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FIGURE 5. Endogenous cathepsin inhibition by cystatins C and B regulates particle-induced IL-1B secretion and LPS-induced pro-IL-1§ synthesis. In
all experiments, PMs were LPS-primed and treated with media control or K777 (+K777; O; 15 wM) prior to stimulation or analysis. (A—E) PMs were
transfected with nontargeting (NT), cystatin C (siCstC), cystatin B (siCstB), or both cystatin C and B (siCstC&B) siRNA. (A) PMs were stimulated with
media control (—), silica (80 wg/ml), nigericin (1.5 wM) or dAdT (0.5 pwg/ml), and IL-1( measured in supernatants. (B—E) After priming, PMs were treated
with media control for 6 h. IL-1B (B) or pro-IL-1B (C) was measured in cell lysates by ELISA. (D) IL-1B (IL1b) expression was analyzed by qPCR; data
are normalized to GAPDH expression and plotted relative to NT siRNA. (E) Lysates were processed, and then, pro—IL-1$ and B-actin analyzed by Western
blot; molecular mass markers are on the right in kilodaltons. (F and G) PMs from WT mice and cathepsin BCS ™'~ mice or chimeric WT mice lethally
irradiated and reconstituted with WT or cathepsin BL™~ bone marrow. PMs were treated with media for 6 h after LPS priming. (F) IL-1B (hatched bars)
was measured in lysates by ELISA; data are normalized to LDH (ODyq¢) and plotted as fold change in IL-1f relative to WT controls. (G) Lysates were
processed and analyzed for pro—IL-1f and B-actin by Western blot (measured by densitometry); data are plotted as pro—IL-1{ levels normalized to $-actin
and relative to WT controls. Error bars represent SD of technical quadruplicates (A), range bars of technical duplicates (B and C), SD of technical triplicates
(D), SE of means from 9 (WT versus BCS ™/7) or 12 (WT versus BL /") independent experiments (F), SE of means from 5 (WT versus BCS™/)or4 (WT
versus BL™'7) independent experiments (G). All data are representative of at least three independent experiments. Statistical analysis was performed by
two-way ANOVA and Dunnett’s multiple comparisons test (A), one-way ANOVA and Sidak’s multiple comparisons test (B-D), or two-tailed Student ¢ test

(F and G): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

of inhibitors on IL-1(3 secretion, and influences on priming
seem to be selective for NLRP3-dependent stimuli compared
with those activating other inflammasomes (15). Therefore, we
examined whether cathepsin inhibitors affect pro—IL-13 syn-
thesis and how the timing of inhibitor treatment affects their
specificity.

To test the effect of cathepsin inhibitors on pro—IL-1 synthesis,
we varied the timing of inhibitor treatment relative to LPS prim-
ing using an “early versus late inhibitor treatment protocol”
(Fig. 6A-C). First, we treated PMs with K777, Ca074Me, or the
pan-caspase inhibitor ZVAD immediately prior to LPS priming. In
a parallel sample set, we added these inhibitors just prior to stim-
ulation, 3 h after LPS priming, and examined how treatment with
inhibitors at this time point compares with the former. K777 or
Ca074Me treatment prior to LPS priming suppressed both pro—
IL-1PB in macrophage lysates (Fig. 6A) and IL-1( secretion by
silica, nigericin, and dAdT (Fig. 6B). Moreover, these effects were
greater for inhibitor treatment just prior to priming. K777 or
Ca074Me treatment 3 h after LPS priming (just before stimula-
tion) had no effect on dAdT, and as shown earlier, Ca074Me
had a more potent effect on nigericin-induced IL-13 secretion
(Fig. 6B).

