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Necrotic cell death triggers a range of
biological responses including a

strong adaptive immune response, yet we
know little about the cellular pathways
that control necrotic cell death. Inhibitor
studies suggest that proteases, and in par-
ticular cathepsins, drive necrotic cell
death. The cathepsin B-selective inhibi-
tor CA-074-Me blocks all forms of pro-
grammed necrosis by an unknown
mechanism. We found that cathepsin B
deficiency does not prevent induction of
pyroptosis and lysosome-mediated necro-
sis suggesting that CA-074-Me blocks
necrotic cell death by targeting cathe-
psins other than cathepsin B. A single
cathepsin, cathepsin C, drives necrotic
cell death mediated by the lysosome-
destabilizing agent Leu-Leu-OMe
(LLOMe). Here we present evidence that
cathepsin C-deficiency and CA-074-Me
block LLOMe killing in a distinct and
cell type-specific fashion. Cathepsin C-
deficiency and CA-074-Me block
LLOMe killing of all myeloid cells,
except for neutrophils. Cathepsin C-defi-
ciency, but not CA-074-Me, blocks
LLOMe killing of neutrophils suggesting
that CA-074-Me does not target cathep-
sin C directly, consistent with inhibitor
studies using recombinant cathepsin C.
Unlike other cathepsins, cathepsin C
lacks endoproteolytic activity, and
requires activation by other lysosomal
proteases, such as cathepsin D. Consis-
tent with this theory, we found that lyso-
somotropic agents and cathepsin D
downregulation by siRNA block

LLOMe-mediated necrosis. Our findings
indicate that a proteolytic cascade,
involving cathepsins C and D, controls
LLOMe-mediated necrosis. In contrast,
cathepsins C and D were not required for
pyroptotic cell death suggesting that dis-
tinct cathepsins control pyroptosis and
lysosome-mediated necrosis.

Introduction

Cell death is a highly regulated process
that contributes to multiple biologic pro-
cesses. For example, necrotic cell death
has been linked to microbial pathogenesis,
ischemic stroke, and induction of adaptive
immune responses.20,27,30,33,46,52 While
most attention has focused on apoptotic
cell death, recent evidence suggests that
necrotic, like apoptotic cell death is a
highly regulated process.3,7,13,18,22,34

Unlike apoptotic cells, necrotic cells have
a compromised plasma membrane, which
leads to the leakage of cellular compo-
nents, such as uric acid, HMGB1, DNA
and ATP, into the extracellular
media.31,36,37,39,48 This necrotic release of
cellular factors has been implicated in the
Th2-biased immune response mediated
by lysosome-destabilizing adjuvants, such
as alum and LLOMe.28,31 Cellular factors
released from necrotic cells have also been
shown to enhance the efficiency of anti-
cancer therapies.2,11,32 While these studies
highlight the importance of necrotic cell
death, we know little about the cellular
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pathways that control these necrotic
processes.

Necrotic cell death was originally
believed to be a non-regulated process
caused by trauma or environmental
insults.17 However, recent studies indicate
that necrotic cell death is, like apoptosis,
controlled by inducer-specific cellular fac-
tors and susceptible to distinct inhibi-
tors.5,8,28,41,55 In contrast to a multistep
cascade driving apoptotic cell death, only
single, inducer-specific events have been
associated with necrotic cell death. For
example, caspase-1 activation has been
shown to drive pyroptosis, the best-stud-
ied form of necrotic cell death.8,19

Extended caspase-1 activation is highly
toxic to target cells, and requires the for-
mation of a multiprotein complex called
the inflammasome.8,19,36 The inflamma-
some complex generally consists of a Nod-
like receptor (NLR), a scaffolding protein
(Asc) and a catalytic component (caspase-
1).38 Agents that block caspase-1 activa-
tion, such as high potassium concentra-
tions, caspase-1 inhibitors, and
proteasome inhibitors (restricted to the
NLR Nlrp1b), generally prevent pyrop-
totic cell death.29,44,49 Necroptosis, a sec-
ond form of necrotic cell death, is
dependent on RIP-1 signaling.12,15 We
have recently described a third form of
necrotic cell death, designated as lyso-
some-mediated necrosis (LMN), that is
characterized by lysosome rupture and
broad proteolysis of cytosolic pro-
teins.28,35 Intriguingly, the cathepsin B-
selective inhibitor, CA-074-Me, blocks
not only all known forms of necrotic cell
death, but also apoptotic cell death4,21

The mechanism by which CA-074-Me
blocks necrotic cell death is unclear and a
major focus of this study.

