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Bacillus anthracis induces NLRP3 inflammasome
activation and caspase-8—mediated apoptosis of
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Lethal toxin (LeTx)-mediated killing of myeloid cells is essential for
Bacillus anthracis, the causative agent of anthrax, to establish sys-
temic infection and induce lethal anthrax. The “LeTx-sensitive”
NLRP1b inflammasome of BALB/c and 129S macrophages swiftly
responds to LeTx intoxication with pyroptosis and secretion of
interleukin (IL)-1p. However, human NLRP1 is nonresponsive to
LeTx, prompting us to investigate B. anthracis host-pathogen
interactions in C57BL/6J (B6) macrophages and mice that also lack
a LeTx-sensitive Nirp1b allele. Unexpectedly, we found that LeTx
intoxication and live B. anthracis infection of B6 macrophages eli-
cited robust secretion of IL-1g, which critically relied on the NLRP3
inflammasome. TNF signaling through both TNF receptor 1 (TNF-
R1) and TNF-R2 were required for B. anthracis-induced NLRP3
inflammasome activation, which was further controlled by RIPK1
kinase activity and LeTx-mediated proteolytic inactivation of MAP
kinase signaling. In addition to activating the NLRP3 inflamma-
some, LeTx-induced MAPKK inactivation and TNF production sensi-
tized B. anthracis-infected macrophages to robust RIPK1- and
caspase-8-dependent apoptosis. In agreement, purified LeTx trig-
gered RIPK1 kinase activity- and caspase-8-dependent apoptosis
only in macrophages primed with TNF or following engagement
of TRIF-dependent Toll-like receptors. Consistently, genetic and
pharmacological inhibition of RIPK1 inhibited NLRP3 inflamma-
some activation and apoptosis of LeTx-intoxicated and
B. anthracis-infected macrophages. Caspase-8/RIPK3-deficient mice
were significantly protected from B. anthracis-induced lethality,
demonstrating the in vivo pathophysiological relevance of this cyto-
toxic mechanism. Collectively, these results establish TNF- and
RIPK1 kinase activity-dependent NLRP3 inflammasome activation
and macrophage apoptosis as key host-pathogen mechanisms in
lethal anthrax.
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he bacterial pathogen Bacillus anthracis is a rare, but notori-

ously deadly pathogen in humans with mortality rates from
anthrax varying from ~20% for cutaneous anthrax to 80% and
higher for inhalation anthrax. This encapsulated, spore-forming,
gram-positive bacterial pathogen efficiently kills infected hosts
through the systemic action of two secreted toxins (1). Edema toxin
(EdTx) and lethal toxin (LeTx) share a receptor-binding protein
named protective antigen (PA) that transfers the edema factor (EF)
and lethal factor (LF) moieties into the cytosol of target cells, where
the latter exert their cytopathic and cytotoxic effects (1, 2).

Studies in macaques and mice identified LeTx as a major viru-
lence factor driving systemic dispersion of vegetative bacteria,
which ultimately may result in fatal anthrax (3, 4). LeTx internali-
zation by macrophages drives macrophage cell death, which is a
key early pathogenic event during spore infections that allows
vegetative bacteria to establish systemic infection of its host (5).
LF is a highly selective Zn>"-dependent metalloprotease that,
once internalized, cleaves a subset of mitogen-activated protein
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kinase kinases (MAPKKSs) to abolish downstream MAPK signal-
ing in LeTx-intoxicated macrophages (6). In addition, macro-
phages of BALB/c and 129S mice express a LeTx-sensitive
Nirplb allele that responds to LF-mediated cleavage with
NLRPIb inflammasome activation and pyroptosis (7-9). How-
ever, human NLRP1 and the NipIb allele of CS57BL/6J
(B6) macrophages are nonresponsive to LeTx, suggesting that
B. anthracis may induce macrophage cell death through alterna-
tive mechanisms that are poorly understood.