To determine whether the reductions in IL-13 secretion that we
previously observed were also a reflection of reduced pro-IL-1§3
levels, we retested K777 and Ca074Me using the standard pro-
tocol described for these earlier experiments and examined their
effects on pro-IL-13 synthesis (Fig. 6C-E). Indeed, treatment
with K777 or Ca074Me after only 2 h of LPS priming reduced
pro—IL-1P levels in lysates (Fig. 6D) and also reduced pro-IL-13
transcript levels (Fig. 6E). In fact, K777 even suppressed NLRP3
transcript levels, although the reduction in NLRP3 transcript

caused by Ca074Me was not significant. In contrast to the near
complete inhibition of IL-1f secretion by all stimuli, ZVAD
treatment had no effect on intracellular IL-13 or pro-IL-1( levels
detected in LPS-primed macrophage lysates (Fig. 6, Supplemental
Fig. 4A). Moreover, ZVAD did not suppress pro-IL-13 and
NLRP3 transcript levels or cathepsin activity. Again, under all
these conditions above, TNF-a secretion remained unaffected
(Supplemental Fig. 4B). Therefore, cathepsin inhibitors sup-
pressed the synthesis of pro-IL-13 and not TNF-o.. When added
just prior to LPS priming, cathepsin inhibitors also attenuated
NLRP3-independent IL-1f3 secretion, yet they maintained some
selectivity for NLRP3-dependent IL-1(3 secretion (Fig. 6B). These
findings are consistent with a previous study showing that sev-
eral inhibitors, which also affect Signal 1, preferentially affect
NLRP3-dependent stimuli (15). Indeed, the persistent selectivity
of cathepsin inhibitors for NLRP3-dependent stimuli may reflect
a unique dependence of these responses on Signal 1, based on the
requirement for de novo NLRP3 transcription or some other factor
yet to be defined. Although this is less likely a reflection of dif-
ferences in Signal 2 kinetics, which are similar for silica and dAdT
(Supplemental Fig. 4C, 4D), the ultimate reason for this difference
is unclear because the effects of K777 and Ca074Me on pro-IL-
1B protein levels are more pronounced than their effects on
NLRP3 protein levels (Supplemental Fig. 4E).

Analyzing the effect of cathepsin inhibitors on Signal 2 of
NLRP3 activation

We found that cathepsin inhibition by both small molecules and
endogenous regulators suppresses pro—IL-1f3 synthesis. However,
we expected that these effects on pro—IL-1(3 synthesis would af-
fect all stimuli equally. Instead, cathepsin inhibition had a greater
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FIGURE 6. Small-molecule cathepsin inhibitors suppress pro-IL-1f synthesis. In all experiments, PMs were primed with LPS for 3 h and then treated
with media control (—), K777 (15 uM), Ca074Me (15 uM), or ZVAD (10 wM) at the indicated time points. (A and B) Inhibitors were added at the same
time as LPS (Inhib at 0 h; hatched or filled bars) or 3 h after LPS (Inhib at 3 h; white bars) prior to the addition of media control (—), silica (80 pg/ml),
nigericin (1.5 puM), or dAdT (0.5 pg/ml) for an additional 6 h, at which point pro-IL-13 was measured in lysates (A), or IL-13 was measured in
supernatants by ELISA (B). (C) Comparison of the inhibitor protocol followed in prior figures and in (D) and (E) (standard protocol) with the protocol used
in (A) and (B) (early versus late inhibitor protocol). (D and E) Inhibitors were added 2 h after LPS priming for 1 h, as in the standard protocol, and then, cells
were treated with media for 4 h. (D) Cathepsin activity was probed with BMV 109 in live cells; lysates were processed by SDS-PAGE and phosphor imaged,
or analyzed for pro—IL-1@ and B-actin by western blot; molecular mass markers are on the right in kilodaltons. (E) IL-13 (IL1b) or NLRP3 (Nlrp3)
expression was analyzed by qPCR; data are normalized to GAPDH expression and plotted relative to media controls (—). Error bars represent SD of
technical triplicates (-) (A and B), duplicates (silica, nigericin, and dAdT) (B), and SE of means from three independent experiments (E). All data are
representative of at least three independent experiments. Statistical analysis was performed by two-way ANOVA and Dunnett’s multiple comparisons test

(A) or two-tailed Student ¢ test (E): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

impact on silica-induced IL-1B secretion compared with nigericin
or dAdT. Moreover, this selectivity cannot be completely ex-
plained by kinetics. Therefore, it was important to determine
whether cathepsin inhibitors suppress IL-1p secretion by blocking
NLRP3 activation, independently of their effects on pro—-IL-1§
synthesis.

