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Anthrax lethal toxin (LT) activates the NLRP1b (NALP1b) inflammasome and caspase-1 in macrophages
from certain inbred mouse strains, but the mechanism by which this occurs is poorly understood. We report
here that similar to several NLRP3 (NALP3, cryopyrin)-activating stimuli, LT activation of the NLRP1b
inflammasome involves lysosomal membrane permeabilization (LMP) and subsequent cytoplasmic cathepsin
B activity. CA-074Me, a potent cathepsin B inhibitor, protects LT-sensitive macrophages from cell death and
prevents the activation of caspase-1. RNA interference knockdown of cathepsin B expression, however, cannot
prevent LT-mediated cell death, suggesting that CA-074Me may also act on other cellular proteases released
during LMP. CA-074Me appears to function downstream of LT translocation to the cytosol (as assessed by
mitogen-activated protein kinase kinase cleavage), K* effluxes, and proteasome activity. The initial increase in
cytoplasmic activity of cathepsin B occurs at the same time or shortly before caspase-1 activation but precedes
a larger-scale lysosomal destabilization correlated closely with cytolysis. We present results suggesting that
LMP may be involved in the activation of the NLRP1b inflammasome.

Bacillus anthracis, the organism that causes the disease an-
thrax, secretes three proteins that form two virulence factors:
lethal toxin (LT) and edema toxin (ET). Anthrax LT is a
combination of the protective antigen (PA) and lethal factor
(LF) polypeptides. PA is responsible for the translocation of
LF into the cytoplasm whereby LF, a metalloproteinase,
cleaves mitogen-activated protein kinase kinases (MEKs) (11,
37,52, 53). In macrophages from certain inbred strains of mice,
LT treatment leads to a unique and rapid cell death (15, 45).
Strain-specific macrophage death is attributed to the LT sen-
sitivity locus Nilrp1b (NalpIb) which encodes a member of the
NOD-like receptor (NLR) family of proteins, known for their
role in the assembly of the inflammasome (8). The inflamma-
some is a multiprotein complex involved in the activation of
caspase-1, a cysteine protease responsible for cleaving the
proinflammatory cytokines interleukin-18 (IL-1p) and IL-18 to
their mature forms (30). The activation of caspase-1, likely
through the formation of the NLRP1b inflammasome, is nec-
essary for LT-mediated cell death in a manner independent of
proinflammatory cytokine production and release (8, 12,
34, 59).

Although some of the cellular events downstream of MEK
cleavage which lead to the activation of the NLRP1b inflam-
masome by LT are known, the mechanism by which LT leads
to caspase-1 activation is not clear. MEK cleavage has not been
linked to LT-mediated macrophage death (37). We do know
that unlike other classic inflammasomes, degradation of some
unidentified protein(s) by the proteasome is required for
caspase-1 activation by the LT-induced NLRP1b inflamma-
some (12, 46, 59). Similar to other inflammasomes, however, a
general K™ efflux signal has also been linked to LT-dependent
caspase-1 activation (12, 59). Although macrophages undergo
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an osmotic lysis after caspase-1 activation, the mechanism by
which caspase-1 induces cell death is unknown (12, 59).

The well-characterized NLRP3 inflammasome is also an ac-
tivator of caspase-1 in response to an ever-growing number of
stimuli, including bacterial pathogens, bacterial RNA, antiviral
molecules, ATP, ionophoric bacterial toxins, low intracellular
K™ concentrations, uric acid crystals, amyloid 8, silica crystals,
aluminum salts, and asbestos (for recent reviews, see refer-
ences 14 and 62). In the past few years, evidence has arisen
suggesting that one of the common mechanisms required for
activation of the NLRP3 inflammasome by some of these di-
verse stimuli may be lysosome or phagosome destabilization
and release of lysosomal proteases, including cathepsin B (16,
19, 21, 22, 43, 60). Recently, microglial phagocytosis of amyloid
B (responsible for forming the amyloid plaques characteristic
of Alzheimer’s disease) was shown to cause cathepsin B-de-
pendent activation of the NLRP3 inflammasome. Thus, phar-
macological or genetic inhibition of cathepsin B prevented
caspase-1 activity and IL-1B release from these cells (19). Sim-
ilarly, silica crystals, aluminum salts, and microparticle vaccine
adjuvants all lead to lysosomal damage and cathepsin B re-
lease, which activates the NLRP3 inflammasome and caspase-1
(22, 43). Nigericin, a K™ ionophore and potent activator of the
NLRP3 inflammasome, induces cathepsin B release from ly-
sosomes in THP-1 monocytes, and activity of the resulting
cytoplasmic cathepsin B is required for caspase-1 activity and
cell death (21). The antiviral molecule R837, which is known to
activate the NLRP3 inflammasome and caspase-1, induces cell
death through a cathepsin B-dependent pathway (16). In other
systems, cathepsin B is required for caspase-1-independent
death. For example, Shigella flexneri infection results in a
NLRP3- and cathepsin B-dependent but caspase-1-indepen-
dent cell death (60). Disease-associated NLRP3 mutations
lead to downstream lysosomal leakage and lysosomal cathepsin
B-dependent but caspase-1-independent cell death (16, 60).
The wide range of stimuli now associated with increased cyto-
plasmic cathepsin B activity and subsequent activation of the
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inflammasome suggests that lysosomal damage might be
the common mechanism through which many stimuli trigger
the NLRP3 inflammasome.

