependent
subset are genes that are caspase activity-dependent as well as
activity-independent. Finally, the requirement for caspase-8 activity
appears to be TLR-specific, as Il12b and Il4i1 transcription were
caspase activity-dependent downstream of TLR4 stimulation but
activity-independent downstream of TLR9 stimulation. Thus, while
c-Rel is critical for the control of some caspase-8–dependent genes,
additional NF-κB–independent mechanisms and transcription factors
likely contribute to caspase-8–dependent control of inflamma-
tory gene expression.
Inducible control of macrophage inflammatory response genes

involves the concerted activities of multiple transcription factors
and coregulators, including multiple NF-κB family members,
IRF and AP-1 transcription factors, and other DNA-binding
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Ripk3−/−Casp8−/− mice injected with PBS or rmIL-12p70. (H) Quantification of infected cell frequencies in the PECs of PBS or rmIL-12p70–injected T. gondii-
infected B6, Il12b−/−, Ripk3−/−, and Ripk3−/−Casp8−/− mice at 5 dpi. Each data point represents a mouse. (I) Frequency and (J) number of monocytes
(Live+Singlets+CD19−CD3−B220−NK1.1− CD64+MHCII+LY6Chi cells) in the PECs of PBS or rmIL-12p70-injected T. gondii-infected B6, Il12b−/−, Ripk3−/−, and
Ripk3−/−Casp8−/− mice at 5 dpi. Each data point represents one mouse. For all infections, 10,000 Pru T. gondii parasites were injected i.p. In A and F, *P < 0.05, **P <
0.01; ***P < 0.001 Mantel–Cox test. In C–E and H–J, n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Student’s 2-tailed unpaired t test. Error
bars indicate ±SEM. Data are representative of 3 (A–F) or 2 (G–J) independent experiments.
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proteins, such as CNBP (56, 66–68). Individual genes likely have
different levels of sensitivity to the loss of particular transcription
factors. Indeed, Il12b has a requirement for c-Rel, whereas mac-
rophage expression of cytokines such as TNF or IL-6 requires p65
but not c-Rel (52). Thus, the combined action of multiple tran-
scription factors in the regulation of TLR-induced gene expression
programs provides mechanisms of redundancy for the control of
important subsets of genes, as well as multiple regulatory nodes that
can be used to fine-tune the expression of specific gene subsets.
We observed no defects in the nuclear translocation of p65 or

in its recruitment to the promoters of caspase-8–dependent
genes, indicating that the role of caspase-8 in regulating nu-
clear translocation of NF-κB family members is limited to c-Rel.
c-Rel and p65 may be differentially sensitive to levels of IKK
phosphorylation; therefore, hypophosphorylation of IKK, as
occurs in Ripk3−/−Casp8−/− cells, may be sufficient to fully acti-
vate p65 but not c-Rel.
Consistently while we observed no effect of caspase-8 deficiency

on IκBα degradation, caspase-8–deficient cells showed reduced
degradation of IκBe in response to TLR stimulation, suggesting
that caspase-8 promotes degradation of a negative regulator of c-
Rel. Indeed, our findings demonstrate a role for caspase-8 in c-Rel
nuclear translocation and recruitment to the promoters of caspase-
8–dependent genes. Interestingly, we found that c-Rel controls the
expression of additional genes other than Il12b, most notably Il1b. c-
Rel is both necessary and sufficient to promote the production of
IL-12 and pro-IL-1β, implicating c-Rel as an important regulator of
caspase-8–dependent inflammasome priming responses. These
findings provide insight into the molecular mechanism of
caspase-8–mediated control of gene expression.
How caspase-8 regulates IKK activation is currently unclear.

