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NAIP5/NLRC4 (neuronal apoptosis inhibitory protein 5/nucleotide
oligomerization domain-like receptor family, caspase activation re-
cruitment domain domain-containing 4) inflammasome activation
by cytosolic flagellin results in caspase-1-mediated processing and
secretion of IL-1p/IL-18 and pyroptosis, an inflammatory cell death
pathway. Here, we found that although NLRC4, ASC, and caspase-
1 are required for IL-1p secretion in response to cytosolic flagellin,
cell death, nevertheless, occurs in the absence of these molecules.
Cytosolic flagellin-induced inflammasome-independent cell death
is accompanied by IL-1a secretion and is temporally correlated
with the restriction of Salmonella Typhimurium infection. Despite
displaying some apoptotic features, this peculiar form of cell death
do not require caspase activation but is regulated by a lysosomal
pathway, in which cathepsin B and cathepsin D play redundant
roles. Moreover, cathepsin B contributes to NAIP5S/NLRC4 inflamma-
some-induced pyroptosis and IL-1a and IL-1p production in response
to cytosolic flagellin. Together, our data describe a pathway induced
by cytosolic flagellin that induces a peculiar form of cell death
and regulates inflammasome-mediated effector mechanisms
of macrophages.

lagellin, the monomeric subunit of flagella present in Gram-

negative and Gram-positive bacteria, is one of the few protein
structures that can activate both transmembrane and cytosolic
pattern recognition receptors of the innate immune system. Ex-
tracellular flagellin is recognized by the transmembrane Toll-like
receptor (TLR)S (1). On the other hand, flagellin can be directly
delivered into the cytosol by transport systems, such as the type
III secretion system (T3SS) of Salmonella (2) and the type IV
secretion system (T4SS) of Legionella (3). Once in the cytosol,
flagellin is sensed by the inflammasome complex comprised of
the NOD-like receptor (NLR) proteins neuronal apoptosis in-
hibitory protein (NAIP)S and NLRC4 [NLR family, caspase ac-
tivation recruitment domain (CARD) domain-containing 4] (2-5).

Both TLRS and NAIP5/NLRC4 receptors recognize con-
served regions of flagellin. TLRS is thought to detect a region of
flagellin located in the D1 domain (6), whereas a sequence of
three leucine residues that is present in the C-terminal DO do-
main of flagellin is required to activate the NAIP5/NLRC4
inflammasome (7). Despite some redundant roles that are at-
tributed to NLRC4 and NAIP5 in flagellin-mediated macrophage
activation (7), a new model for NAIP5/NLRC4 inflammasome
activation in response to flagellin was recently proposed (8, 9). In
this model, NAIPS acts as an immune sensor protein that spe-
cifically binds to flagellin (9). The interaction between NAIP5
and flagellin promotes the recruitment of NLRC4 through the
NOD domain. The formation of this protein complex leads to
the association of NLRC4 with procaspase-1 via CARD-CARD
interactions. Additionally, NLRC4 can recruit the adaptor pro-
tein ASC (apoptosis-associated speck-like protein containing a
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caspase recruitment domain), which also contains a CARD do-
main and is able to recruit and process procaspase-1.
Caspase-1 activation results in the cleavage and secretion of
biologically active forms of the inflammatory cytokines in-
terleukin (IL)-1p and IL-18 (10) and the induction of a form of
cell death named pyroptosis (11). The activation of caspase-1
in response to cytosolic flagellin by the NAIP5S/NLRC4 inflam-
masome complex can also induce other effector mechanisms to
restrict infections, such as caspase-7-dependent phagosome
maturation (4, 12) and the activation of inducible nitric oxide
synthase (iNOS) by macrophages (13). Both of these effector
mechanisms lead to the inhibition of Legionella pneumophila
replication. Importantly, caspase-1-induced IL-1f8 and IL-18 are
not involved in phagosome maturation (4, 12), induction of
pyroptosis (14), or iNOS activation (13), suggesting that caspase-1
mediates independent effects that cooperate to clear infections.
Although the NAIPS/NLRC4 inflammasome complex is in-
volved in the control of many bacterial infections, such as in-
fection with Salmonella Typhimurium (2, 5), Shigella flexneri (15),
Pseudomonas aeruginosa (16, 17), L. pneumophila (3, 4), and
Listeria monocytogenes (18), the precise effector mechanism
mediated by these receptors is not completely understood.
Among the NAIP5/NLRC4 inflammasome-mediated effector
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mechanisms that have been implicated with intracellular bacte-
rial replication control, pyroptosis has received great attention.

Pyroptosis has been described as a programmed cell death
pathway that uniquely depends on caspase-1 (19). Recently, it
was demonstrated that the enteric pathogenic bacteria Escherichia
coli, Citrobacter rodentium, and Vibrio cholerae and the cholera
toxin B subunit can trigger the activation of a noncanonical
inflammasome that targets caspase-11 (also known as caspase-4
in humans and related to caspase-1) (20). These stimuli induce
cell death in a caspase-11-dependent fashion, but the process is
not dependent on ASC, NLRC4, or caspase-1. Interestingly, this
process of cell death (also named pyroptosis) is accompanied by
the secretion of IL-1a but not by the secretion of IL-1f (which
requires caspase-1). Importantly, the 129 mouse strain that was
used to generate the first caspase-1~/~ mutants (21, 22) harbors a
mutation in the caspase-11 locus that impairs caspase-11 func-
tion. Because of the close proximity in the genome between the
caspase-1 and caspase-11 genes, the two proteins cannot be
segregated by recombination. Therefore, these caspase-1~~ mice
are also defective for caspase-11 (20).

Importantly, although pyroptosis is regulated by caspase acti-
vation, similarly to apoptosis, inhibition of or genetic deficiency
in apoptotic caspase does not rescue cells from pyroptosis (11,
23). In addition, pyroptosis and apoptosis provide distinct out-
comes for the immune response, which may be explained by the
different morphological and biochemical changes that are ob-
served in cells undergoing these forms of cell death (24, 25).
Activation of caspase-1/11 results in the rapid formation of pores
in the plasma membrane that dissipate cellular ionic gradients.
This process allows the influx of water into the cells, resulting in
cell swelling, osmotic lysis, and the release of intracellular con-
tents (25, 26). The loss of plasma membrane integrity and the
secretion of inflammatory mediators during pyroptosis, including
IL-1p and IL-18, results in the induction of a strong inflam-
matory response (27). The inflammatory milieu produced by
pyroptosis could result in the recruitment of effector cells to the
site of infection as a mechanism of pathogen clearance. Recently,
it was demonstrated that the ectopic expression of the Salmonella
flagellin protein FliC during the intracellular phase of infection
triggers pyroptosis of infected cells in vivo (14). The bacteria
released by the pyroptotic macrophages were controlled by
infiltrating neutrophils through a reactive oxygen species-
dependent mechanism.