Here we demonstrate that cathepsin B
is dispensable for the CA-074-Me inhibi-
tion of pyroptotic cell death and lyso-
some-mediated necrosis. We have
previously shown that a single cysteine
cathepsin (cathepsin C) controls not only
necrotic cell death, but also the adaptive
immune response mediated by the dipep-
tide methyl-ester, LLOMe.28 Here we
show that both cathepsin C deficiency and
CA-074-Me block LLOMe-induced
necrotic cell death in a cell type-specific
fashion. Cathepsin C deficiency and CA-

074-Me prevented LLOMe killing by all
myeloid cells tested, except for neutro-
phils. LLOMe-mediated killing of neutro-
phils was blocked by cathepsin C-
deficiency, but not by CA-074-Me. These
findings suggested that CA-074-Me act
does not block cathepsin C directly, con-
sistent with our observation that the
inhibitor does not block recombinant
cathepsin C. We further found that
LLOMe killing is efficiently blocked by
lysosomotropic agents and controlled by
cathepsin D. Together our findings indi-
cate that multiple cathepsins are part of a
proteolytic cascade driving lysosome-
mediated cell death.

Results

CA-074-Me and lysosomotropic
agents control necrotic cell death in an
inducer-specific fashion

While recent studies suggest that
necrotic cell death is a highly controlled
process, we know little about the regula-
tors and checkpoints guiding necrotic cell
death. Inhibitor studies point towards
involvement of proteolytic enzymes in
necrotic cell death. To determine the role
of proteolytic enzymes, particularly lyso-
somal cathepsins, in necrosis, we used
cathepsin inhibitors and lysosomotropic
agents. Initially, we used the cathepsin B
inhibitor CA-074-Me, as it blocks a wide
range of programmed cell death, including
all forms of necrotic cell death by an
unknown mechanism. To analyze the CA-
074-Me block of necrotic cell death, we
challenged primary murine macrophages
with lysosome-destabilizing agents and
pyroptosis inducers in the presence of
increasing CA-074-Me concentrations. As
a model agent for lysosome-mediated
necrosis we used the soluble dipeptide
methyl ester LLOMe,28,50,51 and as proto-
typical pyroptosis inducers we used
anthrax lethal toxin (LT) and LPS/nigeri-
cin.8,9,25,40 We found that 10 mM CA-
074-Me was sufficient to block LLOMe
killing, while 50 mM CA-074-Me was
required to block pyroptotic cell death
mediated by LPS/nigericin and LT
(Fig. 1A) indicating inducer-specific CA-
074-Me profiles. Inducer-specific inhibi-
tor effects were more pronounced when

we used the cathepsin D inhibitor, pepsta-
tin A. Pepstatin A blocked LLOMe-
induced cell death, while it had no impact
on pyroptotic cell death mediated by LPS/
nigericin and LT (Fig. 1B).

To further characterize the proteolytic
processes in necrotic cell death, we tested
the pH-dependence of pyroptotic and
lysosome-mediated cell death. Towards
this, we challenged primary macrophages
with pyroptosis inducers and lysosome-
destabilizing agents in the presence of
lysosomotropic agents. We found that the
lysosomotropic agent NH4Cl blocked
necrotic cell death mediated by LLOMe
and the pyroptosis inducer LT, yet with
distinct efficiencies (Fig. 1C). Significantly
lower NH4Cl concentrations were
required to block LT-induced cell death
compared to LLOMe-induced cell death
(Fig. 1C). Consistent with pH depen-
dence, bafilomycin A also blocked
necrotic cell death mediated by the lyso-
some-destabilizing agents LLOMe and
alum (Fig. 1D). Taken together our find-
ings suggest that pH-dependent proteases
control necrotic cell death, consistent with
cathepsins in this process.