Caspase-8 interacts with TRIF and RIPK1 in Ripoptosome
complexes downstream of TLR4 and TLR3 (19, 69–71). Dynamic
control of Ripoptosome function or components may provide a
mechanism by which caspase-8 is recruited to signaling complexes
that mediate inflammatory gene expression or cell death. Alter-
natively, in keeping with our observation that FADD also is nec-
essary for caspase-8–dependent control of gene expression and
IKK phosphorylation, FADD may be recruited to MyDDosome
complexes via death domain interactions, thereby enabling
caspase-8 to interact with the MyDDosome as well.
Finally, our work reveals a previously unknown requirement

for caspase-8 in host defense against the intracellular protozoan
parasite T. gondii. Control of T. gondii requires early IL-12
production by DCs to rapidly induce T cell and NK IFN-γ, which
is critical for anti-Toxoplasma immunity (59, 72). Thus, Il12b−/−

mice die rapidly with overwhelming systemic T. gondii burdens due
to the failure to control intracellular parasite replication (62). We
find that caspase-8 plays a key role in induction of IL-12 in vivo in
response to T. gondii infection, which is likely responsible for the
failure of caspase-8–deficient animals to control T. gondii. Intrigu-
ingly, this was correlated with a defect in the recruitment of Ly6Chi

monocytes, which play key roles in immunity against T. gondii in-
fection (73, 74). Indeed, Ripk3−/−Casp8−/− mice succumb to T.
gondii infection with kinetics statistically indistinguishable from
those of Il12b−/− mice, and their survival, ability to control parasite
burden, and monocyte recruitment can be fully rescued by exogenous
IL-12.
Thus, while caspase-8 deficiency has pleiotropic effects on

innate immune responses and regulation of cell death, our ob-
servations identify a previously unappreciated role for caspase-
8 in resistance to infection by T. gondii via the control of IL-12
expression. These studies also implicate the nonapoptotic func-
tion of caspase-8 in controlling the nuclear importation of NF-κB
family member c-Rel, providing insight into how regulation of
specific transcription factors fine-tunes inflammatory gene ex-
pression to enable robust antimicrobial immune defense.

Materials and Methods
Mice. C57BL/6 mice were obtained from The Jackson Laboratory. The Ripk3−/−

Casp8−/− mice and Mlkl−/−Fadd−/− mice used in these studies have been de-
scribed previously (43, 75) and were provided by Doug Green (St. Jude Children’s
Research Hospital). Ripk3−/− mice were provided by Vishva Dixit (Gen-
entech). Il12b−/− mice have been described previously (76). Rel−/− mice
were generated by Hsiou-Chi Liou as described previously (77). Animal ex-
periments were performed using age- and sex-matched 8- to 12-wk-old mice.

Animal Infections. For T. gondii infections, mice were injected i.p. with 104

tachyzoites of the Pru strain as described previously (78). At 5 dpi, the mice
were killed and tissues harvested. Parasite burdens were determined by
cytospin analysis of PECs. rm-IL-12p70 (200 ng/mouse; Peprotech) or PBS was
injected i.p. each day for the first 5 d after infection for parasite burden
measurements and for the first 7 d for survival analysis. All animal experi-
ments in this study were approved by the Institutional Animal Care and Use
Committee at the University of Pennsylvania.

Cell Culture. BMDMs were grown as described previously (79) in a 37 °C, 5%
CO2 humidified incubator in DMEM supplemented with 10% FBS, Hepes,
sodium pyruvate (complete DMEM) and 30% L929 supernatant for 7–9 d.
Cells were replated onto 96-, 48-, 24-, 12-, or 6-well dishes in complete
DMEM containing 10% L929 supernatant 16–20 h before treatment. After
stimulation, cells were incubated at 37 °C. zVAD-fmk (100 μM; SM Bio-
chemicals) was added at 1 h before treatment with LPS (Escherichia coli O55:B5
LPS, 100 ng/mL; Sigma-Aldrich) or CpG (1 μM; IDT).

ACKNOWLEDGMENTS. We thank Drs. Daniel Grubaugh and Daniel Sorobetea
for technical assistance, scientific discussion, and editorial comments; Baofeng
Hu for technical assistance; Walter Mowel, Dr. Jorge Henao Mejia, and
members of the Shin laboratory for helpful scientific discussions; Dr. Maxime
Jacquet, Dr. Anthony Phan, Dr. Jeong Ho Park, and Joe Clark for their
assistance with parasite quantifications and parasite growth conditions; Drs.
Hsiou-Chi Liou (Cornell University), Wendy Weinberg (US Food and Drug
Administration), and Johannes Zakrzewski (Cornell University) for providing
Rel−/−mice. This work was supported by National Science Foundation Graduate
Research Fellowship 2016199777 (to A.A.D.), National Institutes of Health
Grants R01 AI128530 and R01 AI125924, and a BurroughsWelcome Foundation
PATH Award (to I.E.B.).