Despite the evidence implicating pyroptosis as an important
host defense mechanism to clear intracellular pathogens, the
molecular regulation of pyroptosis is poorly understood. Here,
we analyzed the regulation of macrophage death using purified
flagellin as a single, death-inducing stimulus. Our data demon-
strate that cytosolic flagellin is able to induce cell death in the
absence of caspase-1/11. Although displaying some apoptotic
features, such as cell shrinkage and the formation of membrane
blebs, cytosolic flagellin-induced caspase-1/11-independent cell
death does not require apoptotic caspases but depends on lyso-
somal events. Similar to pyroptosis, cytosolic flagellin-induced
caspase-1/11-independent cell death results in the release of
intracellular inflammatory contents. Caspase-1/11-independent
cell death also contributes to the control of Salmonella enterica
serovar Typhimurium (Salmonella Typhimurium) infection by
macrophages, supporting the existence of an effector mechanism
important to restrict bacterial infection. Finally, our data provide
evidences that lysosomal cathepsins also regulate IL-1p secretion
and pyroptosis in response to cytosolic flagellin. Taken together,
our results suggests lysosome events as a central regulator of
both inflammasome-dependent and inflammasome-independent
macrophage responses induced by cytosolic flagellin.
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Results

Purified Flagellin Protects both Wild-Type and TLR5-Deficient Mice
from Flagellin-Deficient Salmonella Typhimurium Infection. Recent
studies have suggested that flagellin-induced pyroptosis controls
the infection of virulent bacteria, such as L. pneumophila and
Salmonella Typhimurium (14). To investigate this phenomenon
in more detail, we inoculated the Salmonella Typhimurium fla-
gellin-expressing 1412 strain (ST) and flagellin-deficient 2157
strain (ST AFli) in wild-type (WT) and TLR5”~ mice and
evaluated the number of colony-forming units (CFUs) recovered
after 6 h from the peritoneal cavity (PEC). Recognition of fla-
gellin was involved in the protection, since a higher bacterial load
was found when mice were infected with ST AFli strain (Fig. 14,
black boxes) in comparison with ST (Fig. 14, white boxes).
Surprisingly, the i.p. inoculation of purified flagellin from Sal-
monella Typhimurium, 3 h after infection with ST AFli strain,
significantly reduced the bacterial load in PECs of both WT and
TLR5~~ mice, suggesting that a mechanism dependent on fla-
gellin but independent of TLRS can operate to clear Salmonella
Typhimurium infection in mice (Fig. 14, gray boxes).

Because inoculation of mice with purified flagellin potentially
stimulates both TLRS and NLRC4-dependent responses (28),
we decided to investigate the relative contribution of these
receptors to macrophage responses to flagellin. Peritoneal mac-
rophages (PMs) were stimulated with 1, 3, or 6 pg/mL (corre-
spondent to 0.3, 1, or 2 x 1077 M) of purified flagellin from
Bacillus subtilis (FLA-BS) or with FLA-BS inserted into cationic
lipid vesicles, which permits the delivery of the flagellin into the
cellular cytosol (FLA-BSDot). Free flagellin is thought to acti-
vate TLRS, whereas cytosolic flagellin is believed to activate
NAIP5/NLRC4 receptors (2, 13). As expected, only treatment
with cytosolic flagellin induced the secretion of IL-1p by mac-
rophages (Fig. S14), whereas IL-6 was only observed when
macrophages were treated with free flagellin (Fig. S1B). Addi-
tionally, death in PM was also only observed when cells were
treated with cytosolic flagellin, as assessed by LDH release (Fig.
S1C), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide assay (Fig. S1D), and loss of vital acridine orange (AO) dye
in combination with ethidium bromide (EtBr) incorporation
(Fig. S1E). All of these responses occurred in a dose-dependent
manner. Being derived from a Gram-positive bacterial species
devoid of lipopolysaccharide (LPS) in the cell envelope, flagellin
from B. subtilis was used to prevent any interference of LPS in
treated cells. Moreover, similar levels of IL-1p were found in WT
and TLR2”~ PMs culture after stimulation with cytosolic flagellin,
discarding the interference of any contamination with TLR2
ligands in flagellin preparations (Fig. S24). Cell death (Fig. S2B)
and IL-1p production (Fig. S2C) were also observed when
cells were treated with purified Salmonella Typhimurium FliC
flagellin (FliCDot) but not when cells were treated with the
peptide of Plasmodium vivax VK210 circumsporozoite protein
(pepVK210Dot) trapped into lipid vesicles. Similarly to purified
native Salmonella Typhimurium FliC flagellin, a recombinant
flagellin produced in an E. coli strain (BL21DE) (rFliCDot) also
induced macrophage death (Fig. S2B) and IL-1§ production
(Fig. S2C). In contrast, these responses were not obtained with a
recombinant p24 protein from HIV (rp24Dot), produced in the
same E. coli strain and purified by the same nickel-affinity chro-
matography, discarding the influence of nonspecific cytotoxic
effects of flagellin preparations. Of note, the purity of flagellin
preparations is similar (Fig. S2D), and all proteins were inserted
into  N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
methyl-sulfate (DOTAP) and used in similar concentrations.
These results indicate that only intracellular flagellin is capable
of inducing macrophage responses, suggesting a role for inflam-
masome activation in cell viability. Finally, MyD88~~ and WT
PMs displayed similar morphology (Fig. S2E) and similar levels
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Fig. 1. Cell death induced by cytosolic flagellin occurs in the absence of the NLRC4/ASC-caspase-1/11 axis. (A) CFU numbers recovered from the peritoneal
cavity of C57BL/6 and TLR5-deficient mice infected with the flagellin-proficient Salmonella Typhimurium 1412 strain (ST WTFIli) or the flagellin deficient
Salmonella Typhimurium 2157 strain (ST AFli) (5x 10° bacteria per mouse) or the ST AFli strain plus purified FliC flagellin (5 pg per mouse) (ST AFli + FliC).
Numbers represent the means + SEM (n = 3 per group). *P < 0.05 compared with St AFli-infected group. (B and C) IL-1f levels from supernatants of PMs
stimulated with purified B. subtilis flagellin trapped into DOTAP (FLA-BSDot) (3 pg/mL) for 6 h were determined by ELISA (C). Numbers represent the means +
SEM (n =2). ***P < 0.001 compared with knockout groups. (D) LDH levels quantified in culture supernatants after 6 h using a LDH kit. Numbers represent the
means + SEM (n = 2). 'P < 0.05; **P < 0.01 compared with WT group. (E) Cytotoxicity assessed as the percentage of EtBr single-positive cells in fluorescence
micrographs according to AO/EtBr staining. Numbers represent the means + SEM of at least seven images per treatment. "'P < 0.001 compared with control
group; ***P < 0.001 compared with WT group. (F) Representative micrographs of FLA-BSDot-stimulated PMs at 6 h. AO-stained PMs (green) show viable cells
in each field, and EtBr (red) indicates permeabilized PMs. At right are merged images. Micrographs represent an original magnification of 400x. All data are

representative of four (C57BL/6:00 PMs vs. caspase-1/117~/~

of LDH liberation (Fig. S2F) when stimulated with cytosolic
flagellin. These data eliminate the possibility that the MYDS88
pathway participates in cytosolic flagellin-induced cell death.