Here, we show that B. anthracis infection induces NLRP3
inflammasome activation and caspase-8-mediated apoptosis of
B6 macrophages. Notably, B. anthracis sensitizes macrophages
by promoting TNF production concomitantly with LeTx-
mediated inactivation of p38 MAPK signaling. LeTx into-
xication of TLR3/4- or TNF-activated macrophages similarly
sensitized macrophages to TNF- and RIPK1 kinase activity—
dependent NLRP3 inflammasome activation and cell death
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Anthrax is a deadly infection caused by exposure to Bacillus
anthracis bacteria. Anthrax lethal toxin (LeTx) has long been
recognized as a major determinant of lethal anthrax, which
paralyzes the host’s immune defenses by killing off macro-
phages. Despite the importance of macrophage cytotoxicity
in anthrax pathogenesis, the signaling pathways under-
lying cell death of B. anthracis-infected macrophages are
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B. anthracis or LeTx intoxication sensitizes macrophages to
TNF-dependent NLRP3 inflammasome activation and caspase-
8-mediated apoptosis. Moreover, caspase-8-mediated apo-
ptosis is shown to promote anthrax-associated lethality
in vivo. Collectively, the study establishes TNF- and RIPK1
kinase activity—-dependent NLRP3 inflammasome activation
and macrophage apoptosis as key host-pathogen mecha-
nisms in lethal anthrax.
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induction. Caspase-8/RIPK3-deficient mice were significantly
protected from B. anthracis-induced lethality, demonstrating
the in vivo pathophysiological relevance of this cytotoxic mech-
anism in lethal anthrax.

Results

B. anthracis Infection and LeTx Intoxication Activate the Canonical
NLRP3 Inflammasome. Macrophages of BALB/c and 129S mice
express a “LeTx-sensitive” Nlrpl1b allele that rapidly responds
to LeTx intoxication with NLRP1b inflammasome activation
and pyroptosis (7-9). Surprisingly, despite B6 bone marrow—
derived macrophages (BMDMs) lacking a LeTx-sensitive
Nirplb allele (7, 8), B. anthracis infection elicited substantial
secretion of IL-1p and robust cell death of B6 macrophages
(Fig. 1 A and B). Consistent with bacterial secreted toxins driv-
ing these responses, conditioned bacterial broth of B. anthracis
cultures that is devoid of vegetative bacteria elicited high levels
of IL-1p secretion and cell death from lipopolysaccharide
(LPS)-primed B6 BMDMs (Fig. 1 C and D). To identify the
responsible toxin, LPS-primed BMDMs were subsequently
treated with purified B. anthracis EdTx or LeTx. Whereas
EdTx failed to induce cell death of intoxicated macrophages,
LeTx induced significant secretion of IL-1p and recapitulated the
cell death response of B. anthracis-conditioned broth (Fig. 1 E and
F). These results suggest that B. anthracis infection and LeTx
intoxication promote inflammasome activation in B6 macrophages
despite the absence of a LeTx-responsive NLRP1b inflammasome.

Consistent with caspase-1 driving IL-1p production, we
observed robust caspase-1 maturation in lysates of LPS + LeTx-
stimulated cells (Fig. 1G). Notably, LeTx elicited caspase-1 matu-
ration only in LPS-primed B6 macrophages (Fig. 1 G and H),
whereas B. anthracis infection activated caspase-1 in unprimed
B6 macrophages as well (Fig. 1H). This suggests that vegetative
bacteria are able to prime macrophages for subsequent inflam-
masome activation by secreted LeTx. In contrast to wild-type
BMDM, IL-1p secretion from Caspl~'~Caspll~'~ BMDMs was
blunted upon stimulation with LPS + LeTx or infection with live
B. anthracis (Fig. 11), further suggesting a role for inflammasome
activation in B. anthracis-induced IL-1f secretion. Caspase-1
maturation was unaffected in Caspll~'~ BMDMs (Fig. 1J) and
GSDMD~'~ macrophages (Fig. 1K), suggesting that the nonca-
nonical inflammasome pathway was dispensable for LeTx-
induced caspase-1 activation in LPS-primed macrophages. Con-
trastingly, caspase-1 cleavage was abolished in Nlirp3~~ and in
Asc™”~ BMDMs (Fig. 1L), formally establishing that LeTx acti-
vates the NLRP3 inflammasome. Moreover, LPS + LeTx-
induced IL-1p secretion was inhibited in Nlirp3~'~, Asc™'~, and
Caspl~"~ BMDMs, whereas wild-type and Caspll~"~ BMDMs
secreted comparable amounts of IL-1f in the culture super-
natants (Fig. 1M). Engagement of the canonical NLRP3 inflam-
masome explains the need for LPS priming for induction of
caspase-1 maturation and IL-1p secretion (10). This is in marked
contrast with 129S and BALB/c macrophages that express a
“LeTx-responsive” NLRP1b inflammasome, in which LeTx
induces caspase-1 activation and cell death regardless of LPS
priming (SI Appendix, Fig. 1 A-E) (7, 8). Collectively, these
results demonstrate that B. anthracis infection and LeTx intoxica-
tion engage the canonical NLRP3 inflammasome in macrophages
lacking a LeTx-responsive NLRP1b inflammasome.