In the present report we describe a protection of murine
macrophages from LT lysis by a potent cathepsin B inhibitor,
CA-074Me. Considering K™ efflux has been linked to LMP,
cathepsin B release from lysosomes, and caspase-1 activation,
we hypothesized that LT-induced ion fluxes may also result in
the release of proteases from lysosomes and subsequent acti-
vation of caspase-1. We report that LT treatment does induce
the release of cathepsin B into the cytoplasm. CA-074Me pre-
vents LT-mediated caspase-1 activation in a manner indepen-
dent of effects on LF translocation. Our results suggest that
LMP and/or cytoplasmic proteases that are inhibited by CA-
074Me may be a contributing factor in the activation of the
NLRP1b inflammasome.

MATERIALS AND METHODS

Materials. PA and LF were purified from B. anthracis by our laboratory as
described previously (36, 38, 51). The concentrations of LT given for each experi-
ment correspond to the concentration of each toxin component (i.e., 1 ug of LT/ml
has 1 pg of PA/ml and 1 pg of LF/ml). L-3-trans-(Propylcarbamoyl)oxirane-2-car-
bonyl-L-isoleucyl-L-proline methyl ester (CA-074Me) and quinidine were from
Sigma (St. Louis, MO). L-3-trans-(Propylcarbamoyl)oxirane-2-carbonyl-L-isoleucyl-
L-proline (CA-074) was purchased from Biomol (Plymouth Meeting, PA). Boc-Asp
(OBzl)-chloromethylketone (Boc-D-CMK) was obtained from AnaSpec (San Jose,
CA). The anti-MEK1 NT antibody, z-Arg-Arg-aminomethylcoumarin (ZRR-AMC),
Ac-Tyr-Val-Ala-Asp-chloromethylketone (Ac-YVAD-CMK), ultrapure lipopoly-
saccharide (LPS), and lactacystin were purchased from Calbiochem (San Diego,
CA). Anti-caspase-1 p10 (sc-514), anti-MEK2 NT (sc-524), and anti-MEK3 NT
(s¢c-959) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Z-Val-Ala-Asp(OMe)-fluoromethylketone  (Z-VAD-FMK), Z-Trp-Glu-
(OMe)-His-Asp(OMe)-fluoromethylketone (Z-WEHD-FMK), anti-IL-18 (AF-
401-NA), and anti-cathepsin B antibodies (AF-965) were from R&D Systems (Min-
neapolis, MN). The anti-XIAP antibody was from BD Transduction (San Jose, CA).
Anti-goat infrared dye (IRDye 800CW) secondary antibody (catalog no. 605-731-
125) and anti-mouse infrared dye (IRDye 700DX) secondary antibody (catalog no.
610-130-121) were both from Rockland (Gilbertsville, PA). Anti-rabbit infrared dye
(800CW) secondary antibody was from Licor Biosciences (Lincoln, NE). Active
recombinant human caspase-1 and active recombinant murine caspase-1 were pur-
chased from BioVision (Mountain View, CA). L-Leucine-L-leucine methyl ester
(Leu-Leu-OMe) was purchased from Bachem (Torrance, CA).

Cell culture. RAW 264.7 and 1.929 mouse fibroblast cells were grown in
Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bo-
vine serum, 5 mM HEPES, and gentamicin (50 wg/ml) (all obtained from In-
vitrogen, Carlsbad, CA) at 37°C in 5% CO,. Bone marrow-derived macrophages
(BMDMs) were cultured from BALB/cJ mice (Jackson Laboratories, Bar Har-
bor, ME) in complete DMEM (as described above) with 30% 1929 cell culture
supernatant. BMDMs were grown for 7 to 9 days to allow time for differentiation
before use in assays. Cells were heat shocked in a cell culture incubator between
41 and 45°C with 5% CO,. All experiments involving animals were performed
under protocols approved by the Animal Care and Use Committee of the
National Institute of Allergy and Infectious Diseases, National Institutes of
Health.

Cytotoxicity assays. Macrophages were grown in 96-well plates to 90% con-
fluence. All cells were pretreated with CA-074Me or vehicle (dimethyl sulfoxide)
at the indicated concentrations for various lengths of time and then treated with
LT (1 pg/ml) for 2.5 h. Viability was assessed by addition of MTT [3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide] (USB Corp., Cleveland,
OH) to a final concentration of 0.6 mg/ml in DMEM. After a 30 to 45 min of
incubation with MTT dye, cell culture medium was removed, and the cells were
dissolved with 0.5% sodium dodecyl sulfate (SDS), 25 mM HCI in 90% isopro-
panol. A microplate reader was used to read the A5, of each well, and the
percent viabilities were calculated relative to untreated controls.