Caspase-1/11, NLRC4, and ASC Are Not Required for Cytosolic Flagellin-
Induced Cell Death. Currently, it is thought that after exposure to
cytosolic flagellin, caspase-1 is recruited to the NAIPS/NLRC4
inflammasome complex, where it is activated. The ASC adaptor
molecule may or may not participate in this process (5, 7, 29).
IL-1p production by PM from C57BL/6 WT mice in response to
cytosolic flagellin increased over time in culture, peaking at 6 h
(Fig. 1B). Using caspase-1/11-deficient (Fig. 1B), NLRCA4-deficient,
and ASC-deficient (Fig. 1C) cells, we observed that the cytosolic
flagellin-mediated secretion of IL-1p was dramatically reduced in
the absence of these molecules, thus confirming their requirement
for the secretion of IL-1p in response to cytosolic flagellin. Low
levels of LDH were released by NLRC4™"~ and caspase-1/117~
macrophages in comparison with WT and ASC™~ macrophages
1-3 h after cytosolic flagellin stimulation (Fig. 1D). However, the
levels of LDH released from cytosolic flagellin-stimulated WT and
caspase-1/11~'~ PM was similar 6 h after stimulation (Fig. 1D).
Surprisingly, although less pronounced compared with the cell
death observed in WT and ASC™/~ cultures, a high frequency of
macrophage death after cytosolic flagellin stimulation was also
observed in the absence of NLRC4 and caspase-1/11, as assessed
by loss of vital AO dye in combination with EtBr incorporation
(Fig. 1 E and F). Similar results were observed when 6 pg/mL of
cytosolic flagellin was used for stimulation (Fig. S3 A-C) and with
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PMs) or two independent experiments.

bone marrow-derived macrophages (BMDMs) (Fig. S3 D and E).
It is noteworthy that BMDM are not able to release IL-1f in re-
sponse to cytosolic flagellin in the absence of priming with TLR
ligands, in contrast to observed with starch-elicited PMs (Fig. 1 B
and C). Elicited PMs are composed mainly by newly recruited
macrophages originated from inflammatory monocytes, which
could present basal levels of pro-IL-1f because they hold a con-
stitutively activated form of caspase-1 (30, 31). Taken together,
these data indicate that whereas IL-1f secretion is dependent on
NLRC4, ASC, and caspase-1/11, cytosolic flagellin-induced cell
death occurs in the absence of these molecules.

Flagellin Induces Inflammasome-Dependent Pyroptosis and Inflam-
masome-Independent Cell Death, both Contributing to the Clearance
of Salmonella Typhimurium. We then evaluated cell death in WT
and caspase-1/11~'~ PMs that were infected with the ST and
ST AFIi. Of note, the plates were centrifuged at 290 x g for 10 min
to enable the same rate of ingestion of the two Salmonella
Typhimurium strains by the macrophages, overcoming the ab-
sence of flagellum in ST AFli, as described previously (2). At1h
postinfection, a higher frequency of cell death was observed in WT
PMs compared with caspase-1/117~ PM (Fig. 24). The early cas-
pase-1/11-dependent cell death appeared to be dependent on
the presence of flagellin because infection of WT macrophages
with the ST induced a higher frequency of PMs death compared
with infection with ST AFli strain (Fig. 2 B and C). Flagellin-
dependent death was reduced and displayed slower kinetics after
infection ST in caspase-1/117"~ PMs (Fig. 2.4-C), as demonstrated
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previously by cytosolic flagellin stimulation. Early caspase-1/11-
dependent cell death was correlated with a reduction in the number
of CFUs observed in WT PMs compared with caspase-1/117/~
PMs (Fig. 2D). These data confirm the role of early caspase-1/11-
dependent pyroptosis in the control of Salmonella Typhimurium
infection by macrophages. Importantly, however, recognition of
flagellin also conferred protection in a caspase-1/11-independent
manner, because significantly higher numbers of CFUs were
found in caspase-1/11~'~ macrophages infected with the ST AFli
strain with regard to PMs infected with the ST strain (Fig. 2D).
Moreover, adding cytosolic flagellin during infection with ST AFli
strain resulted in a marked increase in cell death (Fig. 2E) and a
decrease in the numbers of CFUs (Fig. 2F) found in macrophages
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Fig. 2. Flagellin-induced caspase-1/11-independent cell death contributes
to the control of Salmonella Typhimurium infection. (A) Cytotoxicity
assessed in WT and caspase-1/11-deficient PMs infected with Salmonella
Typhimurium 1412 strain (St WTFIi) or Salmonella Typhimurium 2157 strain
(St AFli) [multiplicities of infection (MOI), 5:1], as the percentage of EtBr
single-positive cells in fluorescence micrographs according to AO/EtBr
staining. Numbers represent the means + SEM (n = 3). ***P < 0.001 com-
pared with the caspase-1/117"~ group. Data are representative of three in-
dependent experiments. (B) Representative micrographs of stimulated PMs
at 3 h. AO-stained PMs (green) show viable cells in each field, and EtBr (red)
indicates permeabilized PMs. Micrographs represent an original magnifica-
tion of 400x. (C) Cytotoxicity assessed as the percentage of EtBr single-
positive cells in fluorescence micrographs according to AO/EtBr staining of St
WTFli-stimulated PMs at 3 h. ***P < 0.001 compared with the St AFli strain-
infected group. Data are representative of three independent experiments.
**%P < 0.001 compared with the St WTFli-infected group; "'P < 0.001 com-
pared with WT group. Data are representative of three independent
experiments. (D) CFUs recovered from PMs infected with St WTFli or St AFli
(MO, 5:1) at 3 h. ***P < 0.001 compared with the ST AFliC-infected group.
Data are representative of three independent experiments. (E) Cytotoxicity
assessed as the percentage of EtBr single-positive cells in fluorescence
micrographs according to AO/EtBr staining of PMs infected with the St AFIiC
strain (MO, 5:1) concomitantly treated (open symbols) or not with FliCDot
(closed symbols). Data are representative of two independent experiments.
(F) The number of CFUs recovered from the peritoneal cavity of mice
infected with AFIiC strain (MOI, 5:1) in the presence or absence of FliCDot.
Numbers represent the means + SEM (n = 3). Data are representative of two
independent experiments.
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from caspase-l/ll’/’, as well as WT mice, corroborating our
previous in vivo data (Fig. 14). Altogether, these data indicate
that both flagellin-induced caspase-1/11-dependent pyroptosis
and caspase-1/11-independent cell death participate in the clear-
ance of Salmonella Typhimurium by macrophages.