TRIF Signaling Sensitizes Macrophages to LeTx-Induced Apoptosis
and NLRP3 Activation. Considering the role of the NLRP3
inflammasome in caspase-1 maturation and IL-1p secretion,
we hypothesized that LeTx-induced macrophage cell death may
correspond to GSDMD-mediated pyroptosis. However, LeTx-
induced cell death was only slightly delayed (+1 h) in Gsdmd '~
BMDMs compared to wild-type BMDMs (Fig. 24). Macrophages
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lacking NLRP3, ASC, or caspase-1 resembled Gsdmd '~
BMDMs with each showing LeTx-induced Sytox Green staining
only slightly lagging behind that of wild-type and Caspll ™~
BMDMs at 3 h postintoxication and with minimal differences
observed at subsequent time points (Fig. 2B). These observa-
tions suggest that LeTx induces cell death largely independently
of GSDMD and the NLRP3 inflammasome in LPS-primed
BMDMs. We excluded a role for necroptosis because mixed line-
age kinase domain like pseudokinase (MLKL) deficiency had no
effect on LeTx-induced cell death; and cell death in macro-
phages with a combined deletion in GSDMD and MLKL phe-
nocopied GSDMD-deficient cells (SI Appendix, Fig. 24). An
earlier report suggested that LeTx induces apoptosis of LPS-
primed macrophages through activation of protein kinase R
(PKR) (11). Consistent with induction of apoptosis, careful
inspection of confocal micrographs showed cells with a classical
apoptotic appearance (shrunken and blebbing) in addition to
cells with a swollen morphology that is reminiscent of secondary
necrosis (Fig. 2C). In agreement, flow cytometry analysis identi-
fied a population of ~30% apoptotic cells that was positive for
the early apoptosis marker Annexin-V while being impermeable
to propidium iodide (PI), in addition to an equally sized popula-
tion of double-positive cells (SI Appendix, Fig. 2B). Moreover,
immunoblotting indicated cleavage of apoptotic caspases 3 and
8, which required combined stimulation with LPS and LeTx
(Fig. 2D). An analysis of DEVDase activity further corroborated
these results and showed markedly increased DEVDase activity
levels specifically in lysates of LPS + LeTx-treated macrophages
compared to those of untreated cells, LPS-primed, or LeTx-
intoxicated BMDMs (Fig. 2E). Although TLR3 and TLR4 acti-
vation generally does not induce apoptosis, these receptors can
activate caspase-8 through the adaptor TRIF (12). TRIF was
indeed required for LeTx-induced apoptosis in LPS-primed
BMDMs, whereas MyDS88 was dispensable (Fig. 2F). We
extended this observation to TLR3 by demonstrating that LeTx
also elicited cell death in macrophages primed with the TLR3
agonist poly(I:C), whereas BMDMs primed with the TRIF-
independent TLR1/2 agonist Pam3CSK4 resisted LeTx-induced
cell death (SI Appendix, Fig. 2 C and D). Notably, both MyD88
and TRIF deficiency abolished LeTx-induced IL-1p secretion
from LPS-primed BMDMs (Fig. 2G). TRIF was also required
for IL-1p secretion from poly(I:C)-primed cells, whereas
Pam3CSK4-primed BMDMs failed to secrete IL-1p (SI Appendix,
Fig. 2F). Caspase-1 cleavage and up-regulation of pro-IL-1f pro-
tein levels were also defective in poly(I:C) + LeTx-stimulated
TRIF '~ BMDMs (SI Appendix, Fig. 2F). Together, these results
show that TRIF signaling sensitizes macrophages to LeTx-induced
apoptosis and NLRP3 inflammasome-mediated IL-1p secretion in
TLR3- and TLR4-primed macrophages.