Major cathepsins are not required for
pyroptotic cell death

Cathepsins B and C have been impli-
cated in lysosome-mediated cell
death,26,28 and the cathepsin B inhibitor,
CA-074-Me blocks pyroptotic cell death
(Fig. 1B). To identify cathepsins required
for pyroptotic cell death, we challenged a
panel of murine macrophages deficient in
the predominant cathepsins with pyropto-
sis inducers. While the cathepsin B inhibi-
tor CA-074-Me blocked pyroptotic cell
death (Fig. 1B), cathepsin B-deficiency
did not block cell death mediated by the
pyroptosis inducers nigericin and ATP
(Fig. 2). These findings are consistent
with studies using the soluble dipeptide
methyl ester LLOMe, which triggers CA-
074-Me-dependent (Fig. 1A), but cathep-
sin B-independent cell death,28 None of
the other major cathepsins, including
cathepsins C, L and S, were required for
nigericin and ATP-mediated cell death
(Fig. 2). Taken together, our findings
indicated that CA-074-Me blocks pyrop-
totic cell death by targeting proteases
other than the predominant cathepsins.
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The pan-necrosis inhibitor
CA-074-Me blocks LLOMe
killing in a cell type-specific
fashion

We have previously demon-
strated that LLOMe-mediated
necrotic cell death is blocked by
CA-074-Me and by cathepsin C-
deficiency,26,28 As LLOMe suscep-
tibility is restricted to specific cell
types,26,28 we tested whether the
CA-074-Me block of necrotic cell
death is also cell type-specific.
Towards this, we challenged a range
of murine myeloid cell types, such
as monocytes, dendritic cells and
neutrophils, with LLOMe in the
absence and presence of CA-074-
Me. While LLOMe killed murine
monocytes, dendritic cells and neu-
trophils with high efficiency, CA-
074-Me blocked only LLOMe kill-
ing of monocytes and dendritic
cells, but not LLOMe killing of
neutrophils (Fig. 3A and B). As
controls, we challenged cathepsin B
and C-deficient myeloid cells with
LLOMe. Consistent with earlier
studies (26,28), cathepsin C-defi-
ciency blocked LLOMe killing of
all myeloid cells tested, including
neutrophils (Fig. 3A and B). As expected,
cathepsin B-deficiency did not block
LLOMe killing of the myeloid cells tested
(Fig. 3A and B). LLOMe-induced neutro-
phil killing was cathepsin C-dependent, but
not blocked by CA-074-Me suggesting that
CA-074-Me blocks LLOMe killing by tar-
geting proteins other than cathepsin C.

We next wanted to know whether the
inability of CA-074-Me to block LLOMe
killing of neutrophils might stem from low
esterase levels in this cell type. Cellular ester-
ases are required to hydrolyze the methyl
ester domain of CA-074-Me in order to gen-
erate the active inhibitor,10 To test whether
CA-074-Me was still able to block neutro-
phil killing mediated by other cell death
inducers, neutrophils were exposed to the
pyroptosis inducer nigericin in the presence
of CA-074-Me. While CA-074-Me failed to
prevent LLOMe killing of neutrophils
(Figs. 3 and4A), the inhibitor efficiently
blocked nigericin-mediated neutrophil death
(Fig. 4B) indicating that CA-074-Me is
active in these cell types.

The cathepsin inhibitor CA-074-Me
does not block cathepsin C

We have previously demonstrated that
a single protein, cathepsin C, is critical for

LLOMe-induced cell death and immune
responses,28 We next wanted to know
whether cathepsin C is also responsible for
the CA-074-Me block of LLOMe-medi-

Figure 1. Pyroptotic and lysosome-mediated cell death exhibit distinct protease inhibitor susceptibilities. (A)
BALB/c-derived macrophages were primed with LPS, and subsequently challenged with 1.5 mM LLOMe,
15 mM Nigericin or anthrax lethal toxin (LT) (500 ng/ml PA and 250 ng/ml LF) for 3 hours in the presence of
increasing doses of CA-074-Me. (B) BALB/c-derived macrophages were primed with 250 ng/ml LPS for
2 hours, and then exposed to 10 (M nigericin, 2 mM LLOMe, or anthrax lethal toxin (LT) (500 ng/ml PA and
250 ng/ml LF) for 2 hours in the presence of increasing concentrations of the cathepsin D inhibitor pepstatin
A. Cell death was determined by PI exclusion assays. Representative experiment is shown, and PI measure-
ments were performed in triplicates. Pyroptotic and lysosome-mediated cell death exhibit distinct protease
inhibitor susceptibilities. (C) C57BL/6-derived macrophages were exposed to 2 mM LLOMe for 2 hours or to
alum (150 (g/ml) for 6 hours in the presence of increasing concentrations of bafilomycin A. (D) C57BL/6-
derived macrophages were exposed to 2 mM LLOMe or anthrax lethal toxin (LT) (500 ng/ml PA and 250 ng/
ml LF) for 2 hours in the presence of increasing concentrations of NH4Cl. Cell death was determined by PI
exclusion assays. Control cells (CT) received NH4Cl only. Cell death was determined by PI exclusion assays.
Data shows representative experiments performed in triplicate.