Flagellin-Induced, Caspase-1/11-Independent Cell Death Displays
Apoptotic Features but Does Not Rely on Caspase Activity. To eval-
uate the morphological and biochemical features of caspase-
1/11-independent macrophage death, cell morphology after stim-
ulation with cytosolic flagellin was assessed. One hour after
stimulation, WT PMs were permeable to EtBr before the loss of
vital AO staining (Fig. S44). These data are indicative of the
formation of pores in the plasma membrane (26, 32). Double
staining with AO/EtBr was not observed in caspase-1/117/~
macrophages (Fig. S44). Giemsa-stained slides indicated that
the majority of WT PM appeared to be swelled compared with
caspase-1/117/~ PMs that seemed to have a reduction in volume
(Fig. S4B). Moreover, time-lapse, phase-contrast images in-
dicated a higher frequency of swollen cells in WT PM that in-
crease in size over time, resulting in the accumulation of cellular
debris (Fig. 34). Despite the presence of cells with a similar
morphology compared with WT PMs, we found that the majority
of caspase-1/117"~ PMs died with apoptotic characteristics, which
included the loss of cell volume and the formation of membrane
blebs (Fig. 34). The flagellin-induced caspase-1/11-independent
cell death closely resembled apoptotic cells (Fig. S4C). To de-
termine whether macrophages stimulated with cytosolic flagellin
are biased toward apoptotic cell death in the absence of NLRC4
or caspase-1/11, we compared the flagellin-induced caspase-
1/11-independent cell death to actinomycin D (ActD)-induced
apoptosis. Of note, ActD treatment induced the same frequency
of cell death (Fig. S4D, black bars) and hypodiploid nuclei (Fig.
S4E, center graphs, and Fig. S4F, black bars) in both WT and
caspase-1/117/~ PMs. These data demonstrate that the lack of
caspase-1/11 did not interfere with the apoptotic program of cell
death. The frequency of hypodiploid nuclei observed 3 h after
stimulation with cytosolic flagellin is strongly reduced in the
absence of caspase-1/11 (Fig. 3B), demonstrating the involvement
of caspase-1/11 in DNA fragmentation that occurs in response to
cytosolic flagellin. However, a decrease in full-length caspase-3,
which is associated with the appearance of the active, cleaved
17/19-kDa caspase-3, was observed only in ActD-treated WT,
caspase-1/117", and NLRC4™'~ macrophages but not in any of
cytosolic flagellin-treated WT, caspase-1/117"", and NLRC4 ™/~
cells (Fig. 3C). The involvement of cytosolic flagellin in the ac-
tivation of apoptotic caspase-7 and caspase-9 were also investigated
using a fluorimetric assay. ActD-treated WT or caspase-1/117~
macrophages displayed caspase-7 (Fig. 3D) and caspase-9 (Fig. 3E)
activation that was abrogated by the addition of z-VAD-fmk
and LEHD-fmk (pan-caspase and caspase-9 inhibitors, respec-
tively). In contrast, activation of caspase-7 or caspase-9 was not
observed in response to cytosolic flagellin stimulation (Fig. 3 D
and E), suggesting that the apoptotic machinery is not involved
in cytosolic flagellin-induced cell death. According to these data
both, AO loss (Fig. S4B, white bars) and the formation of hy-
podiploid nuclei (Fig. S4C, right graphs, and Fig. S4D, white
bars) induced by ActD were strongly inhibited by Q-VD-fmk, a
pan-caspase inhibitor. In contrast, Q-VD-fmk did not interfere
with cell death in cytosolic flagellin-stimulated caspase-1/11~"~
(Fig. 3F) and NLRC4~'~ macrophages (Fig. 3G), as measured
by AO/EtBr staining. Thus, the absence of apoptotic caspase
activation and the lack of caspase interference in cytosolic
flagellin-induced cell death indicate that caspase-1/11~/~ PMs
did not have a bias toward the classical apoptotic program of
cell death.
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Fig. 3. Cell death induced by cytosolic flagellin is independent of caspase
activity and culminates in IL-1a release. (A) The cell morphology of FLA-BSDot-
stimulated PMs (3 pg/mL) accompanied in phase contrast microscopy for
3.5 h. Micrographs represent an original magnification of 400x . Data are
representative of three independent experiments. (B) Percentage of hy-
podiploid nuclei evaluated by flow cytometry according to Pl incorporation
in FLA-BSDot- or empty DOTAP-treated PMs at 3 h. Numbers represent the
means + SEM (n = 3). ***P < 0.001 compared with the WT group. (C)
Western blot analysis for caspase-3 activation in BMDMs stimulated with
FLA-BSDot (6 pg/mL) or ActD (5 pg/mL) at 6 h. Activation of caspase-3 was
determined by decrease in the full-length caspase-3 (35 kDa) associated
with the appearance of the cleaved 17/19-kDa caspase-3. (D and E) Fluori-
metric assay for caspase-7 (D) and caspase-9 (E) activity in FLA-BSDot or
ActD-treated PMs at 4 h. Cell-free extracts were incubated with caspase-7 or
caspase-9 fluorimetric substrates in the presence or absence of specific
caspase inhibitors. Numbers represent the means + SEM (n = 3). Results
represent relative fluorescence units (RFU). (F and G) Cytotoxicity assessed
as the percentage of EtBr single-positive cells in fluorescence micrographs
according to AO/EtBr staining in PMs stimulated with FLA-BSDot (3 pg/mL).
Cells were treated or not with Q-VD-fmk (20 pM) 1 h prior to stimulation.
Numbers represent the means + SEM (n = 3). (H) Cytotoxicity in PMs stim-
ulated with FLA-BSDot (6 pg/mL) or ActD (5 pg/mL). Numbers represent
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Caspase-1/11-Independent Cell Death Induced by Cytosolic Flagellin
Retains an Inflammatory Outcome Characterized by the Release of
IL-1a. Despite displaying some apoptotic features, almost 40%
of caspase-1/11~~ PMs that were stimulated with cytosolic flagellin
were permeable to EtBr at 3 h, whereas almost all ActD-treated
cells remained impermeable (Fig. 3H). In comparison, up to 12 h
after ActD treatment, a high frequency of ActD-treated PM
from both WT and caspase-1/11~'~ mice lost vital AO but
remained impermeable to EtBr, indicating that these cells died
but did not lose plasma membrane integrity. Importantly, even
less than WT cells, cytosolic flagellin-stimulated caspase-1/117~/~
PMs released large amounts of IL-1a (Fig. 31), which is a known
damage signal released by necrotic cells (33). In contrast, apo-
ptotic cell death induced by ActD did not result in IL-1a release,
even after 24 h of stimulation (Fig. 37), when almost all cells were
already dead, consistent with the idea that apoptotic cells retain
these molecules within apoptotic bodies. These data demon-
strate that cytosolic flagellin-induced caspase-1/11-independent
cell death retains the same inflammatory outcome as the classical
caspase-1/11-dependent pyroptosis, both characterized by the
loss of cell integrity and release of intracellular proinflammatory
contents, corroborating with the idea that cytosolic flagellin does
not activate the classic apoptotic machinery in the absence
of caspase-1/11.