TNF Mediates B. anthracis Infection-Induced NLRP3 Activation and
Macrophage Cell Death. Considering that death receptors also
induce apoptosis (13), and in light of an early report suggesting
that LeTx induces nonapoptotic cell death in TNF-primed macro-
phages (14), we further examined LeTx-induced cell death in
TNF-primed macrophages. LeTx potently induced cell death
in TNF-primed BMDMs with kinetics resembling that seen in
LPS-primed cells (Fig. 34). As in LPS-primed BMDMs (S
Appendix, Fig. 24), a role for necroptosis was ruled out because
genetic inactivation of RIPK3 or MLKL failed to inhibit LeTx-
induced cell death in TNF-primed BMDMSs (SI Appendix, Fig.
34). TNF + LeTx-induced cell death in macrophages lacking the
pyroptosis effector GSDMD was initially slightly delayed (+1 h),
but eventually caught up with wild-type BMDMSs (SI Appendix,
Fig. 3B). We observed both apoptotic and necrotic cells in confo-
cal differential interference contrast micrographs of TNF + LeTx-
stimulated cells, which was consistent with the presence of size-
able Annexin-V*/PI~ as well as double-positive cell subpopulations
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Fig. 1. B. anthracis infection and LeTx activate the NLRP3 inflammasome. Wild-type C57BI6 (B6) BMDMs, or BMDMs with genotypes indicated in the
figures, were stimulated or infected as described in Materials and Methods. (A-F) Kinetics of cell death induction were analyzed by quantification of cell
permeabilization, and supernatants were collected at 4 h poststimulation and analyzed for IL-18. (G-M) Lysates were immunoblotted for caspase-1, and
supernatants were analyzed for IL-1p at 4 h poststimulation. Arrows on caspase-1 Western blots denote the proform (Upper arrow), and cleavage frag-

ments (Lower arrow), respectively. Data are representative of two to four experiments. Bars indicate mean plus SD. BASN, conditioned bacterial broth of
B. anthracis cultures.
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Fig. 2. LeTx sensitizes TLR3/4-primed macrophages to TRIF-dependent apoptosis and NLRP3 activation. Wild-type C57BI6 (B6) BMDMs, or BMDMs
with genotypes indicated in the figures, were stimulated with LPS + LeTx as described in Materials and Methods. Kinetics of cell death induction
were analyzed by quantification of cell permeabilization (A, B). At 4 h after stimulation, cell death induction was characterized in B6 BMDMs by
microscopy. (C Upper) Representative image of BMDMs stimulated with the indicated treatments. (C Lower) Close-up images of LPS + LeTx treated
BMDMs with typical apoptotic and necrotic morphology. At 4 h after stimulation, lysates were collected and immunoblotted for caspase-3 and -8.
Black arrows denote the proform (Upper arrows) and matured form (Lower arrows) of caspase-3 or -8 (D). Analysis of DEVDase activity in BMDMs, 4
h after stimulation with the indicated treatments (E). Kinetics of cell death induction by the indicated treatments were analyzed by quantification
of cell permeabilization, and at 4 h poststimulation, supernatants were collected and analyzed for IL-1B (F, G). Data are representative of three to
six experiments. Bars indicate mean plus SD.
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Fig. 3. TNF mediates B. anthracis infection-induced NLRP3 activation and macrophage cell death. Wild-type C57BI6 (B6) BMDMs, or BMDMs with geno-
types indicated in the figures, were stimulated as described in Materials and Methods. Kinetics of cell death induction were analyzed by quantification of
cell permeabilization (A). At 4 h after stimulation with the indicated treatments, lysates were collected and immunoblotted for caspase-3 and -8 (B), or
analyzed for DEVDase activity (C). Culture supernatants were analyzed for IL-1p (D). Kinetics of B. anthracis-induced cell death induction were analyzed in
BMDMs of the indicated genotypes by quantification of cell permeabilization (E). Cell lysates were immunoblotted for caspase-1, and culture superna-
tants were analyzed for IL-1p (F, G). At 4 h after stimulation with the indicated treatments, lysates were collected and immunoblotted for caspase-1, and
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of caspase-1, -3, or -8. Figures are representative of three to six experiments. Bars indicate mean plus SD.

in fluorescence-activated cell sorting (FACS) plots (SI Appendix, IL-1f in the culture supernatants (Fig. 3D). We conclude from
Fig. 3 C-E). Apoptosis was further confirmed by Western blot  these data that LeTx primarily induces apoptosis and promotes
analysis showing robust cleavage of caspases 3 and 8 (Fig. 3B),  IL-1 secretion from TNF-primed macrophages.