Figure 2. Cathepsin-dependence of pyroptotic cell death. Wild-type, cathepsin B-, cathepsins C-,
cathepsin L-, and cathepsin S-deficient C57BL/6 macrophages BALB/c-derived macrophages were
primed with LPS for 2 hours, and subsequently challenged with 5 mM ATP (A) or 15 mM nigericin
(B) for 4 hours. As a control, wild-type cells were treated with 100 mM CA-074-Me (CAMe). Cell
death was measured by PI exclusion. Data show represent a representative experiments performed
in triplicate.

966 Volume 14 Issue 7Cell Cycle
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ated cell death, as cathepsin B is not
required for this process.28 CA-074-Me
requires prior cleavage by cellular ester-
ases, and is therefore inactive in cell-free
suspensions (42). We therefore performed
in vitro assays with recombinant cathe-
psins in the presence of CA-074, which is
active in vitro, as it does not require prior
cleavage of the methyl-ester group for acti-
vation. Consistent with our inhibitor and
knockout studies, CA-074 did not block
the activity of recombinant cathepsin C
even at exceeding concentrations (Fig. 5).
As positive controls we used the cathepsin
C inhibitor, Gly-Phe-diazomethylketone
(GF-DMK), which blocked recombinant
cathepsin C in the nanomolar range

(Fig. 5). As a control for CA-074, we
tested the activity of recombinant cathep-
sin B in the presence of the inhibitor. As
expected, CA-074 blocked recombinant
cathepsin B in the nanomolar range, while
the cathepsin C inhibitor, GF-DMK, had
no impact on cathepsin B activity (Fig. 5).
Taken together, these findings suggested
that the critical protease for LLOMe kill-
ing, cathepsin C, is not involved in the
CA-074-Me block of LLOMe killing.

CA-074-Me blocks processing of
inflammatory proteins in pyroptotic and
lysosome-mediated cell death

Caspase-1 activation/Nlrp3 signaling is
the central event in pyroptosis, and

perpetual caspase-1 activation is the driv-
ing force in pyroptotic cell death.8,19 To
determine whether this critical step in
pyroptotic cell death is targeted by CA-
074-Me, we tested whether the inhibitor
blocks IL-1b processing, as an indicator
for caspase-1 activation, in cells challenged
with the pyroptosis inducer nigericin. We
found that CA-074-Me blocks IL-1b
processing and at concentrations that also
prevented cell death in nigericin-treated
cells (Fig. 6A). While LLOMe killing is
independent of caspase-1 activa-
tion23,28,35,45 processing of IL-1b also
occurs in LLOMe-treated cells (Fig. 6B).
Intriguingly, CA-074-Me also blocked
proteolysis of pro-IL-1b in LLOMe-

Figure 3. CA-074-Me blocks LLOMe killing in a cell type-specific fashion. (A) Wild type and cathepsin B and C-deficient splenocytes (monocytes, dendritic
cells, B cells, or neutrophils) were exposed to 2 mM LLOMe, and cell survival was analyzed by Live/Dead stain and flow cytometry 2 hours post-LLOMe
exposure. Wild type macrophages treated with 100 mM CA-074-Me (CAMe) served as controls. Immune cell specificity was determined using cell type-
specific antibodies. (B) Wild type and cathepsin B- and C-deficient monocytes, and neutrophils were exposed to increasing concentrations of LLOMe,
and cytopathic effects were analyzed by Live/Dead stain and flow cytometry 2 hours post-LLOMe exposure. Wild type and cathepsin B-deficient macro-
phages were also treated with 100 mM CA-074-Me. Immune cell specificity was determined using cell type-specific antibodies and flow cytometry. Data
show represent a representative experiments performed in triplicate. ns, not significant;
***P< 0.001.
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treated cells at concentrations that pre-
vented LLOMe killing (Fig. 6B). As
expected, cathepsin C-deficiency blocked
cell death and pro-IL-1b proteolysis medi-
ated by LLOMe, but not by the pyroptosis
inducer nigericin (Fig. S1). As CA-074-
Me prevents the activation of caspase-1
(Fig. 6A) or cathepsin C (Fig. 4) without
targeting these proteases directly (42), it is
reasonable to assume that CA-074-Me
blocks an upstream event in necrotic cell
death, preceding activation of caspase-1
and cathepsin C.