MEK, caspase-1, and IL-1f cleavage. BALB/cJ] BMDM cells grown in sup-
plemented DMEM at 37°C were primed with LPS (1 wg/ml) for 2 h and then
pretreated with CA-074Me or vehicle prior to LT addition (1 pg/ml) for various
lengths of time. Cell lysates were prepared with lysis buffer (1% Nonidet-P40,
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0.5% sodium deoxycholate, and 0.1% SDS in phosphate-buffered saline [PBS])
containing EDTA-free Complete protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, IN) and protein concentrations quantified by using a BCA protein
assay (Pierce, Rockford, IL) prior to electrophoresis and Western blotting using
anti-MEK1 NT (1:7,500), anti-MEK2 NT (1:2,000), anti-MEK3 NT (1:500),
anti-caspase-1 (1:250), anti-IL-1B (1:700), anti-cathepsin B (1:5,000), or anti-
XIAP (1:2,000) antibodies. Primary antibodies were detected using IRDye-con-
jugated secondary antibodies (anti-rabbit 800CW, 1:30,000; anti-goat 800CW,
1:5,000; anti-mouse 700DX, 1:15,000) and the Odyssey Infrared Imaging System
(Licor Biosciences, Lincoln, NE).

In vitro caspase-1 assay. RAW 264.7 cells were grown in supplemented
DMEM and treated with ultrapure LPS (1 pg/ml) for 2 h and sucrose lysates
prepared as previously described (29). Lysates containing pro-IL-1f substrate
were then treated with recombinant caspase-1 (1 U per 50-pl reaction) in the
presence of inhibitors and, incubated for 2 h at 37°C, and subjected to SDS-
polyacrylamide gel electrophoresis. Western blotting was performed using the
primary antibody anti-IL-1p (1:700).

Cytoplasmic cathepsin B activity assay. BMDMs were plated in 96-well plates
to 90% confluence. Cells were washed once with phenol red-free and HEPES-
free DMEM nutrient mixture F-12 (DMEM/F12; Invitrogen, Carlsbad, CA).
Inhibitors, LT, or Leu-Leu-OMe were then applied to the cells in DMEM/F12
and cells were incubated at 37°C in 5% CO, for the indicated times. Saponin
(S-4521) (Sigma, St. Louis, MO) dilutions prepared in 1X cold PBS in separate
96-well plates were applied to cells after removal of medium. After a 10-min
incubation on ice, supernatants were removed and centrifuged at 2,000 rpm for
10 min at 4°C in round-bottom 96-well plates. A 10-pl portion of the supernatant
was then mixed with 90 wl of the cathepsin B substrate buffer (80 nM zRR-AMC,
50 mM sodium acetate [pH 6.0], 4 mM EDTA, 10 mM dithiothreitol, 1 mM
Pefablock) (13, 21). The rate of generation of free AMC was determined by
recording fluorescence (excitation, 355 nm; emission, 460 nm) for 20 min at 30°C
in a Wallac 1420 Multilabel Counter, Victor 3V (Perkin-Elmer Life and Ana-
lytical Sciences, Waltham, MA). Cathepsin B activity was determined by mea-
suring the slope of the increase in AMC fluorescence (AAMC ¢~ ') over 20 min.
In parallel, 25 pl of the supernatant was used to measure lactate dehydrogenase
(LDH) activity via the CytoTox-ONE homogeneous membrane integrity assay
(Promega, Madison, WI) according to the manufacturer’s protocol. Endpoint
LDH activities are reported. To evaluate cathepsin B inhibition by various
molecules, we used BALB/cJ] BMDMs treated with concentrations of saponin
that fully permeabilized lysosomal membranes (5 mg/ml, 20 min, room temper-
ature) as a source of enzyme. Cell lysate supernatants were then treated with
various inhibitor concentrations for 10 min prior to assessment of cathepsin B
activity. The 50% inhibitory concentration (ICs,) was calculated with GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, CA).

Time-lapse fluorescence microscopy. BALB/cJ BMDM cells grown in Lab-Tek
chambered coverglass slides (Thermo Fisher Scientific, Rochester, NY) were
stained for 30 min at 37°C with 100 nM LysoTracker Red DND-99 (Invitrogen,
Carlsbad, CA) prepared in phenol red-free/ HEPES-free DMEM/F12. After
washes in phenol red-free and HEPES-free DMEM/F12, the cells were treated
with LT (with or without drug pretreatment), and imaging was performed on a
Leica TCS SP5 laser scanning confocal microscope with stacks (2-pm distances
between images) collected every 5 min. Image stacks were analyzed as maximum
intensity projections of each stack over time. Image processing was performed in
Imaris (v6.1.5; Bitplane AG, Zurich, Switzerland).

siRNA cathepsin B knockdown. Cells were nucleofected with Dharmacon
ON-TARGETplus SMARTpool small interfering RNA (siRNA; Thermo Scien-
tific, Rochester, NY) targeted to the murine cathepsin B gene (Ctsb,
NM_007798) using kits appropriate to each cell type and according to the
manufacturer’s protocols (Amaxa, Inc., Gaithersburg, MD). Negative controls
were nucleofected in the absence of siRNA. Nucleofected cells were grown at
37°C for 40 h prior to making lysates for Western blotting with anti-cathepsin B
(1:2,500) and anti-XIAP (loading control; 1:2,000). As before, primary antibod-
ies were detected using IRDye-conjugated secondary antibodies and the Odyssey
Infrared Imaging System (Licor Biosciences, Lincoln, NE). Parallel LT toxicity
assays were performed on the cells 40 h after nucleofection.