1. C. A. Janeway, Jr, R. Medzhitov, Innate immune recognition. Annu. Rev. Immunol. 20,

197–216 (2002).
2. S. Gordon, Pattern recognition receptors: Doubling up for the innate immune re-

sponse. Cell 111, 927–930 (2002).
3. M. S. Hayden, S. Ghosh, Shared principles in NF-kappaB signaling. Cell 132, 344–

362 (2008).
4. Y. Dondelinger et al., NF-κB–independent role of IKKα/IKKβ in preventing RIPK1 kinase-

dependent apoptotic and necroptotic cell death during TNF signaling. Mol. Cell 60, 63–76

(2015).
5. R. Haase et al., A dominant role of Toll-like receptor 4 in the signaling of apoptosis in

bacteria-faced macrophages. J. Immunol. 171, 4294–4303 (2003).
6. P. Orning et al., Pathogen blockade of TAK1 triggers caspase-8-dependent cleavage

of gasdermin D and cell death. Science 362, 1064–1069 (2018).
7. J. S. Pearson et al., EspL is a bacterial cysteine protease effector that cleaves RHIM

proteins to block necroptosis and inflammation. Nat. Microbiol. 2, 16258 (2017).
8. J. S. Pearson et al., A type III effector antagonizes death receptor signalling during

bacterial gut infection. Nature 501, 247–251 (2013).

9. L. W. Peterson et al., RIPK1-dependent apoptosis bypasses pathogen blockade of
innate signaling to promote immune defense. J. Exp. Med. 214, 3171–3182 (2017).

10. L. W. Peterson et al., Cell-extrinsic TNF collaborates with TRIF signaling to promote
Yersinia-induced apoptosis. J. Immunol. 197, 4110–4117 (2016).

11. Y. Zhang, J. B. Bliska, Role of Toll-like receptor signaling in the apoptotic response of
macrophages to Yersinia infection. Infect. Immun. 71, 1513–1519 (2003).

12. D. R. McIlwain, T. Berger, T. W. Mak, Caspase functions in cell death and disease. Cold
Spring Harb. Perspect. Biol. 7, a026716 (2015).

13. N. H. Philip et al., Caspase-8 mediates caspase-1 processing and innate immune de-
fense in response to bacterial blockade of NF-κB and MAPK signaling. Proc. Natl.
Acad. Sci. U.S.A. 111, 7385–7390 (2014).

14. R. Pierini et al., AIM2/ASC triggers caspase-8-dependent apoptosis in Francisella-
infected caspase-1-deficient macrophages. Cell Death Differ. 19, 1709–1721 (2012).

15. H. Li, H. Zhu, C. J. Xu, J. Yuan, Cleavage of BID by caspase 8 mediates the mito-
chondrial damage in the Fas pathway of apoptosis. Cell 94, 491–501 (1998).

16. M. P. Boldin, T. M. Goncharov, Y. V. Goltsev, D. Wallach, Involvement of MACH, a
novel MORT1/FADD-interacting protease, in Fas/APO-1- and TNF receptor-induced cell
death. Cell 85, 803–815 (1996).

11934 | www.pnas.org/cgi/doi/10.1073/pnas.1820529116 DeLaney et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1820529116


17. W. C. Yeh et al., Requirement for casper (c-FLIP) in regulation of death receptor-
induced apoptosis and embryonic development. Immunity 12, 633–642 (2000).

18. M. Irmler et al., Inhibition of death receptor signals by cellular FLIP. Nature 388, 190–195 (1997).
19. M. Feoktistova et al., cIAPs block Ripoptosome formation, a RIP1/caspase-8 containing

intracellular cell death complex differentially regulated by cFLIP isoforms. Mol. Cell
43, 449–463 (2011).

20. D. M. Moquin, T. McQuade, F. K. Chan, CYLD deubiquitinates RIP1 in the TNFα-induced
necrosome to facilitate kinase activation and programmed necrosis. PLoS One 8, e76841
(2013).