LLOMe-mediated cell death is
controlled by cathepsin D

Our findings indicated that CA-074-
Me blocks LLOMe-induced lysosome
rupture and cell death without targeting
cathepsin C directly. Among the macro-
phage-associated cathepsins, cathepsin C
is unique in that it is incapable of autocat-
alytic activation, as it lacks an endoproteo-
lytic activity.14 Cathepsin C is activated
early in the endocytic pathway by other
lysosomal enzymes, such as cathepsin
D.14,16,47 We have shown that the cathep-
sin D inhibitor, pepstatin b, specifically
blocks LLOMe-induced cell death, but
not pyroptotic cell death (Fig. 1B). To
test whether cathepsin D is required for
LLOMe-mediated cell death, we targeted
cathepsin D expression in RAW264.7
macrophages by using small interfering
RNA (siRNA). Initially we tested
available transfection agents for
their efficiency in downregulating
gene expression by using siRNA in
RAW264.7 cells. We found that
siQuest most efficiently down-reg-
ulates a control protein (GAPDH)
using siRNA in RAW264.7 cells
(Fig. 7A). Transfection of anti-
cathepsin D siRNA by siQuest sig-
nificantly reduced cathepsin D
expression in RAW264.7 cells and
LLOMe-induced cell death
(Fig. 7B and C) suggesting that
cathepsin D is required for
LLOMe-induced necrotic cell
death.

In summary, we provide evi-
dence that the cathepsin inhibitor
CA-074-Me blocks an early event
in necrotic cell death mediated by
lysosome-destabilizing agents and

pyroptosis inducers. Our data suggests
that CA-074-Me targets an event
upstream of caspase-1 and cathepsin C
activation in pyroptotic and lysosome-
mediated cell death, respectively. Using
CA-074-Me, cathepsin-deficient macro-
phages and recombinant cathepsins
allowed us to demonstrate that the CA-
074-Me block of necrotic cell death is
independent of cathepsins B and C. Inhi-
bition of lysosome-mediated necrosis by
lysosomotropic agents and cathepsin D
knockdown assays suggest that pH-depen-
dent proteases and cathepsin D control

early processes in lysosome-mediated
necrosis. In summary, our findings indi-
cate that a cascade of proteolytic events
control necrotic cell death and the ensuing
adaptive immune response mediated by
lysosome-destabilizing adjuvants

Discussion

The cathepsin B inhibitor CA-074-Me
blocks all forms of necrotic cell death,
including pyroptosis, necroptosis and
lysosome-mediated necrosis4,25,28,35 by an

Figure 4. CA-074-Me is active in neutrophils. (A) C57BL/6-derived neutrophils were challenged with
2 mM LLOMe for 2 hours in the absence or presence of 100 mM CA-074-Me (CAMe). (B) C57BL/6-
derived neutrophils were primed with 250 ng/ml LPS for 2 hours, and then challenged with 10 mM
nigericin for 2 hours in the absence or presence of 100 mM CA-074-Me. Cell death was determined
by PI exclusion assays. Data show represent a representative experiments performed in triplicate.
ns, not significant; ***P< 0.001.

Figure 5. CA-074 does not inhibit recombinant cathepsin C. The in vitro assay was performed in the pres-
ence of recombinant cathepsin B (A) or cathepsin C (B), the corresponding cathepsin B and C substrates,
and increasing concentrations of the cathepsin B inhibitor CA-074, or the cathepsin C inhibitor GF-DMK.
Cathepsin B and C activity was measured by analyzing Gly-Arg-AMC and Arg-Arg-AMC cleavage at 460 nm,
respectively. Experiment was performed in triplicate.
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unknown mechanism. Using knockout
approaches and recombinant cathepsins
we demonstrate that cathepsin B is not
required for pyroptotic cell death and
lysosome-mediated necrosis. These results
suggested that CA-074-Me blocks
necrotic cell death by targeting cathepsins/
proteases other than cathepsin B. We have
previously shown that a single cathepsin,
cathepsin C controls lysosome-mediated
necrosis and the adaptive immune
response triggered by the lysosome-dis-
rupting agent LLOMe.28 However, CA-
074-Me and cathepsin C-deficiency
blocked LLOMe killing of a range of sus-
ceptible immune cells, with the exception
of neutrophils. LLOMe killing of neutro-
phils was only blocked by cathepsin C-
deficiency, but not by CA-074-Me. These
findings suggested that CA-074-Me
blocks LLOMe killing in susceptible
immune cells by targeting a cellular prote-
ase that is lacking in neutrophils. It is also
conceivable that multiple proteases act
redundantly in neutrophils and one of
these cathepsins is not CA074Me-sensi-
tive. As cathepsin C-deficiency still blocks
LLOMe killing of neutrophils, it is rea-
sonable to assume that the cellular target
for CA-074-Me is not cathepsin C, consis-
tent with the failure of the inhibitor to
block recombinant cathepsin C.