To determine whether cathepsin inhibition blocks NLRP3-
dependent IL-1f3 secretion (Signal 2) independently of suppress-
ing pro-IL-1f synthesis, we examined the effect of K777 or
Ca(74Me treatment on IL-13 responses in macrophages with
a pool of preexisting pro-IL-1B (Fig. 7A—C). Following an ex-
tended priming protocol, we primed PMs with LPS for 5.5 h to
build up an intracellular pool of pro-IL-1B, at which time we
added K777, Ca074Me, cycloheximide (CHX), or CHX combined
with K777 or Ca074Me, and stimulated 30 min later with silica,
nigericin, or dAdT for an additional 3 h; CHX blocked new IL-13
synthesis so that we could isolate and analyze the effect of the
protease inhibitors on the processing of pro-IL-1B3. K777 and
Ca074Me had minimal effect on IL-13 or pro-IL-1§ protein
levels in LPS-primed macrophage lysates at this late time point
and also had no additional effect when combined with CHX
compared with CHX alone (Fig. 7A, Supplemental Fig. 4F). Im-
portantly, K777 and Ca074Me still attenuated silica-mediated IL-
1B secretion, both alone and in the presence of CHX, whereas
only Ca074Me affected nigericin-induced activation of the path-
way. Again, neither K777 nor Ca074Me blocked dAdT-induced
IL-1B secretion, and TNF-a secretion was unaffected (Fig. 7B,
Supplemental Fig. 4G).

To determine whether K777 selectively attenuates particle-
induced NLRP3 activation, we examined caspase-1 cleavage in
response to silica, CC, nigericin or dAdT (Fig. 7C, 7D). Fol-
lowing our standard protocol, we treated PMs with media or
K777, 2 h after LPS priming and 1 h prior to stimulation with
silica, CC, nigericin or dAdT (Fig. 7c). After 6 h of stimulation,
we examined caspase-1 cleavage by Western blot analysis. In-
terestingly, although K777 reduced pro—IL-1 levels in lysates
of LPS-primed macrophages, K777 also suppressed caspase-1
activation and mature IL-1p secretion only after stimulation
with silica or CC and not with nigericin or dAdT (Fig. 7D).
Importantly, K777 and Ca074Me did not prevent particle-induced
lysosomal disruption (Supplemental Fig. 4H). K777 and Ca074Me
did suppress LLOMe-dependent lysosomal disruption (Supplemental
Fig. 41), but this was most likely a result of inhibiting of cathepsin C
(a known target of K777) activity required for the activation of
LLOMe’s membrane disruptive properties in the lysosome (65,
67, 68). Therefore, in addition to suppression of pro-IL-1$ syn-
thesis, both K777 and Ca074Me can also independently suppress
NLRP3 activation, whereas K777 does so selectively for particles
without blocking lysosomal disruption.