RESULTS

CA-074Me protects macrophages against LT. CA-074Me is
a potent, cell-permeable, irreversible cathepsin B inhibitor
(10). BALB/cJ BMDMs and RAW 264.7 cells pretreated with
a range of CA-074Me concentrations for 2 h before exposure
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FIG. 1. CA-074Me treatment protects against LT-induced macro-
phage death. (A) RAW 264.7 cells and (B) BALB/cJ BMDMs were
incubated with the cathepsin B inhibitor CA-074Me or the vehicle for
2 h at 37°C. Cells were then treated with LT (1 wg/ml) (equal concen-
trations of PA and LF). Cell viability was accessed after 2.5 h, and the
percent viability was calculated relative to control CA-074Me-treated
cells.

to LT were protected against toxin-dependent cell death (Fig.
1). The drug was used at doses previously shown to be effective
for the inhibition of cytoplasmic cathepsin B activity required
for NLRP3-mediated cell death (16, 21, 60). Late addition of
some inhibitors of LT-dependent cell death (such as protea-
some inhibitors) can still protect LT-sensitive macrophages
(59). In similar add-back experiments with CA-074Me, 50%
protection was observed when the drug was added up to 40 min
after the start of LT treatment, although no protection was
observed when CA-074Me was added at any later times (data
not shown). Because CA-074Me is thought to require removal of
its methyl ester group by intracellular esterases before forming
active CA-074, this inhibitor may not be able to accurately mea-
sure the stage at which the activity it inhibits is required in the cell
death process (10). This is also consistent with our observation
that lower doses of CA-074Me can protect macrophages with
increasing preincubation times (data not shown).

CA-074Me prevents caspase-1 activation. We next tested
whether CA-074Me affected LF translocation or activity.
BALB/cJ] BMDMs were treated with LT in the presence of
CA-074Me, and MEK cleavage was monitored over time by
Western blotting. CA-074Me did not prevent MEK cleavage
but did delay cleavage at the higher protective concentrations
used in this experiment (Fig. 2). MEKI1 cleavage was not de-
layed when lower but still protective concentrations of CA-
074Me were used in conjunction with longer preincubation
times, whereas MEK2 and MEK3 cleavages remained delayed
by 20 min (data not shown). However, cells were protected
even after completion of MEK cleavage. This suggests that,
although CA-074Me treatment may affect initial delivery of LF

CA-074Me PROTECTION AGAINST ANTHRAX LETHAL TOXIN 4329

No Drug CA-074Me
LT (min) - 40 60 70 75 - 40 60 70 75
MEK 1 —-| s ’

.
e —— — — — — — —

it i g T pp—

o e
D

(cleaved)

FIG. 2. CA-074Me delays but does not prevent MEK cleavage by
LF. BALB/cJ BMDMs were primed with LPS (1 pg/ml) for 2 h,
pretreated with either 500 uM CA-074Me or vehicle for 10 min, and
then treated with LT (1 pg/ml) for various amounts of time. Western
blotting was performed with antibodies against the N termini of
MEKI1, MEK2, and MEK3.

to MEKSs, it does not mediate protection through inhibition of
LF activity or translocation.

We then tested whether the drug had any effect on the
caspase-1 activation that is required for LT-mediated macro-
phage death (8, 12, 34, 59). LPS priming was used to increase
cellular IL-1 levels for ease of detection of the cleavage of this
cytokine. Induction of this cytokine does not affect LT-medi-
ated cytotoxic events. CA-074Me completely prevented
caspase-1 cleavage (Fig. 3A) and processing of pro-IL-18 to
mature IL-1B (Fig. 3B). The delay of MEK cleavage by 20 to
30 min at the highest tested concentrations of CA-074Me did
not account for this blockage of caspase-1 activation, since we
did not find any caspase cleavage at late LT treatment times
(100 min) when MEK proteins were cleaved (data not shown).
Furthermore, at lower protective concentrations of CA-
074Me, at which MEKI1 cleavage was unaffected, no evidence
of caspase-1 activation was observed.

Although nonspecific inhibitory activity of both CA-074 and
CA-074Me on caspase-1 have been previously ruled out (21,
39), we also wanted to exclude the possibility that CA-074Me
was acting as a nonspecific caspase-1 inhibitor in our system.
We tested both CA-074Me and CA-074 in an in vitro recom-
binant caspase-1 activity assay measuring IL-13 cleavage. Nei-
ther CA-074 nor CA-074Me inhibited human or mouse
caspase-1 activity, in contrast to two known caspase-1 inhibi-
tors, Boc-D-CMK and Z-VAD-FMK (46, 59) (Fig. 3C). These
data corroborate previous reports demonstrating that CA-
074Me and CA-074 are not caspase-1 inhibitors. Thus, CA-
074Me appears to act downstream of LF translocation to the
cytosol (as assessed by MEK cleavage) and upstream of
caspase-1 activation.