We have previously shown that CA-
074-Me prevents lysosome rupture

mediated by the lysosome-destabilizing
agents, LLOMe, alum and silica.28 Phar-
macological studies have demonstrated
that the carboxypeptidase activity of
cathepsin C converts the LLOMe dipep-
tide into a lysosome-disrupting poly-
mer.28,50,51 Lysosome rupture is a highly
toxic event that ultimately leads to
necrotic cell death.4,25,28,35 As CA-074-
Me blocks lysosome rupture and cell
death, it is reasonable to assume that the
inhibitor interferes with an event
upstream of cathepsin C-mediated poly-
mer formation. CA-074-Me also prevents
the critical step in pyroptotic cell death,
namely caspase-1 activation.1,25,42 As CA-
074-Me does not target caspase-1
directly,25,42 CA-074-Me appears to block
an event upstream of caspase-1 activation
in pyroptotic cell death. Unlike the
cathepsin C and D dependence of
LLOMe-induced necrotic cell death, the
predominant macrophage-associated
cathepsin, such as cathepsin C, were not
required for pyroptotic cell death.

While CA-074-Me appears to target an
early event pyroptosis and lysosome-medi-
ated necrosis, our studies in neutrophils
suggest that the inhibitor does not block a
common upstream event in the necrotic
process, but two distinct cellular events.
We found that CA-074-Me efficiently
blocked cell death mediated by pyroptosis
inducers, while the inhibitor had no

impact on LLOMe-mediated
necrosis of neutrophils. These
results suggested that CA-074-
Me block of pyroptotic cell death
of neutrophils by targeting a neu-
trophil-specific protein that is not
required for lysosome-mediated
cell death. Taken together, these
findings indicate that CA-074-
Me blocks pyroptosis and lyso-
some-mediated necrosis by tar-
geting different host proteins.
Future studies are required to
determine the identity of the CA-
074-Me-targeted proteases con-
trolling pyroptotic and lysosome-
mediated cell death.

Our findings indicate that
CA-074-Me blocks an upstream
event of caspase-1 or cathepsin C
activation in pyroptosis and lyso-
some-mediated cell death. We

found that lysosomotropic agents block
pyroptotic and lysosome-mediated necro-
sis suggesting involvement of pH-depen-
dent proteases in necrotic cell death. As
lysosomotropic agents prevent the acidifi-
cation of lysosomal compartments, the
most likely explanation is that lysosomal
pH changes neutralize or prevent the
autoactivation of lysosomal proteases criti-
cal for necrosis induction. Cathepsin C,
the critical protease for LLOMe-mediated
necrotic cell death,28 lacks endoproteolytic
activity, and is unable to undergo auto-
proteolysis.14 We therefore tested the
requirement for other proteases, such as
cathepsin D, in the activation of cathepsin
C54. We found that the cathepsin D
inhibitor, pepstatin A, and downregula-
tion of cathepsin D block necrotic cell
death mediated by LLOMe, but not by
pyroptosis inducers. It is conceivable that
cathepsin D acts upstream of cathepsin C,
and activates this critical cathepsin in
LLOMe-mediated cell death. However,
this proteolytic cascade seems to be spe-
cific to lysosome-mediated cell death, as
cathepsins C and D are dispensable for
pyroptotic cell death. Taken together, our
studies suggest that distinct proteolytic
cascades control pyroptotic and lysosome-
mediated cell death.