Lysosomal Cathepsins Regulate Caspase-1/11-Dependent and
-Independent Macrophage Responses to Cytosolic Flagellin. Given
the peculiar features displayed by caspase-1/11-deficient dying
cells after cytosolic flagellin stimulation, we investigated the
participation of alternative cell death mechanisms. Lysosomal
membrane permeabilization (LMP) induced by a variety of stimuli
activates a programmed cell death process independent of the
classical apoptotic machinery (34-36). This unusual form of cell
death induces a mixed necrotic or subapoptotic semblance (37),
similar to what we observed in caspase-1/11-independent cell
death induced by cytosolic flagellin. To investigate the ability of
cytosolic flagellin to induce loss of lysosomal acidity, a hallmark
of lysosomal damage, we analyzed macrophages in accordance to
AO staining upon flagellin stimulation. AO is a cell permeable
dye with lysosomotropic properties that accumulate within acidic
lysosomes. When elicited by blue light, the fluorescence emitted
by AO varies from red (at high concentrations into the intact
acidic lysosomes) to green (under low concentrations in the cytosol
or nucleus) (37-39). A large number of spots with bright green
fluorescence were observed in both WT and caspase-1/11~"~ PMs
a few minutes after stimulation with cytosolic flagellin (Fig. 44)
but not with empty DOTAP or medium (Fig. S54). Because the
appearance of a high green AO fluorescence indicates the dis-
ruption of lysosomes filled with AO, which then disperse diffusely
through the cell cytosol (37-39), our data suggest that cytosolic
flagellin can induce loss of lysosomal membrane integrity and
leakage of the lysosomal contents into the cell cytosol. The ly-
sosomal damage was likely to be a result of the transfection with
cytosolic flagellin but not the transfection of any protein, because
a similar staining pattern was observed with FliC flagellin from
Salmonella Typhimurium inserted into DOTAP but not with
other proteins such as VK210 and rp24 also inserted into
DOTAP (Fig. S54). These results indicate that different prep-
arations of flagellin induced the same effect on macrophages
death, in contrast to that observed with nonrelated proteins.

the means + SEM of at least five images per treatment. ***P < 0.001 com-
pared with the Act-D group. (/) IL-1a levels from supernatants of PMs
stimulated with FLA-BSDot (3 pg/mL) or ActD (5 pg/mL) were determined
by ELISA ***P < 0.001 compared with the knockout group. Data are
representative of two independent experiments.
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Fig. 4. Major role for lysosomal permeability in flagellin-induced macro-
phage death. (A) Representative fluorescence micrographs of PMs stimu-
lated with FLA-BSDot (3 pg/mL) and stained with AO/EtBr. (Left) Cells with
high cytoplasmic green fluorescence. (Center and Right) AO-stained PMs
with decreased intensity in cytoplasmic green fluorescence. Micrographs
represent an original magnification of 400x . (B-E) Cytotoxicity assessed as
the percentage of EtBr single-positive cells in fluorescence micrographs in
PMs stimulated with FLA-BSDot (3 pg/mL). Cells were pretreated or un-
treated with the lysosomal acidification inhibitor bafilomycin A1 (20 nM) (B),
cathepsin B inhibitor CA074-Me (25 pM) (C), cathepsin D inhibitor pepstatin
A (25 pM) (D) or both CA074-Me and pepstatin A (E), 1.5 h prior stimulation.
Numbers represent the means + SEM of at least 15 images per treatment.
***P < 0.001 compared with the pretreated group. Data are representative
of two independent experiments.

The presence of bafilomycin Al, which specifically inhibits
a vacuolar H*-ATPase (V-ATPase), preventing lysosomal acid-
ification, abolished cytosolic flagellin-induced cell death in cas-
pase-1/11"~ macrophages (Fig. 4B). Moreover, the presence of
bafilomycin also had a significant inhibitory effect on cell death
in WT macrophages stimulated with cytosolic flagellin, which
suggests the involvement of lysosomal pathways in both pyrop-
tosis and caspase-1/11-independent cell death induced by cyto-
solic flagellin. To further examine the role of lysosomal pathways
in the regulation of cell death induced by cytosolic flagellin,
the involvement of lysosomal cathepsins B and D was evaluated
by the addition of the selective inhibitors, N-(L-3-trans-pro-
pylcarbonyl-oxirane-2-carbonyl)-L-isoleucyl-L-proline methyl
ester (CA074-Me) and pepstatin A, respectively. No signifi-
cant effect on the levels of cell death induced by cytosolic
flagellin in both WT and caspase-1/11"/~ macrophages was
observed in the presence of CA074-Me (Fig. 4C) or pepstatin
A alone (Fig. 4D). However, when added together, cell death
was halved in both WT and caspase-1/11~/~ macrophages
(Fig. 4E), indicating a redundant role for cathepsins B and D
during cytosolic flagellin-induced cell death. Despite lyso-
somal disruption and cathepsin B release are associated with
NLRP3 inflammasome activation (40, 41), cytosolic flagellin-
stimulated NLRP3 ™~ macrophages displayed similar frequencies
of dead cells (Fig. S5D) and IL-1a release (Fig. S5E) compared
with WT macrophages, ruling out the participation of NLRP3
in lysosomal-mediated inflammatory cell death induced by
cytosolic flagellin.
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Interestingly, the presence of CA074-Me during cytosolic fla-
gellin stimulation significantly inhibited caspase-1-dependent
IL-1p production (Fig. 54). The inhibition of cathepsin B also
reduced IL-1a production by WT macrophages, at levels similar
to those released by caspase-1/117" cells (Fig. 5B), suggesting
that cathepsin B might regulate caspase-1/11 activities in re-
sponse to cytosolic flagellin. In contrast to the effect of CA074-
Me, the presence of pepstatin A did not affect IL-1p (Fig. 5C) or
IL-1a (Fig. 5D) production in response to the stimulation with
cytosolic flagellin, which suggests that cathepsin B may have
a major role in the regulation of caspase-1-dependent IL-1p
production and partially caspase-1/11-dependent IL-la secre-
tion in response to cytosolic flagellin. It is noteworthy that
CA074-Me inhibitor is broadly accepted as a ”specific” inhibitor
of cathepsin B (40, 42, 43). However, some findings obtained
with CA074-Me are not reproduced in cathepsin B knockout
cells (41). In addition, because it has been demonstrated that
caspase inhibitors can interact with cathepsin B, thus inhibiting
its activity (44), we tested the possibility of the cross-reactivity
between CA074-Me and recombinant caspase-1. As shown in Fig.
5E, CA074-Me was not able to directly inhibit caspase-1 activity,
whereas inhibited cathepsin B activity in a dose-dependent manner,
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Fig. 5. Lysosomal cathepsins regulate cytokine production in response to