and by demonstrating DEVDase activity in lysates of TNF + To examine the relative importance of TRIF and TNF signaling
LeTx-treated macrophages (Fig. 3C). Moreover, TNF + LeTx in the context of bacterial infection, we next infected TRIF '~ and
stimulation, but not TNF or LeTx alone, induced secretion of TNF-deficient BMDMs with live B. anthracis. Wild-type and
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TRIF knockout macrophages mounted a comparable cell death
response, whereas TNF-deficient macrophages were markedly
protected from B. anthracis-induced cell death (Fig. 3E). This indi-
cates that B. anthracis primarily kills macrophages through a TNF-
dependent mechanism. Caspase-1 activation and IL-1p secretion
were also markedly reduced in TNF-deficient BMDMs that had
been infected with live B. anthracis (Fig. 3 F and G). Unexpect-
edly, we found that TNF~/~ macrophages were also partially
protected from LPS + LeTx-induced cell death (SI Appendix,
Fig. 4 A and B). TNF deficiency also largely abolished caspase-1
maturation and IL-1p secretion following LPS + LeTx stimula-
tion (Fig. 3 H and I), suggesting that NLRP3 inflammasome acti-
vation and apoptosis in LPS + LeTx-stimulated BMDMs were
partially relayed through TLR4/TRIF-mediated TNF produc-
tion. Consistent with this model, we detected significant levels of
TNF in culture media of LeTx-intoxicated macrophages that
have been primed with poly(I:C) or LPS, but not in those
primed with the TRIF-independent TLR1/2 agonist Pam3CSK4
(81 Appendix, Fig. 4C). In conclusion, TNF is a key driver of
both cell death induction and NLRP3 inflammasome activation
in B. anthracis-infected and LeTx-intoxicated macrophages.

TNF Signaling through TNF-R1 and TNF-R2 Is Required for LeTx-
Sensitized Macrophage Apoptosis. The critical involvement of
TNF in B. anthracis-infected macrophages prompted us to
investigate downstream mechanisms controlling LeTx-induced
cell death in TNF-primed macrophages. TNF exerts its activi-
ties through TNF receptor-1 (TNFR1) and TNFR2, both of
which are expressed by macrophages. Costimulation of wild-
type macrophages with LeTx and human TNF—the latter being
a selective ligand of murine TNFR1, but not TNFR2
(15)—failed to induce cell death and cleavage of caspases 8 and
3 as seen with murine TNF (S Appendix, Fig. 5 A and B), sug-
gesting a key role for TNFR2 in sensitizing cells to LeTx-
induced cytotoxicity upon TNF priming. In agreement, genetic
deletion of either TNFR1 or TNFR?2 sufficed to abolish LeTx-
induced killing of murine TNF-primed macrophages (Fig. 44)
as well as cleavage of caspases 8 and 3 (Fig. 4B). Under certain
conditions (16), TNFR2 may induce depletion of TRAF2 and
cellular inhibitor of apoptosis proteins (cIAP) 1 and 2 to accel-
erate TNFR1-dependent activation of caspase-8. We noted that
cellular TRAF2 levels were markedly reduced in wild-type mac-
rophages treated with murine TNE, contrary to cells stimulated
with human TNEFE. Notably, TNFR2-induced TRAF2 depletion
occurred regardless of LeTx costimulation, whereas LeTx stim-
ulation alone did not alter TRAF2 levels (SI Appendix, Fig.
5C). Although further analysis is required, these results suggest
that TNFR2-mediated TRAF2 depletion may sensitize LeTx-
intoxicated macrophages to TNFR1-mediated apoptosis.