21. Y. Ma, V. Temkin, H. Liu, R. M. Pope, NF-kappaB protects macrophages from
lipopolysaccharide-induced cell death: The role of caspase 8 and receptor-interacting
protein. J. Biol. Chem. 280, 41827–41834 (2005).

22. C. P. Dillon et al., Survival function of the FADD-CASPASE-8-cFLIP(L) complex. Cell Rep.
1, 401–407 (2012).

23. L. S. Dickens et al., A death effector domain chain DISC model reveals a crucial role for
caspase-8 chain assembly in mediating apoptotic cell death. Mol. Cell 47, 291–305
(2012).

24. M. A. Hughes et al., Co-operative and hierarchical binding of c-FLIP and caspase-8: A
unified model defines how c-FLIP isoforms differentially control cell fate.Mol. Cell 61,
834–849 (2016).

25. T. B. Kang et al., Mutation of a self-processing site in caspase-8 compromises its ap-
optotic but not its nonapoptotic functions in bacterial artificial chromosome-
transgenic mice. J. Immunol. 181, 2522–2532 (2008).

26. C. Pop et al., FLIP(L) induces caspase 8 activity in the absence of interdomain caspase
8 cleavage and alters substrate specificity. Biochem. J. 433, 447–457 (2011).

27. M. A. O’Donnell et al., Caspase 8 inhibits programmed necrosis by processing CYLD.
Nat. Cell Biol. 13, 1437–1442 (2011).

28. D. Legarda et al., CYLD proteolysis protects macrophages from TNF-mediated auto-
necroptosis induced by LPS and licensed by type I IFN. Cell Rep. 15, 2449–2461 (2016).

29. M. A. O’Donnell, D. Legarda-Addison, P. Skountzos, W. C. Yeh, A. T. Ting, Ubiquiti-
nation of RIP1 regulates an NF-kappaB-independent cell-death switch in TNF signal-
ing. Curr. Biol. 17, 418–424 (2007).

30. H. J. Chun et al., Pleiotropic defects in lymphocyte activation caused by caspase-
8 mutations lead to human immunodeficiency. Nature 419, 395–399 (2002).

31. N. H. Philip et al., Activity of uncleaved caspase-8 controls anti-bacterial immune
defense and TLR-induced cytokine production independent of cell death. PLoS
Pathog. 12, e1005910 (2016).

32. R. Allam et al., Mitochondrial apoptosis is dispensable for NLRP3 inflammasome ac-
tivation but non-apoptotic caspase-8 is required for inflammasome priming. EMBO
Rep. 15, 982–990 (2014).

33. P. Gurung et al., FADD and caspase-8 mediate priming and activation of the canonical
and noncanonical Nlrp3 inflammasomes. J. Immunol. 192, 1835–1846 (2014).

34. S. M. Man et al., Salmonella infection induces recruitment of caspase-8 to the in-
flammasome to modulate IL-1β production. J. Immunol. 191, 5239–5246 (2013).

35. D. Weng et al., Caspase-8 and RIP kinases regulate bacteria-induced innate immune
responses and cell death. Proc. Natl. Acad. Sci. U.S.A. 111, 7391–7396 (2014).

36. S. Ganesan et al., Caspase-8 modulates dectin-1 and complement receptor 3-driven IL-
1β production in response to β-glucans and the fungal pathogen Candida albicans. J.
Immunol. 193, 2519–2530 (2014).

37. Y. Shikama, M. Yamada, T. Miyashita, Caspase-8 and caspase-10 activate NF-kappaB
through RIP, NIK and IKKalpha kinases. Eur. J. Immunol. 33, 1998–2006 (2003).

38. H. Su et al., Requirement for caspase-8 in NF-kappaB activation by antigen receptor.
Science 307, 1465–1468 (2005).

39. I. L. Ch’en, J. S. Tsau, J. D. Molkentin, M. Komatsu, S. M. Hedrick, Mechanisms of
necroptosis in T cells. J. Exp. Med. 208, 633–641 (2011).