cytosolic flagellin. IL-1B (A and C) or IL-1a (B and D) levels from supernatants
of PMs stimulated with 3 pg/mL cytosolic flagellin from B. subtilis (FLA-BSDot)
were determined by ELISA. Cells were pretreated or not with the cathepsin B
inhibitor CA074-Me (A and B), cathepsin D inhibitor pepstatin A (C and D),
with the indicated concentrations, 1.5 h prior to stimulation with FLA-BSDot.
Data obtained in A and B are representative of two independent experi-
ments. Numbers represent the means + SEM (n = 2). Data obtained in Cand D
are shows as the mean of two independent experiments. Numbers represent
the means + SEM (n = 4). *P < 0.05; *P < 0.01; ***P < 0.001 compared with
the untreated group. (E) Recombinant cathepsin B and caspase-1 were pre-
treated with CA074-Me and their residual activity measured and represented
as means + SEM (n = 3).
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discarding the nonspecific effect of CA074-Me in the inhibition
of caspase-1 and suggesting that the inhibition of caspase-1-
dependent macrophages responses to cytosolic flagellin was a
result of cross-talk between cathepsin B and caspase-1 and not an
off-target effect of CA074-Me. Together, these data indicate that
lysosomal events, particularly the activated cathepsins, participate
in the regulation of caspase-1/11-dependent and —independent
responses after cytosolic flagellin stimulation.

Discussion

Caspase-1-mediated cellular signaling induced by flagellin stim-
ulation seems to be strictly coordinated. Activation of caspase-1
by the NAIP5/NLRC4 inflammasome complex promotes rapid
formation of pore in the plasma membrane that culminates in
cell swelling, osmotic lysis, and the release of the proinflam-
matory cytokines IL-1p and IL-18 (11, 25). Taken together, these
caspase-1-dependent events characterize the pyroptosis process.
However, we show here that cytosolic flagellin also induces cell
death in the absence of caspase-1/11. Cytosolic flagellin-induced
caspase-1/11-independent cell death occurs with slower kinetics
in comparison with pyroptosis, and dying cells have some apoptotic-
like features, including loss of cell volume and the formation of
structures that resemble membrane blebs. Despite the initial events
that distinguish it from pyroptosis, cytosolic flagellin-induced cas-
pase-1/11-independent cell death seems to result in the same in-
flammatory outcome, culminating in cell lysis with the release
of intracellular contents including the proinflammatory cytokine IL-
la. Moreover, cytosolic flagellin-induced caspase-1/11-independent
cell death strongly correlated with the restriction of Salmonella
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Typhimurium infection by macrophages and could explain the
reduction of in vivo infection found in caspase-1/11~'~ mice after
the inoculation of flagellin. Importantly, the inhibition of ca-
thepsin B and cathepsin D reduced cytosolic flagellin-induced
cell death by half, in both WT and caspase-1/11~"~ macrophages.
In addition, IL-1f production in response to cytosolic flagellin
was abrogated in the absence of active cathepsin B. Taken together,
our data indicate that cytosolic flagellin activates the lysosomal
pathway that, in its turn, regulate both caspase-1/11-dependent
and caspase-1/11-independent macrophages responses.

Despite the fact that flagellin may be recognized by both
TLRS5 and NAIP5/NLRC4 inflammasome, their individual acti-
vation results in nonredundant cellular responses. Caspase-1
activation, cytotoxicity, and release of IL-1p have been demon-
strated to proceed normally in TLR5-deficient BMDM during
Salmonella Typhimurium infection (5). In agreement with this
study, our results demonstrated that the introduction of purified
flagellin from B. subtilis directly into the macrophage cytosol
using transfection lipid vesicles (DOTAP) was sufficient to in-
duce caspase-1-dependent IL-1p secretion, the formation of
membrane pores and the early LDH release by macrophages.
These same effects were not observed when macrophages were
stimulated with purified flagellin in its free form. Stimulation
with free flagellin only resulted in IL-6 production because of its
extracellular recognition by TLRS. Moreover, the LDH release
and cell death that was induced by cytosolic flagellin were still
observed when MyD88 was absent, suggesting that the TLRS,
IL-1R, and IL-18R signaling pathways are not required for
macrophage death.
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Because flagellin-induced pyroptosis is accompanied by cell
permeabilization, most studies have assessed this peculiar pro-
gram of cell death by analyzing early liberation of LDH, which is
indicative of a loss of cell integrity. In contrast to C57BL/6 WT
PMs, LDH was not identified in NLRC4 ™'~ and caspase-1/117"~
macrophage cultures early after stimulation with cytosolic fla-
gellin. Using distinct approaches to characterize cell death, we
observed that LDH liberation did not necessarily correlate with
cell death. Stimulation of macrophages with a low dose of cy-
tosolic flagellin was sufficient to induce LDH liberation but was
not sufficient to induce cell death. Moreover, caspase-1/117/~
macrophages lost AO dye and incorporated EtBr at 3 h after
stimulation with cytosolic flagellin, but no LDH release was
identified in these cultures. These data suggest that the release of
cellular inflammatory contents and cell death, which are two
important consequences of the recognition of cytosolic flagellin,
possibly represent two independent events. The disagreement
observed between the cytotoxicity assays can be explained by the
nature of each assay (45). LDH release is predicted on the re-
lease and accumulation of the enzyme into the culture super-
natant after a loss in plasma membrane integrity. Conversely, the
EtBr/AO assay is based on the loss of acidic compartments,
specifically the acidity of nuclei, in combination with an in-
creased cell membrane permeability that permits the EtBr dif-
fusion. Therefore, it is possible that some temporary membrane
damage could lead to the release of LDH without inducing cell
death. Conversely, other intracellular events could culminate in
a loss of AO staining before any cell membrane damage that
would allow the liberation of LDH. Therefore, the techniques
that are used to characterize cell death can be misinterpreted
when used alone. Here, we determined that caspase-1/11 is not
required for cell death in response to cytosolic flagellin stimu-
lation as proposed previously (19, 24).