LT treatment increases cytoplasmic cathepsin B activity and
induces LMP. We next wanted to investigate whether LT treat-
ment could induce lysosomal destabilization. Selective plasma
membrane permeabilization techniques are available that al-
low release of a cell’s cytoplasmic contents. When used with
appropriate controls, these methods can detect whether LT
treatment causes lysosomal protease translocation from lyso-
somes to the cytoplasm. In the present case, a saponin-based
method was used to isolate the cytosol for measurement of
cathepsin B activity, since this enzyme is the primary enzyme
often associated with lysosomal leakage (13, 21, 50, 56). To
optimize this assay, we exposed untreated BALB/c] BMDMs
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FIG. 3. CA-074Me blocks activation of caspase-1 by LT. LPS-
primed BALB/cJ] BMDMs (LPS, 1 pg/ml, 2 h) were pretreated with
either 500 puM CA-074Me or vehicle for 10 min, followed by LT
(1 ng/ml) for various amounts of time. Western blots with antibodies
for the pl0 subunit of activated caspase-1 (A) and IL-18 (B) are
shown. (C) LPS-primed RAW 264.7 cell sucrose lysates were incu-
bated with active recombinant caspase-1 in the presence of the indi-
cated inhibitors for 2 h and then subjected to Western blotting with an
IL-1B antibody to monitor IL-1B cleavage.

to a range of saponin concentrations and assayed the superna-
tants for LDH and cathepsin B activity. A 10-min treatment
with saponin (125 wg/ml) was found to give selective release of
the cytosolic LDH marker and limited lysosomal release (Fig.
4). These conditions were used in all subsequent permeabili-
zation experiments.

We then exposed BALB/cJ] BMDMs to a nontoxic dose of
the lysosomal destabilizing dipeptide Leu-Leu-OMe (48) as a
positive control and verified LMP-mediated cathepsin B re-
lease to the cytosol (Fig. 5A and B). Having confirmed that the
assay was measuring LMP, we proceeded to treat the BALB/cJ
BMDMs with LF, which we found caused a twofold increase in
cytoplasmic cathepsin B activity relative to untreated cells after
60 min of LT treatment. The similar amounts of LDH activity
in LT-treated and untreated cells verified equal degrees of
plasma membrane permeabilization and cytoplasmic release
(Fig. 5C and D). Importantly, there was also no difference in
cathepsin B or LDH activity in the unpermeabilized LT-
treated cells, indicating that prior to and during the saponin
treatment, the cells retained intact cell membranes. Saponin-
released cytoplasmic cathepsin B levels were assessed every 10
min after LT treatment. We determined that the LMP corre-
sponding to measurable changes in cytosolic cathepsin B re-
lease begins between 50 and 60 min after the application of LT
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FIG. 4. Saponin-mediated differential permeabilization of plasma
and lysosomal membranes. BALB/cJ BMDMs were treated with a
range of saponin concentrations in PBS for 10 min on ice. LDH activity
and cathepsin B activity of the supernatant were measured in parallel
assays. An asterisk indicates the optimum concentration of saponin
(125 pg/ml) that results in minimal baseline cathepsin B activity (min-
imal lysosomal permeabilization) and maximum released LDH activity
(maximum cytoplasmic release).

(Fig. SE). Although cathepsin B levels measured by this assay
did continue to increase beyond 60 min (normally doubling by
80 min), because we observed a 10% baseline cathepsin B
release without any saponin permeabilization at 80 min we
assumed cells had already begin to undergo cytolysis by these
later time points, contributing at minimum 10% of the cathep-
sin B activity (data not shown). Thus, we selected the 50 to 60
min window for assessment of cytosolic cathepsin B activity,
prior to any cell lysis. This time frame corresponds closely to
the activation of caspase-1 (Fig. 3). Despite the fact that
changes in cytoplasmic cathepsin B activity which represented
a small fraction of the total cathepsin activity in the cells were
unlikely to be caused by an increase in cathepsin B proteins
levels, we did verify that cathepsin B levels remained un-
changed in LT-treated cells in the presence or absence of
CA-074Me (data not shown).

In order to confirm the LT-mediated LMP, we investigated
toxin-dependent changes in lysosomal stability by monitoring
the fluorescence of LysoTracker Red by confocal microscopy.
LysoTracker Red is a lysomotrophic dye that only fluoresces in
the acidic lysosomal compartment and thus provides an indi-
cator of lysosomal integrity. We observed the beginning of a
rapid loss of LysoTracker Red fluorescence in BALB/cJ
BMDMs in some cells by 70 min after administration of LT
(Fig. 6). This loss of fluorescence was not apparent in a ma-
jority of the cells until 90 min, followed closely by cytolysis, and
was prevented in cells pretreated with CA-074Me (Fig. 6).
These data strongly suggest that LT initiates LMP that is mea-
surable at early times as an increase in cytoplasmic cathepsin B
activity, but the accompanying pH changes or more extensive
lysosomal destabilization in lysosomes can only be monitored
visually at later times. The temporal distinction between cyto-
plasmic cathepsin B activity and large-scale lysosomal destabi-
lization is consistent with previous reports suggesting that ca-
thepsin B, L, and D can be translocated into the cytosol, while
the lysosomes still retain their pH gradient and thus retain
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FIG. 5. LT induces an increase in cytoplasmic cathepsin B activity. BALB/cJ BMDMs were first treated with Leu-Leu-OMe (1 mM) for 30 min
(A and B), LT (2 pg/ml) for 60 min (C and D), or left untreated (identified by “NT”). LDH activity and cathepsin B activity after saponin
permeabilization of plasma membranes was measured as described in Materials and Methods. Panels B and D show the cathepsin B activity (right
panel) and LDH activity (left panel) at the ideal saponin permeabilization concentration (125 wg/ml) in cells treated with Leu-Leu-OMe and LT,
respectively. (E) In a similar experiment, BALB/c] BMDMs were treated with LT (2 wg/ml) for either 50 or 60 min and subjected to a similar
analysis of cytoplasmic cathepsin B (right panel) and LDH activities (left panel). An asterisk indicates statistically significant differences (P < 0.005;
two-tailed Student ¢ test). No statistically significant differences were noted between all other treatments.