Cathepsins have also been linked to
apoptotic pathways mediated by stauro-
sporine, p53, oxidative stress and TNF-

Figure 6. CA-074-Me blocks IL-1b processing in pyroptotic and lysosome-mediated cell death. CA-074-Me
response of macrophages exposed to the lysosome-destabilizing agent LLOMe and the pyroptosis inducer
nigericin. C57BL/6-derived macrophages were primed with 250 ng/ml LPS for 2 hours and then exposed to
10 (M nigericin (A) or to 2 mM LLOMe (B) for 2 hours in the presence of increasing concentrations of CA-074-
Me (CAMe). Control cells (control) received CA-074-Me only. Cell death was determined by propidium iodide
(PI) exclusion assays. Levels of pro-IL-1b or actin (control) were determined from lysates of LPS or nigericin-
treated macrophages by immunoblotting (lower panel). Cell death assay was performed in triplicate.
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a.6,24,53 For example, CA-074-Me and
cathepsin B-deficiency have been shown
to interfere with TNFa-induced apoptotic
cell death24 suggesting a role of cathepsin
B in apoptotic cell death. However,
cathepsin B involvement in apoptotic cell
death might be inducer-specific. For
example, cathepsin B-deficiency does not
prevent apoptosis mediated by etoposide
or IL-3 deprivation, while cathepsin B it is
required for processing of the proapop-
totic proteins, Bid and caspase-343. Con-
sistent with our findings in pyroptosis and
lysosome-mediated necrosis, CA-074-Me
blocks activation of apoptotic caspases
without targeting these caspases directly.24

Taken together, these studies suggest that
CA-074-Me blocks an upstream event in
apoptotic and necrotic cell death.

In summary, we demonstrated that the
cathepsin B inhibitor CA-074-Me pre-
vents lysosome-mediated cell death with-
out targeting cathepsins B or C directly.
Here, we provide evidence that CA-074-
Me blocks an early event in pyroptosis
and lysosome-mediated cell death. We
further demonstrate that acid pH-depen-
dent proteases and cathepsin D control
early events in necrotic cell death medi-
ated by lysosome-disrupting adjuvants.
Taken together, our studies suggest that a
proteolytic cascade drives pyroptosis and

lysosome-mediated cell death. As these
cell death-inducing agents activate a
strong adaptive immune response, our
findings indicate that multiple proteases
control early events in necrotic cell death
and immune responses mediated by cell
death-inducing adjuvants. As recent find-
ings highlight the importance of necrotic
cell death in many biological processes,
identification of cellular factors driving
necrotic cell death will help us harness
these processes and understand how they
become dysregulated in disease.

Material and Methods

Chemicals and reagents
Bafilomycin A was purchased from LC

Laboratories (Woburn, MA). Imject alum
was purchased from Thermo Scientific
(Rockford IL). Nigericin was purchased
from Calbiochem (San Diego, CA).
NH4Cl was purchased from Fisher Scien-
tific (Pittsburgh, PA). Propidium Iodide
was purchased from Sigma (St. Louis,
MO). CA-074-Me was purchased from
Peptides International (Louisville, KY).
MG115 was purchased from Calbiochem
(San Diego, CA).

Cell culture
Wild type C57BL/6 and BALB/c mice

were purchased from Jackson Labs (Bar
Harbor, MN). Bone marrow-derived
macrophages were generated as described
previously.28 Briefly, bone marrow from
femurs and tibias of wild type, and cathep-
sin-deficient mice was isolated and grown
for a week in DMEM, containing 10%
FCS, 20% L929 preconditioned media,
1% HEPES, 1% MEM nonessential
amino acids, and 0.1% BME. For the
preparation of primary dendritic cells,
cells were conditioned in RPMI with 10%
FCS, 1% HEPES, 1% MEM nonessential
amino acids, 0.1% BME, and 20 ng/ml
GM-CSF.

Generation of splenic cell suspensions
Splenic cell suspensions were produced

as previously described.28 Briefly, excised
spleens from age-matched C57BL/6 and
cathepsin B or C-deficient mice were incu-
bated in RPMI medium containing 2 mg/
ml collagenase and 30 mg/ml DNase at