RIPK1 Kinase Activity Is a Critical Regulator of LeTx-Induced Apo-
ptosis and NLRP3 Activation. The serine/threonine kinase acti-
vity of RIPK1 is a key regulator of TNF-induced apoptosis,
necroptosis, and NLRP3 inflammasome activation. Necls, a
selective pharmacological inhibitor of RIPKI1 kinase activity
(17), abolished cleavage of caspases 8 and 3 and markedly
reduced LeTx-induced cell death of TNF-primed wild-type
macrophages (SI Appendix, Fig. 5 D-G). Similar results were
obtained with the structurally unrelated RIPK1 kinase inhibitor
GSK'963 (18), but not its inactive enantiomer GSK'962 (SI
Appendix, Fig. SH). LeTx-dependent killing and cleavage of cas-
pases 8 and 3 were also markedly inhibited in TNF-primed
macrophages from RIPK1 K45A homozygous knockin mice
(19) that express a catalytically inactive RIPK1 mutant from
the endogenous locus (Fig. 4 C and D). This was further cor-
roborated by fewer cell corpses being observed in high-
resolution microscopy images (SI Appendix, Fig. 5I), and by
FACS analysis showing that RIPK1 K45A knockin macrophages
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lacked the Annexin-V*/PI~ and double-positive cell subpopula-
tions seen in FACS plots of TNF + LeTx-treated wild-type
BMDMs (SI Appendix, Fig. 5J). RIPK1 K45A BMDMs (SI
Appendix, Fig. 6 A and B) and wild-type BMDMs that had been
pretreated with Necls or GSK'963 (SI Appendix, Fig. 6 C-E)
were also resistant to LPS + LeTx-induced apoptosis and cleavage
of caspases 8 and 3. Consistent with RIPK1 kinase-dependent
apoptosis induction, LPS- and TNF-primed RIPK3 '~ Casp8~'~
BMDMs and RIPK3~/"FADD~'~ BMDMs strongly resisted
LeTx-induced cell death, whereas RIPK3 was dispensable (S
Appendix, Fig. 6 F and G). RIPKI1 kinase activity also was critical
for LPS + LeTx-induced NLRP3 inflammasome activation
because caspase-1 maturation and secretion of IL-1f were abol-
ished in RIPK1 K45A BMDMs (SI Appendix, Fig. 6 H and I).
Similarly, LPS-primed wild-type macrophages that had been pre-
treated with Necls failed to secrete IL-1p upon LeTx intoxication
(ST Appendix, Fig. 6]). Additionally, RIPK3~'~ macrophages were
partially defective in LPS + LeTx-stimulated caspase-1 maturation
and IL-1P secretion, whereas these responses were abolished in
RIPK3/~Casp8~'~ BMDMs (SI Appendix, Fig. 6 K and L).
Together, these results establish RIPK1 kinase activity as a critical
regulator of LeTx-induced apoptosis and NLRP3 inflamma-
some activation.

Inactivation of p38 MAPK/MK2 Signaling Sensitizes LeTx-Intoxicated
Macrophages to RIPK1-Dependent NLRP3 Inflammasome Activation
and Apoptosis. LeTx is an exquisitely selective metalloprotease
that cleaves MAPKK family members, which results in defec-
tive activation of p38 MAPK (6). We found that the catalytically
inactive LF E687C mutant failed to induce cell death in TNF-
or LPS-primed macrophages (Fig. 4E and SI Appendix, Fig.
7A4). Notably, the LF E687C mutant also failed to elicit IL-1p
secretion in culture media of LPS-primed macrophages (S
Appendix, Fig. 7B). LeTx-induced IL-1f secretion was linked to
p38 inactivation because the p38 inhibitor SB203580 resembled
LeTx in inducing RIPK1 kinase activity-dependent (SI
Appendix, Fig. 7 C and D) and NLRP3-mediated (SI Appendix,
Fig. 7 E and F) caspase-1 cleavage and IL-1f secretion from
LPS-primed BMDMs. This suggests that cleavage of MAPKK
substrates rather than cytosolic entry of LF promotes NLRP3
inflammasome activation. Consistent with a previous report
suggesting that p38 inhibition mimics the cytotoxic effect of
LeTx in LPS-primed macrophages (11), the p38 inhibitor
SB203580 also induced efficient killing of TNF- as well as LPS-
primed wild-type BMDMs, but not RIPK1 K45A macrophages
(Fig. 4F and SI Appendix, Fig. 7G). We speculated that this was
relayed by the p38 MAPK substrate MK2 because the latter was
recently identified as an important cell death checkpoint control-
ling RIPK1 kinase-dependent cell death induction (20-23). In
agreement, the MK2 inhibitor PF-3644022 induced cell death of
TNF- and LPS-primed B6 BMDMs, but not RIPK1 K45A mac-
rophages (Fig. 4F and SI Appendix, Fig. 7G). Western blot analy-
sis further confirmed that inhibition of p38 signaling induced
cleavage of caspases 8 and 3 at levels comparable to those seen
with LeTx in TNF- or LPS-primed BMDMs (Fig. 4G and SI
Appendix, Fig. 7TH). Together, these results suggest that LeTx-
mediated inhibition of the MAPKK/p38/MK2 kinase cascade
may act as a checkpoint for switching TNF- and LPS-induced
proinflammatory signaling into RIPK1 kinase activity—dependent
NLRP3 inflammasome activation and cell death induction.