their LysoTracker fluorescence (5, 13). In fact, it can take
between 30 and 90 min from the initial LMP events before it is
possible to visualize lysosomal destabilization with lysomo-
tropic dyes (47).

LT-induced increases in cytoplasmic cathepsin B activity in
the context of other toxin-mediated events. We then examined
the role of cytoplasmic cathepsin B activity in the context of the
proteasome activity and K™ efflux required for LT-mediated
caspase-1 activation. The potent proteasome inhibitor lacta-
cystin fully prevented the LT-induced increase in cytoplasmic
cathepsin B activity (Fig. 7A). Similarly, we tested the K*
channel inhibitor quinidine and found that although this drug
substantially increased the baseline cytoplasmic cathepsin B
activity in untreated control cells, it also inhibited (or simply
masked) any further LT-dependent increases in cytoplasmic
cathepsin B activity (data not shown). This suggests that K*
efflux induced by LT precedes LMP. Finally, we wanted to
relate LMP to the event(s) altered by heat shock, which pre-
vents LT-induced cell death at an unknown step upstream of

caspase-1 activation (29). In this regard, we found that the
LT-dependent increase in cytoplasmic cathepsin B activity was
also inhibited by this treatment (Fig. 7B). We conclude that
increases in cytoplasmic cathepsin B activity (and the associ-
ated initiation of LMP) are likely downstream of the protea-
some activity and K™ efflux required for caspase-1 activation.

Because the appearance of cathepsin B in the cytosol and
caspase-1 activation occur at similar times in response to LT
and there is evidence of LMP augmentation by both NLRP3
activation (16) and other caspase activities (13, 18, 57), we
sought to determine whether lysosomal leakage events were
upstream or downstream of caspase-1 activation by LT. We
pretreated cells with the potent caspase-1 inhibitor Boc-D-
CMK (46) prior to performing the cytoplasmic cathepsin B
assay. Interestingly, we found that Boc-D-CMK strongly inhib-
ited cathepsin B activity in both LT-treated and untreated cells
at all saponin concentrations, including high doses that perme-
abilized the lysosomal membranes (Fig. 8). Suspecting that
Boc-D-CMK, like many other caspase inhibitors (17, 21, 39, 41,
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FIG. 6. LT induces late large-scale lysosomal membrane permeabi-
lization. BALB/cJ BMDMs were stained with LysoTracker Red (100
nM, 30 min) and the same field was imaged every 5 min after LT
treatment (2 pg/ml), with or without CA-074Me pretreatment (500
M, 10 min). NT represents untreated cells stained with the dye. The
scale bars represent 50 pm.

49), could act as a potent cathepsin B inhibitor, we compared it
and other known caspase-1 and cathepsin B inhibitors in the in
vitro cathepsin B activity assay. As expected, both CA-074 and
CA-074Me inhibited cathepsin B activity, with CA-074 being
much more potent (approximate ICs,s of 60 nM and 6 wM,
respectively [data not shown]). Caspase inhibitors, including Boc-
D-CMK, Z-VAD-FMK, Ac-YVAD-CMK, and Z-WEHD-FMK,
also strongly inhibited cathepsin B activity (approximate ICss of
9,1, 1, and 6 pM, respectively), whereas lactacystin did not inhibit
cathepsin B activity (data not shown). Thus, almost all caspase-1
inhibitors are also cathepsin B inhibitors and may contribute to
protection against LT-mediated lysis through acting on both en-
zymes, as well as other potential targets. Therefore, because ca-
thepsin B activity appears in the cytosol at the same time as
caspase-1 activation, it is still possible that LT-induced LMP ac-
tually requires caspase-1 activation and is a consequence of in-
flammasome activation rather than the initiating event. If this is
true, CA-074Me protection may act at a different step of LT
cytotoxicity.