40. J. V. Lu et al., Complementary roles of Fas-associated death domain (FADD) and re-
ceptor interacting protein kinase-3 (RIPK3) in T-cell homeostasis and antiviral im-
munity. Proc. Natl. Acad. Sci. U.S.A. 108, 15312–15317 (2011).

41. C. M. Henry, S. J. Martin, Caspase-8 acts in a non-enzymatic role as a scaffold for
assembly of a pro-inflammatory “FADDosome” complex upon TRAIL stimulation. Mol
Cell 65, 715–729.e5 (2017).

42. S. He, Y. Liang, F. Shao, X. Wang, Toll-like receptors activate programmed necrosis in
macrophages through a receptor-interacting kinase-3-mediated pathway. Proc. Natl.
Acad. Sci. U.S.A. 108, 20054–20059 (2011).

43. A. Oberst et al., Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3-
dependent necrosis. Nature 471, 363–367 (2011).

44. B. Lemmers et al., Essential role for caspase-8 in Toll-like receptors and NFkappaB
signaling. J. Biol. Chem. 282, 7416–7423 (2007).

45. M. P. Boldin et al., A novel protein that interacts with the death domain of Fas/
APO1 contains a sequence motif related to the death domain. J. Biol. Chem. 270,
7795–7798 (1995).

46. M. Muzio et al., FLICE, a novel FADD-homologous ICE/CED-3-like protease, is recruited
to the CD95 (Fas/APO-1) death-inducing signaling complex. Cell 85, 817–827 (1996).

47. G. Liccardi, et al., RIPK1 and caspase-8 ensure chromosome stability independently of
their role in cell death and inflammation. Mol Cell 73, 413–428.e7 (2019).

48. A. Hoffmann, A. Levchenko, M. L. Scott, D. Baltimore, The IkappaB-NF-kappaB signaling
module: Temporal control and selective gene activation. Science 298, 1241–1245 (2002).

49. S. T. Whiteside, J. C. Epinat, N. R. Rice, A. Israël, I kappa B epsilon, a novel member of the I
kappa B family, controls RelA and cRel NF-kappa B activity. EMBO J. 16, 1413–1426 (1997).

50. S. Saccani, S. Pantano, G. Natoli, Modulation of NF-kappaB activity by exchange of
dimers. Mol. Cell 11, 1563–1574 (2003).

51. T. L. Murphy, M. G. Cleveland, P. Kulesza, J. Magram, K. M. Murphy, Regulation of
interleukin p40 expression through an NF-kappa B half-site. Mol. Cell. Biol. 15, 5258–
67 (1995).

52. S. Sanjabi, A. Hoffmann, H. C. Liou, D. Baltimore, S. T. Smale, Selective requirement
for c-Rel during IL-12 P40 gene induction in macrophages. Proc. Natl. Acad. Sci. U.S.A.
97, 12705–12710 (2000).

53. T. Siggers et al., Principles of dimer-specific gene regulation revealed by a comprehen-
sive characterization of NF-κB family DNA binding. Nat. Immunol. 13, 95–102 (2011).

54. A. S. Weinmann et al., Nucleosome remodeling at the IL-12 p40 promoter is a TLR-
dependent, Rel-independent event. Nat. Immunol. 2, 51–57 (2001).

55. A. Hoffmann, T. H. Leung, D. Baltimore, Genetic analysis of NF-kappaB/Rel tran-
scription factors defines functional specificities. EMBO J. 22, 5530–5539 (2003).

56. Y. Chen et al., CNBP controls IL-12 gene transcription and Th1 immunity. J. Exp. Med.
215, 3136–3150 (2018).

57. F. G. Goh et al., Beyond the enhanceosome: Cluster of novel κB sites downstream of
the human IFN-β gene is essential for lipopolysaccharide-induced gene activation.
Blood 116, 5580–5588 (2010).

58. D. A. Christian et al., Use of transgenic parasites and host reporters to dissect events
that promote interleukin-12 production during toxoplasmosis. Infect. Immun. 82,
4056–4067 (2014).

59. C. A. Hunter, E. Candolfi, C. Subauste, V. Van Cleave, J. S. Remington, Studies on the
role of interleukin-12 in acute murine toxoplasmosis. Immunology 84, 16–20 (1995).