Caspase-1/11-dependent pyroptosis has been described as an
important effector mechanism to clear bacterial infections (19,
46). It is believed that the death of infected macrophages by this
pathway results in the loss of a replication niche for the infecting
bacteria and exposes the bacteria to an inflammatory microen-
vironment that is optimized for the control of bacterial replica-
tion. Miao and his collaborators (14) provided the first in vivo
evidence to suggest that pyroptosis could be a host defense
mechanism to clear intracellular pathogens. They demonstrated
that the induction of flagellin expression during Salmonella
Typhimurium infection led to NLRC4-dependent pyroptosis,
which resulted in the exposure of the released bacteria to in-
filtrating neutrophils. The bacteria were then killed by the pro-
duction of reactive oxygen species. Although there was not a
direct correlation between cell death and neutrophils-mediated
killing in caspase-1/11~"~ mice, the authors showed that caspase-
1/117~ mice were more permissive to Salmonella Typhimurium
infection compared with WT mice (14). Our experiments dem-
onstrated that the i.p. inoculation of ﬂa%ellin significantly
reduces the bacterial load in WT and TLR5™™ mice, indicating
that flagellin induces the control of in vivo infection by a mech-
anism independent of TLRS. Then, we hypothesize that the
flagellin-dependent control of Salmonella infection by caspase-1/
117~ macrophages is correlated with caspase-1/11-independent
cell death. In fact, caspase-1/117~ macrophages underwent flagel-
lin-dependent cell death in vitro during infection with Salmonella
Typhimurium. The slow kinetics of caspase-1/11-independent cell
death was likely related to the higher number of CFUs observed in
caspase-1/117~ macrophages compared with WT cells. However,
caspase-1/117~ macrophages were more susceptible to flagellin-
deficient Salmonella Typhimurium compared with flagellin-
sufficient Salmonella Typhimurium. Finally, the stimulation of
both WT and caspase-1/117"~ macrophages with cytosolic flagellin
significantly reduces the infection of flagellin-deficient Salmonella
Typhimurium in both macrophages. Most importantly, this
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reduction is temporally correlated with the induction of cell
death, which corroborates our hypothesis.

In contrast to prolL-1p, prolL-1a is not a caspase-1 substrate
and does not require processing to allow receptor binding (47).
However, the role of caspase-1 in the regulation of IL-1a release
is still a matter of debate (21, 33, 48). Recently, it was demon-
strated that for most NLRP3 soluble activators, including ATP
and nigericin, the release of IL-la was dependent on NLRP3,
ASC, and caspase-1 (49). However, the ability of caspase-1 in
controlling IL-1a secretion occurs independently of its protease
activity. In contrast, some particles or crystals such as silica and
MSU induced processing and secretion of IL-la in a manner
independently of inflammasome. In our hands, the secretion of
IL-1a in response to cytosolic flagellin seems to be partially de-
pendent on caspase-1 because casapse-1/11""~ macrophages is
able to release IL-1a, but with levels significantly lower in com-
parison with that found in WT macrophages cultures. The se-
cretion of IL-1a, in vivo, was equally or more important than the
secretion of IL-1p to induce IL-6 production and neutrophil
recruitment during model of peritonitis induced by MSU (49).
Therefore, cell injury that is concomitant to the release of IL-1a
could be an important consequence of flagellin-induced caspase-
1/11-independent cell death that contributes to the inflammatory
milieu at the site of bacterial infection.

Interestingly, cytosolic flagellin-stimulated macrophages dis-
played some apoptotic characteristics in the absence of caspase-
1/11 and NLRC4, such as loss in cell volume and the membrane
blebbing. These results suggest the possibility that, in the absence
of inflammasome activation, macrophages could have a bias to-
ward apoptotic program of cell death. In fact, it was demonstrated
that in the absence of caspase-1, dying Salmonella-infected
macrophages could exhibit apoptotic or even autophagic features
(50, 51). Chromatin condensation and DNA breakage observed
in the absence of caspase-1 is mediated by caspase-2 and requires
the SipB protein from Salmonella. However, cytosolic flagellin-
induced caspase-1/11-independent cell death seems to be regu-
lated by a pathway distinct from classical apoptosis. Conversely
to ActD-induced apoptosis, caspase-1/11-independent cell death
induced by cytosolic flagellin resulted in the loss of cell integrity,
observed by the entry of EtBr and in the release of intracellular
contents few hours after stimulation, thus maintaining a necrotic
outcome (33). Moreover, cytosolic flagellin did not activate ap-
optotic caspases 3, 7, and 9 and the broad pharmacological in-
hibition of caspases did not modify the kinetics or outcome of
cytosolic flagellin-induced cell death in the absence of caspase-
1/11. Despite the independency of caspases, cytosolic flagellin-
induced caspase-1/11-independent cell death is abrogated in the
presence of bafilomycin, which suggests the involvement of the
lysosomal pathway. Concomitant inhibition of cathepsin B and
cathepsin D have a significant negative effect on cytosolic fla-
gellin-induced cell death, which indicates a redundant role of
these two proteins and supports the involvement of lysosomal
damage-mediated program of cell death. Thus, our work adds a
flagellin-mediated mechanism by which Salmonella Typhimurium
can kill the infected macrophage in the absence of caspase-1
and caspase-11.