Effects of cathepsin B expression inhibition on LT-induced
cell death. Because LMP is associated with the release of
numerous other enzymes to the cytoplasm and there have been
examples of CA-074Me inhibiting some related proteases, we
wanted to test whether cathepsin B was specifically essential
for LT cytotoxicity in macrophages. We inhibited cathepsin B

INFECT. IMMUN.

expression by RNA interference in both RAW 264.7 and
BALB/cJ BMDMs. In RAW 264.7 cells we obtained a strong
knockdown of both pro-cathepsin B and mature cathepsin B
protein levels, as indicated by a Western blot (Fig. 9A, inset).
However, we did not observe protection against or delay of
LT-mediated cell death associated with reduced cathepsin B
levels (Fig. 9A). In BALB/c] BMDMs we noticed a nearly
complete knockdown of pro-cathepsin B without a correspond-
ing reduction of the mature forms of cathepsin B (Fig. 9B,
inset). Thus, it was not surprising that there was no difference
in LT toxicity in BMDMs (Fig. 9B). We also found that LT-
induced caspase-1 activation occurred similarly between the
knockdown and control cells (data not shown). Curiously, even
in the absence of LT, nucleofection with cathepsin B siRNA
resulted in some baseline caspase-1 activation, likely due to the
pore formation associated with this process (data not shown).
This small amount of activated caspase-1 may have been suf-
ficient as the first step in NLRP1b-dependent LT-mediated cell
death. However, it is possible that cathepsin B activity is not
required for LT-dependent cell death or that very small levels
of this enzyme are sufficient for LT-mediated effects. Alterna-
tively, other cathepsins and lysosomal enzymes may also be
involved in LT cell death and compensate for cathepsin B.

DISCUSSION

In the present study, we demonstrate that CA-074Me, a drug
described as a potent and specific cathepsin B inhibitor, pro-
tects macrophages against LT-dependent cell death without
inhibiting LF-mediated translocation or activity (as assessed by
MEK cleavage), but instead by blocking some step upstream of
caspase-1 activation. LT induced an increase in cytoplasmic
cathepsin B activity, indicating a LMP event which occurred
earlier than the large-scale lysosomal destabilization coupled
to cell lysis (as indicated by a complete loss of LysoTracker
Red fluorescence). LMP and cathepsin translocation into the
cytosol can begin prior to the loss of lysosomal acidic pH,
measurable by LysoTracker fluorescence, sometimes taking 30
to 90 min before dye-based visualization is possible (5, 13). We
hypothesize that there is an initial event triggering LMP that
correlates with increased cytoplasmic cathepsin B activity (as
measured by our activity assay) and a later, large-scale LMP event
immediately preceding cell death (as measured by fluorescence
microscopy). It is unclear, however, whether CA-074Me protects
against LT-mediated lysis through inhibition of cathepsin B itself
or other cellular proteases because a reduction of the enzyme by
siRNA in RAW 264.7 cells does not protect against toxin. Fur-
thermore, we cannot state whether CA-074Me protection actually
targets protease release associated with LT-induced LMP.

There is an increasing recognition that cathepsin B is criti-
cally involved in a number of different functions separate from
its established role in lysosomal protein degradation and pro-
tein processing (33). The release of cathepsin B from lyso-
somes is involved in both apoptosis (typically after partial
LMP) and necrosis (after large-scale LMP) (9). Furthermore,
cathepsin B release has been shown to act both upstream and
downstream of NLRP3 inflammasome activation (16, 19, 21,
22,43, 60). Indeed, lysosomal destabilization and the cytoplas-
mic activity of lysosomal proteases such as cathepsin B may be
a universal mechanism through which a variety of stimuli in-
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FIG. 8. The caspase inhibitor Boc-D-CMK acts as a cathepsin B
inhibitor. (A) Boc-D-CMK (80 puM, 60 min)-pretreated BALB/cJ
BMDMs were left untreated or were treated with LT for 60 min (2
pg/ml). Cytoplasmic cathepsin B activity was assessed after saponin
permeabilization as described in Materials and Methods for a range of
saponin concentrations. Cathepsin B activity inhibition by Boc-D-
CMK after permeabilization at 125 pg of saponin/ml is shown in the
inset.

duce the proinflammatory responses associated with inflam-
masome activation (reviewed in references 14 and 62).

Release of cathepsin B into the cytoplasm by LT corre-
sponds closely in time with the activation of caspase-1 by LT.
This suggests that a feedback amplification mechanism might
be operative, one in which traces of cytosolic proteases asso-
ciated with the lysosome leakage process might act on the
NLRP1b inflammasome or its procaspase-1 component to be-
gin an activation cascade. In this scenario, the CA-074Me
inhibitor may actually act on the putative cytoplasmic enzyme
required for NLRP1b-mediated caspase-1 activation, prevent-
ing further LMP-based enzyme release.

Interestingly, the relationship between NLRP3-activated
caspase-1 and cathepsin B is also unclear. Lysosomal destabi-
lization and the release of cathepsin B have been implicated in
the activation of the NLRP3 inflammasome/caspase-1 after
exposure to nigericin, amyloid 8, aluminum salts, silica crystals,
microparticle vaccine adjuvants, osmotic lysosomal rupture,
and Leu-Leu-OMe (19, 21, 22, 43). However, in a contrary
view, cathepsin B release from lysosomes has been described as
resulting from the upstream activation of NLRP3 that occurs
upon transfection of disease-associated mutant forms of
NLRP3, treatment with certain antiviral drugs, and S. flexneri
infection, although cell death in these scenarios is caspase-1
independent (16, 60). Thus, LMP has been shown to both
cause the release of cathepsin B and be dependent on the
activity of cathepsin B, contrasting observations that taken
together could support the cathepsin-dependent positive-feed-
back loop mentioned above (16, 58).