Role of RIPK1 in B. anthracis-induced Apoptosis and NLRP3
Inflammasome Activation. Considering the central role of RIPK1
signaling in LeTx-mediated cell death and NLRP3 inflamma-
some activation, we next investigated its putative role in macro-
phages infected with live B. anthracis. Cell death induction
was reduced by about half in wild-type BMDMs that had
been pretreated with RIPK1 kinase inhibitor GSK'963 and in
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Fig. 4. RIPK1-mediated NLRP3 activation and caspase-8—-dependent apoptosis protects against B. anthracis-induced lethality in vivo. Wild-type C57BI6
(B6) BMDM s, or BMDM s with genotypes indicated in the figures, were stimulated as described in Materials and Methods. Kinetics of cell death induction
were analyzed by quantification of cell permeabilization until 4 h after stimulation, and lysates were then collected and immunoblotted for caspase-3
and -8 (A-/). BMDMs with genotypes indicated in the figures, were stimulated or infected as described in Materials and Methods. At 4 h poststimulation,
lysates were collected and immunoblotted for caspase-1 (J), and supernatants were analyzed for IL-1f (K and L). Black arrows on immunoblots denote the
proform (Upper arrows) and matured form (Lower arrows) of caspase-1, -3, or -8. Temperature (M) and lethality (N) data of mice with genotypes indi-
cated in the figures, and infected with live B. anthracis as described in Materials and Methods. Student'’s t test was used to compare temperature at each
measurement (**P < 0.01 and ****P < 0.0001), and Log-rank (Mantel-Cox) test was used for analysis of the survival data (****P < 0.0001). Schematic rep-
resentation of the B. anthracis-induced cell death mechanism (O). Figures are representative of two to four experiments. Bars indicate mean plus SD.
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B. anthracis-infected RIPK1 K45A BMDMs (Fig. 4H). More-
over, inhibition of B. anthracis-induced cell death was nearly
complete in RIPK3~/~Casp8~'~ BMDMs, whereas RIPK3 ™/~
BMDMs showed no protection (Fig. 47). Together, these results
suggest that live B. anthracis promoted both RIPK1 kinase
activity-dependent and -independent apoptosis of infected
macrophages. B. anthracis-induced caspase-1 maturation fully
depended on RIPK1 kinase activity (Fig. 4/). Moreover, IL-1f
secretion was largely blunted in RIPK1 K45A and RIPK3 ™/~
Casp8~'~ BMDMs, but not in RIPK3~~ BMDMs (Fig. 4 K
and L).

Caspase-8 Promotes B. anthracis-Induced Lethality In Vivo. To
extend these results, we examined the physiological relevance
of B. anthracis-induced caspase-8 activation in an in vivo model
of lethal anthrax. A cohort of RIPK3™'~Casp8~'~ mice and lit-
termate control RIPK3~/~Casp8*'~ mice was infected with 5 x
10° colony-forming units (CFU) B. anthracis followed by antibi-
otics treatment to mimic acute LeTx-driven toxicity before body
temperature and survival were monitored over time. All
RIPK3~'~Casp8™'~ control mice had reached humane end-
points of hypothermia below 25°C within 2 d and had to be
killed. As in B. anthracis-infected macrophages (SI Appendix,
Fig. 6), RIPK3 deficiency failed to provide any protection in
B. anthracis-infected animals (SI Appendix, Fig. 8 A and B). In
marked contrast, RIPK3~~Casp8 '~ mice were significantly
delayed in B. anthracis-induced hypothermia and lethality, with
some mice still alive when the study protocol was ended on day
12 (Fig. 4 M and N). These results show that anthrax-associated
caspase-8—mediated apoptosis is detrimental to the host. Inter-
estingly, this contrasts with caspase-8-mediated apoptosis in
Yersinia-infected animals that was previously shown to be essen-
tial for survival of infected hosts (24, 25).

Discussion

LeTx has been recognized as a major determinant of lethal
anthrax since its initial purification 60 y ago (26, 27). About a
decade ago, LeTx internalization by myeloid cells was shown to
be essential for systemic dissemination of the pathogen in B.
anthracis-infected mice (5). This suggests that LeTx serves to
target neutrophils and macrophages during early stages of
infection in order to paralyze the host’s immune defenses
against the pathogen and to allow vegetative B. anthracis bacte-
ria to establish systemic infection. At later stages of infection,
LeTx then targets cardiomyocytes and vascular smooth muscle
cells to induce mortality (2).