It is well established that moderate lysosomal damage with
slow liberation of lysosomal hydrolases into the cell cytosol can
culminate in controlled lysosome-mediated apoptotic cell death
(37). Once in cytosol, cathepsins B and D can induce apoptosis
in a synergistic manner by simultaneously cleavage of the proa-
poptotic protein Bid, and the antiapoptotic members of Bcl-2
family, like Bcl-2, Bel-xL, Ncl-1e, and XIAP (52-56). According
to this, the early cell shrinkage and formation of membrane
blebs observed in cytosolic flagellin-stimulated caspase-1/117"~
macrophages and that resembles apoptosis could be a result of
the activation of the apoptotic machinery by lysosomal cathe-
psins into cell cytosol. However, different from apoptotic cells,
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cytosolic flagellin-stimulated caspase-1/11"~ macrophages un-
dergo rapid loss of membrane integrity, which is consistent with a
massive induction of lysosomal membrane permeability and
consequent loss of organelle membrane integrity (37). This ly-
sosomal damage-mediated cell death program commonly results
in uncontrolled necrotic cell death without apoptotic caspase
activation where macrophages exhibit promiscuous features of
apoptosis and necrosis, consistent with our observations. The
mechanism by which flagellin induces massive loss of lysosome
membrane integrity has yet to be elucidated. Therefore, the fact
of distinct flagellin preparations but not other nonrelated proteins
were able to induce lysosomal cell death, discard nonspecific
effects of possible contaminants in preparations, and point out
the unique lysosomotropic propriety of flagellin.

In our model, the lysosomal pathway has a central role in
flagellin-induced cell death because the inhibition of either ly-
sosome acidification or cathepsin B and D activation, but not the
absence of caspase-1/11, suppresses cell death. In addition, be-
cause cell death occurs less prominently and with distinct char-
acteristics in the absence of caspase-1/11, it is possible that these
two proinflammatory caspases act as accessory/catalytic factors
rather than being the central effector mechanism of cytosolic
flagellin-induced cell death. This is reminiscent to what occurs
during apoptosis, particularly after insults that triggers the in-
trinsic pathway, where the apoptotic effector caspases -3, -6, and
-7 are also not required for cell death, but they are essential for
imprinting apoptotic characteristics, such as the appearance of
“eat me” of “find me” signals, DNA degradation, and inactivation
of DAMPs, in cells that are already destined to die (57-59).
Likewise, we propose that pyroptosis, as defined as a caspase-1/
11-dependent cell death, is rather a program of cell demise ca-
pable of imprinting particular characteristics to the cells committed
to die, such as the secretion of IL-1p/IL-18.

There are few and conflicting data about the relationship
between inflammasomes and lysosomal damage-mediated cell
death. In some instances, LMP, a hallmark characteristic of ly-
sosomal-mediated cell death, can occur upstream or downstream
of inflammasome activation (42, 60). In other circumstances,
LMP is an independent event that occurs simultaneously with
caspase-1 activation, thus contributing to cell death (38). It has
been described that the inhibition of cathepsin B activation
abolishes caspase-1-dependent IL-1f and IL-18 production in
addition to caspase-1-independent pyronecrosis that are medi-
ated by NLRP3 inflammasome (42). Despite the similarities of
the cathepsin B effects, we clearly show here that cytosolic fla-
gellin-induced lysosomal cell death is not mediated by NLRP3.
However, it is important to note that it is still possible that
NLRP3-dependent responses may compensate for the lack of
Nlrc4 in Nlrc4 knockout mice and, similarly, Nlrc4-dependent
responses may be sufficient in the absence of NLRP3. Future
studies could address this question using Nlrc4/Asc and Nlrc4/
NLRP3 double knockouts. One of the few studies that have
attempted to investigate the regulation of this pathway suggested
that phosphorylated tyrosine kinase Syk is physically associated
with ASC, and Syk is required to activate both the NLRP3
inflammasome and cathepsin B in macrophages that were stim-
ulated with hemozoin from Plasmodium, but not with uric acid or
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silica (60). Because IL-1p production is abolished in the absence
of active cathepsin B or Syk, these data suggest that the phos-
phorylation of Syk and the activation of cathepsin B are up-
stream of caspase-1 activation. However, the mechanisms
involved in the activation of cathepsin B and NLRP3 by phos-
phorylated Syk remain to be elucidated. Recently, cathepsin
B was demonstrated to be involved in pyroptosis induced by
Bacillus anthracis lethal toxin (LT) (38). Interestingly, it was ob-
served that LMP could be upstream or downstream of the
NLRP1b inflammasome activity. LMP required a NLRP1 LT-
responsive allele of NLRP1b and caspase-1 activation, but LT-
induced mitochondrial outer membrane permeabilization
seems to be sufficient to induce LMP and can function as a positive
regulator of NLRP1b inflammasome activities. Here, we demon-
strated evidences of the regulation of NAIP5/NLRC4 inflam-
masome activities by lysosomal pathway, because inhibition of
cathepsin B impacts cytosolic flagellin-induced inflammasome-
mediated effects.

Taken together, our results indicate that NAIPS/NLRC4 in-
flammasome (labeled “A” in Fig. 6) and lysosomal pathway
(labeled “B” in Fig. 6) are both activated after cytosolic flagellin
stimulation. Both NAIP5/NLRC4 inflammasome and lysosomal
pathway seem to synergistically contribute to cell death/pyrop-
tosis, IL-1p production and IL-1a secretion (labeled “C” in Fig.
6). Moreover, lysosomal cathepsins regulate flagellin-induced
cell death in the absence of NAIP5/NLRC4 inflammasome.
Given that this peculiar form of cell death is also involved in the
clearance of bacterial infection, our results provide further un-
derstanding of the molecular mechanisms that coordinate the
activation and death of macrophages in response to flagellin and
its biological significance to host resistance against infections
with flagellated bacteria.

Methods

Animal studies were all performed using protocols that were approved by the
Federal University of Sdo Paulo Committees on the Use and Care of Animals
(CEP 0159/11). Details on methods and any associated references are avail-
able in S/ Methods. Briefly, PMs were obtained by peritoneal lavage 4 d after
i.p. treatment with starch solution (1%) (Sigma Aldrich). Purified flagellins
from B. subtilis (FLA-BS) and Salmonella Typhimurium (FIiC) were purchased
from Invivogen. The recombinant Salmonella Typhimurium FliC flagellin and
the HIV p24 protein were expressed in the E. coli BL21 DE strain, and the
recombinant proteins were purified by nickel affinity chromatography, as
described previously (61, 62). VK210 peptide of P. vivax protein was pur-
chased from GenScript. PMs were cultured in the presence of purified fla-
gellin from B. subtilis or Salmonella Typhimurium in its free form (FLA-BS or
FliC) or inserted into DOTAP (FLA-BSDot or FliCDot) (Roche Diagnostics),
a cationic lipid formulation that permits its delivery to cell cytosol (63).
DOTAP was used accordingly to the manufacturer’s instructions, and protein
concentration was calculated to maintain the same molarity. Cytokines were
measured in culture supernatant with ELISA kits from BD (OptEIA), following
the manufacturer’s instructions. Pore formation and cytotoxicity was
assessed using EtBr incorporation in combination with AO (Sigma) staining
as described previously (64).
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