Cathepsin B has also been shown to activate caspase-1 and
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FIG. 9. Cathepsin B alone may not be necessary for LT-dependent
cell death. RAW 264.7 (A) and BALB/cJ BMDMs (B) were nucleo-
fected with cathepsin B siRNA. At 40 h postnucleofection cells were
treated with a range of LT concentrations for 105 min (RAW 264.7
cells) (A) or 75 min (BALB/cJ BMDMs) (B) prior to accessing cell
viability by the MTT assay. Insets indicate cathepsin B Western blots
run in parallel to the cytotoxicity assays. Blots were reprobed with a
XIAP antibody to confirm equal loading.

caspase-11 in vitro and in vivo, further suggesting that there
could be important interactions between cathepsin B and the
inflammasome (4, 21, 42, 49). In a recent study, both caspase-1
and caspase-11 were found to associate with NLRP1b in re-
sponse to LT treatment (35). Caspase-11 has also been re-
ported to be required for caspase-1 activation, and cathepsin B
may act on caspase-11 (25, 30, 55).

We tried to relate caspase-1 activation to cytoplasmic ca-
thepsin B activity by observing cytoplasmic cathepsin B activity
in the presence of a pan-caspase inhibitor. We hypothesized
that the inhibition of caspase-1 activity would lead to inhibition
of cathepsin B release if caspase-1 was necessary for amplifi-
cation of the cathepsin B release. These experiments were
complicated by the discovery that the potent caspase inhibitor
Boc-D-CMK, previously used to implicate caspase-1 activity in
LT-mediated macrophage death (46), is also a potent cathep-
sin B inhibitor, much in the manner previously shown for other
caspase inhibitors (17, 21, 39, 41, 49). This inhibitor, a potent
protector against LT-mediated lysis (12, 34, 59), may act
through targeting both caspase-1 and cathepsin B. These re-
sults underscore the need to interpret data from pharmacolog-
ical approaches with caution and to use inhibitors in conjunc-
tion with other methods to clarify the role of cathepsins and

INFECT. IMMUN.

caspases in various cellular pathways. For this very reason, we
performed siRNA experiments which suggest that CA-074Me
may protect LT by acting on other cellular enzymes in addition
to cathepsin B. However, the half-life of previously transcribed
and processed mature cathepsin B is around 24 h (6, 26, 27),
and it is likely that some active enzyme remained during tox-
icity testing. Only a few molecules of cathepsin B could be
sufficient for inducing the events that lead to caspase-1 activa-
tion, making it difficult to observe a significant change in LT-
protection with these knockdown experiments. Furthermore, it
has been demonstrated that CA-074Me and CA-074 can in-
hibit cathepsins L and X (enzymes also released during LMP),
and concerns remain that they may also act on other unknown
targets (28, 31, 32). Therefore, it is possible that although
cytoplasmic cathepsin B is a clear measure for LT-induced
LMP, the enzyme itself is not involved in LT-mediated cell
death.

The mechanism(s) by which LT induces LMP remain un-
known. One membrane-active enzyme that could play a role is
phospholipase A, (PLA,). PLA, is known to be a strong in-
ducer of LMP (61, 63, 64), and it has previously been impli-
cated in LT-mediated cell death (44). Various forms of PLA,
are activated by both lysosomal proteases and K™ effluxes, and
in turn, PLA, can regulate caspase-1 activity (3, 24, 54, 63).
Our preliminary data suggest that the iPLA,g-specific inhibitor
(S)-bromoenol lactone (23) does, in fact, protect macrophages
against LT-dependent cell death (data not shown).

Another organelle affected by LT that may be involved in
the regulation of LT-mediated LMP is the mitochondrion.
Strong interdependent relationships exist between the state of
lysosomes and mitochondria (7, 47). Mitochondrial membrane
potential disruption is an essential, proteasome-dependent
step in LT-induced cell death (2). A key mediator of mitochon-
drial or lysosomal damage could be LT-induced reactive oxy-
gen species (20), since reactive oxygen species molecules can
easily damage lysosomal membranes (7, 47). Finally, the chan-
nel formed by PA in endosomes could possibly act as a poten-
tial small-scale LMP trigger. In cells engineered to overexpress
anthrax toxin receptor 1 (TEMS), exposure to PA induces cell
death through what was proposed to be an LMP-like event
(40). One can imagine that a membrane-inserted PA channel
might traffic to lysosomes and cause small-scale content re-
lease, which could act in concert with other LF-dependent
events to produce cell death and inflammasome activation.

To summarize, we report that anthrax LT-induced cell death
results in LMP events and CA-074Me, an inhibitor of lysoso-
mal proteases, prevents cell death. Although CA-074Me inhib-
ited the NLRP1b inflammasome and caspase-1 activation by
LT, it is possible that caspase-1 activation also contributes to
LT-induced LMP.
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