Despite the central importance of myeloid cells in anthrax
pathogenesis, the molecular mechanisms underlying cell death
of B. anthracis-infected macrophages are poorly understood.
Macrophages expressing a LeTx-sensitive NlrpIb allele rapidly
induce activation of the NLRPI1b inflammasome and are
killed by pyroptosis upon LeTx intoxication (7, 8, 28, 29).
However, human NLRP1 and the Nirp1b allele of B6 mice are
nonresponsive to LeTx, prompting our choice of the latter as
an experimental model to investigate B. anthracis host—pathogen
interactions in the absence of LeTx-induced NLRP1b inflamma-
some activation (7, 8).

Our findings revealed complex host—pathogen interactions
between B. anthracis and its host in which infection is met with
TNF secretion. Although the B. anthracis factors and host
receptors that promote TNF production in infected mouse
macrophages remain unclear, phagocytosis of B. anthracis pep-
tidoglycan was previously shown to stimulate TNF production
in human monocytes (30). We showed here that engagement of
both TNFR1 and TNFR2 by the cytokine, concomitant with
proteolytic inactivation of MAPKK/p38/MK2 signaling in
LeTx-intoxicated macrophages, is required to induce RIPK1
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activity—dependent NLRP3 inflammasome activation as well as
caspase-8—mediated apoptosis (Fig. 40). Notably, caspase-
8 deficiency abolished cell death induction in both LeTx-
intoxicated and B. anthracis-infected macrophages. Moreover,
cell death of LeTx-intoxicated macrophages fully relied on
RIPK1 kinase activity, whereas RIPK1 kinase activity
accounted for only about half of the cytotoxicity levels in B.
anthracis-infected macrophages. An interesting question that
awaits analysis is to what extent the scaffolding function of
RIPK1 regulates caspase-8 activation in B. anthracis-infected
macrophages. Another intriguing observation is that caspase-1
cleavage and IL-1f secretion in LeTx-intoxicated BMDMs were
mediated by the canonical NLRP3 inflaimmasome (Fig. 1),
whereas Yersinia-infected cells were previously reported to pro-
mote caspase-8—mediated cleavage of GSDMD and IL-1p (31,
32). It’s tempting to speculate that these differences are linked to
LeTx selectively inactivating MAPK signaling, while the effector
protein YopJ of Yersinia species antagonizes NF-kB and MAPK
signaling pathways by simultaneously inhibiting TAK1, IKK, and
MKK proteins (31, 32).

Future studies should address whether the cell death pathways
uncovered here also underlie LeTx-induced cytotoxicity in addi-
tional cell types that are implicated in anthrax-related mortality
such as neutrophils, cardiomyocytes, and vascular smooth muscle
cells. Considering that LeTx-induced macrophage cell death is a
key determinant of B. anthracis systemic infection and anthrax-
associated host lethality (5), this report significantly broadens our
understanding of B. anthracis host-pathogen interactions and
identifies TNF-induced caspase-8 activation and apoptosis as a
target in lethal anthrax.

Materials and Methods

A detailed description of the materials and experimental procedures is avail-
able in the accompanying S/ Appendix, Materials and Methods.

Methods Summary.

Mice. A list of genetically modified mouse strains used in this study is available
in SI Appendix, Table 1.

BMDM studies. BMDMs were isolated and subsequently activated by LPS or
TNF in combination with LeTx (500 ng/mL PA + 250 ng/mL LF, Quadratech).
Inhibitors for RIPK1 (50 pM Necls and 1 pM GSK’'962 or GSK’'963), p38 (25 uM
SB203580 and SB202190), and MK2 (50 pM PF-3644022) were used at indicated
concentrations.

Antibodies. The following antibodies were used: caspase-1 (Adipogen),
caspase-8 (Enzo; Cell Signaling), caspase-3 (Cell Signaling), RIPK1 (BD Bioscien-
ces), IL-1p (Genetex), TRAF2 (Santa Cruz Biotechnology), and p-actin (Santa
Cruz Biotechnology).

Cytokine analysis and Annexin-V staining for FACS. Luminex assay (Bio-Rad)
and Annexin-V staining (BD Pharmingen) were used to quantify cytokine
release and apoptosis.

Cell death kinetics. A plate-based fluorometric assay (FLUOstar Omega BMG
Labtech or Incucyte Zoom [Essenbio]) was used to quantify cell permeabiliza-
tion (5 uM SYTOX Green).

DEVDase activity. Caspase-3/7 activation was detected using CellEvent Cas-
pase3/7 Green substrate (Invitrogen). Data were acquired and analyzed using
the Incucyte Zoom system (Essenbio).

Data Availability. All study data are included in the article and/or S/ Appendix.
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