60. C. A. Hunter, C. S. Subauste, V. H. Van Cleave, J. S. Remington, Production of gamma
interferon by natural killer cells from Toxoplasma gondii-infected SCID mice: Regu-
lation by interleukin-10, interleukin-12, and tumor necrosis factor alpha. Infect. Im-
mun. 62, 2818–2824 (1994).

61. K. A. Jordan, C. D. Dupont, E. D. Tait, H. C. Liou, C. A. Hunter, Role of the NF-κB
transcription factor c-Rel in the generation of CD8+ T-cell responses to Toxoplasma
gondii. Int. Immunol. 22, 851–861 (2010).

62. G. Yap, M. Pesin, A. Sher, Cutting edge: IL-12 is required for the maintenance of IFN-
gamma production in T cells mediating chronic resistance to the intracellular path-
ogen, Toxoplasma gondii. J. Immunol. 165, 628–631 (2000).

63. W. J. Kaiser et al., RIP3 mediates the embryonic lethality of caspase-8-deficient mice.
Nature 471, 368–372 (2011).

64. T. B. Kang et al., Caspase-8 serves both apoptotic and nonapoptotic roles. J. Immunol.
173, 2976–2984 (2004).

65. S. Kang et al., Caspase-8 scaffolding function and MLKL regulate NLRP3 inflammasome
activation downstream of TLR3. Nat. Commun. 6, 7515 (2015).

66. S. Ghisletti et al., Identification and characterization of enhancers controlling the
inflammatory gene expression program in macrophages. Immunity 32, 317–328
(2010).

67. C. K. Glass, G. Natoli, Molecular control of activation and priming in macrophages.
Nat. Immunol. 17, 26–33 (2016).

68. D. G. Saliba et al., IRF5:RelA interaction targets inflammatory genes in macrophages.
Cell Rep. 8, 1308–1317 (2014).

69. N. Festjens, T. Vanden Berghe, S. Cornelis, P. Vandenabeele, RIP1, a kinase on the
crossroads of a cell’s decision to live or die. Cell Death Differ. 14, 400–410 (2007).

70. W. J. Kaiser, M. K. Offermann, Apoptosis induced by the Toll-like receptor adaptor
TRIF is dependent on its receptor interacting protein homotypic interaction motif. J.
Immunol. 174, 4942–4952 (2005).

71. T. Tenev et al., The Ripoptosome, a signaling platform that assembles in response to
genotoxic stress and loss of IAPs. Mol. Cell 43, 432–448 (2011).

72. M. Mashayekhi et al., CD8α(+) dendritic cells are the critical source of interleukin-
12 that controls acute infection by Toxoplasma gondii tachyzoites. Immunity 35, 249–
259 (2011).

73. M. H. Askenase et al., Bone-marrow-resident NK cells prime monocytes for regulatory
function during infection. Immunity 42, 1130–1142 (2015).

74. P. M. Robben, M. LaRegina, W. A. Kuziel, L. D. Sibley, Recruitment of Gr-1+ monocytes
is essential for control of acute toxoplasmosis. J. Exp. Med. 201, 1761–1769 (2005).

75. S. Nogusa et al., RIPK3 activates parallel pathways of MLKL-driven necroptosis and
FADD-mediated apoptosis to protect against influenza A virus. Cell Host Microbe 20,
13–24 (2016).

76. J. Magram et al., IL-12-deficient mice are defective in IFN gamma production and type
1 cytokine responses. Immunity 4, 471–481 (1996).

77. H. C. Liou et al., c-Rel is crucial for lymphocyte proliferation but dispensable for T cell
effector function. Int. Immunol. 11, 361–371 (1999).

78. R. J. Whitmarsh et al., A critical role for SOCS3 in innate resistance to Toxoplasma
gondii. Cell Host Microbe 10, 224–236 (2011).

79. I. E. Brodsky et al., A Yersinia effector protein promotes virulence by preventing in-
flammasome recognition of the type III secretion system. Cell Host Microbe 7, 376–
387 (2010).

DeLaney et al. PNAS | June 11, 2019 | vol. 116 | no. 24 | 11935

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N