Figure 7. Cathepsin D controls LLOMe-mediated cell death. (A) Knock-down control assays in
RAW264.7 macrophages. RAW264.7 macrophages were transfected with anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) siRNA in the presence of 2 ml of the transfection reagents,
TKO, siQuest, Oligofectamine (OligoF) and Lipofectamine2000 (LipoF). Expression levels of GAPDH
were determined by quantitative PCR one day post-transfection. (B) RAW264.7 macrophages were
transfected using siQuest with increasing amount of anti-cathepsin D siRNA, non-target siRNA and
siQuest only, as a negative control, and cathepsin D expression were determined by quantitative
PCR one day post transfection. (C) Cell survival was determined by analyzing cell counts of
RAW264.7 macrophages transfected with anti-cathepsin D siRNA, scrambled siRNA and siQuest fol-
lowing exposure to increasing amount of LLOMe (mM) only one day post LLOMe exposure.
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37�C for 30 min. Following drug treat-
ment splenic cell suspensions were washed
with PBS and stained with the Blue
LIVE/DEAD viability dye (BluVID; Invi-
trogen) for 20 minutes on ice. Cells were
subsequently washed in FACS buffer
(PBS, 2% Fetal Bovine Serum, 0.05%
NaN3 [wt/vol]), and stained with mono-
clonal antibodies against cell type-specific
markers (BD Pharmingen and eBio-
science). Monocytes, and neutrophils were
CD45/B220neg CD3eneg, and divided fur-
ther into CD11bpos and CD11bneg sub-
sets. Neutrophils were CD11bhigh and
Ly6Gpos, and monocytes were CD11bhigh/
intermediate CD11cneg Ly6Gneg and F4/
80neg. Frequency of live cells from each
subpopulation was determined by gating
on the BluVIDneg cells. Cells were fixed in
1% paraformaldehyde, and analyzed using
a BD LSRII flow cytometer.

Cell death assays
Macrophages were plated in a 96-well

plate at 1 £ 106 cells/ml, and cell death
was determined by measuring membrane
impairment by analysis of propidium
iodide exclusion, or by measuring LDH
activity, at specified time points. Propi-
dium iodide was added to a final concen-
tration of 30 mM 10 min prior to
analysis, and LDH activity was measured
using the CytotoxOne kit (Promega,
Madison, WI) according to the man-
ufacturer’s description.

Western blotting
Cell lysates were collected and spun at

13,000 rpm for 10 min at 4�C. Lysates
were placed in water bath at 100�C for
three min, and run on 12% Tris-HCl gels
(Bio-Rad). Gels for westerns were then
blotted onto PVDF membranes with a
semi-dry transfer (Bio-Rad). Membranes
were probed with anti-mouse antibodies
directed against pro-IL-1b (R&D Systems,
Kingstown, RI), pro-caspase-1 (sc-514;
Santa Cruz Biotechnologies, Santa Cruz,
CA), and actin (AC-40 Sigma-Aldrich, St.
Louis, MO). Antibodies against goat were
obtained from Santa Cruz.

Cathepsin cleavage assay
Recombinant active murine cathepsin

C was purchased form R&D Systems
(Minneapolis, MN), and the in vitro assay

was performed according to the man-
ufacturer’s description. The cathepsin B
substrate Arg-Arg-AMC and the cathepsin
C substrate Gly-Phe-AMC were pur-
chased from Bachem (Torrance, CA), and
the cathepsin C inhibitor, Gly-Phe-diazo-
methylketone (Gly-Phe-DMK), was from
MP Biomedicals (Solon, OH). The
cathepsin B assay was performed with
5 mg of recombinant active murine
cathepsin B in the presence of 200 mM of
the cathepsin B substrate Arg-Arg-AMC
and various inhibitors. Cathepsin B was
activated with 1 mM dithiothreitol and
0.5% Triton X-100 for 1 hour. The
cathepsin C assay was performed with
1 mg of recombinant active murine
cathepsin C in the presence of 200 mM of
the cathepsin C substrate Gly-Phe-AMC
and various inhibitors. The generation of
free AMC was determined by measuring
excitation and emission wavelengths of
380 nm and 460 nm for 10 min at 30�C
using a Victor 3 plate-reader (Perkin-
Elmer Life, Mountain View, CA).
Cathepsin B and C activity was deter-
mined by measuring the slope of the
increase in AMC fluorescence over time.

SIRNA knockdown assay
RAW264.7 cells were transfected with

50-200 nM siRNAs specific for cathepsin
D or non-target control. siRNA pools
(cathepsin D and non-target) were pur-
chased from Dharmacon. Transfection
efficiency of RAW264.7 cells was tested
with the transfection reagents, siQuest
and TKO (Mirus Bio Corporation, Madi-
son, WI), Lipofectamine2000 and Oligo-
fectamine (Life Technology). siRNAs
were complexed with the lipid siQuest
and cells incubated with the complexed
siRNAs in 1 mL complete medium for 24
hrs. At that time knockdown of cathepsin
D was determined by quantitative (q)PCR
(Biorad). Cathepsin D reduction of 50%
or greater was routinely observed with
siQuest (by qPCR). Cells treated with
lipid-complexed non-target siRNAs or
siQuest only showed no significant
knockdown.
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