Taken together, our data suggest a hitherto unrecognized role for
cathepsins in inflammasome-mediated IL-1f3 responses to sterile
particles. Furthermore, our study implicates a complex role for
cathepsins and their endogenous regulators, cystatins, in regulating
not only IL-13 secretion but also IL-1f induction. This highlights
the potential for a multistep involvement of this family of proteases
during particle-induced inflammation.
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FIGURE 7. Cathepsin inhibitors also suppress NLRP3 activation independently of effects on pro—IL-1{ synthesis. (A and B) PMs were primed with LPS
for 5.5 h and treated with either media control (—), K777 (15 uM), Ca074Me (15 pM), CHX (1 pM), K777 combined with CHX, or Ca074Me combined
with CHX for another 0.5 h and then treated with media control (—), silica (80 wg/ml), nigericin (1.5 wM), or dAdT (0.5 pg/ml) for another 3 h. Pro-IL-1
(hatched bars) was measured in lysates (A), or IL-1f (filled bars) was measured in supernatants by ELISA (B). (C) Comparison of the inhibitor protocol
followed in prior figures (standard protocol) with the protocol used in (A) and (B) (extended-priming protocol). (D) PMs were either unprimed or primed
with LPS and treated with K777 (20 wM) 2 h after LPS priming, as in the standard protocol, and cells were treated 1 h later with media control (—), silica
(40 pg/ml), CC (100 pg/ml), nigericin (2 uM), or dAdT (0.4 pg/ml) for an additional 6 h, and then, lysates were processed by SDS-PAGE and analyzed for
procaspase-1, active caspase-1 (p-10), pro—IL-1p, active IL-1p (p-17), and GAPDH by Western blot; molecular mass markers are on the right in kilo-
daltons. Error bars represent SD of technical triplicates (A) and SD of technical triplicates (media or CHX), duplicates (K777 & Ca074Me *= CHX),
sextuplicates (silica, nigericin, and dAdT * CHX), or triplicates (silica, nigericin, and dAdT with K777 and Ca074Me * CHX) (B). Data are representative
of two (A and B) or at least three (D) independent experiments. Statistical analysis was performed by two-way ANOVA and Dunnett’s multiple comparisons

test (B): *+¥p < 0.001, **+¥p < 0.0001.

Discussion

Cathepsin B has been implicated in the activation of NLRP3
inflammasomes by particulate stimuli. In this report, we show that,
contrary to earlier suggestions, multiple cathepsins are involved
redundantly in the production of IL-1f3 induced by sterile particles.
These data address and potentially reconcile earlier controversies
on the role of cathepsins. Surprisingly, our data are consistent with
a role for cathepsins not only in the NLRP3-dependent maturation
of pro—IL-1f3 but also suggest that they play a substantial role in
the priming phase of this response.

Given the controversial role of cathepsins in NLRP3-depen-
dent IL-1P responses (2, 7, 17, 20, 21, 25-29, 31, 41-47), it was
important to clarify their contribution by performing a rigorous
analysis of two confounding variables that have likely influenced
prior results and caused confusion. First, we found that the loss of
certain cathepsins causes a compensatory upregulation in the ac-
tivity of other cathepsins. Because the cysteine cathepsin family
shares considerable homology and broad substrate specificities
(69), functional redundancy may obscure the contribution of any
one cathepsin. Therefore, the lack of a phenotype in any single
cathepsin knockout does not rule out the involvement of that ca-
thepsin or other cathepsins.

Second, as we show in this study, the inhibitor Ca074Me actually
inhibits multiple cathepsins in living cells at the concentrations
used in prior studies of NLRP3 activation (2, 7, 17, 20, 21, 25-29,
41-46). In fact, we found that, at doses where Ca074Me is ca-
thepsin B specific, it does not block NLRP3-dependent IL-1§3
secretion; at higher doses where it inhibits multiple cathepsins, its
blockade of IL-1B secretion is maximal. Indeed, Ca074Me sup-
presses IL-1B secretion in cathepsin B—deficient macrophages,
and we found similar results with the other cathepsin knockouts as

well. Concomitant testing with K777, an orally bioavailable broad
spectrum inhibitor of cathepsins (65, 70-75), yielded comparable
results to Ca074Me. Given this new evidence, it is now clear that
the broad specificity of cathepsin inhibitors (Ca074Me and K777)
is concordant with a role for multiple cathepsins in particle-
induced IL-13 secretion. Moreover, even if it plays an important
role in NLRP3 activation under some conditions, our data indicate
that cathepsin B is not essential for this response.

Importantly, we document these two confounding variables
above using a recently developed activity-based probe, BMV109
(62). Although a separate report has shown that Ca074Me can
inhibit cathepsins B, S, and L in live cells with a similar probe
(48), to our knowledge, this is the first time that the concentration-
dependent inhibition of these cathepsins, or the compensatory
upregulation of cathepsin activity, has been demonstrated in par-
allel with an examination of IL-1f secretion. Moreover, BMV109
labels cathepsin X, which allowed us to investigate the role of this
cathepsin in IL-1[3 secretion.

It is critical to note that, of the five cathepsins tested in this study,
cathepsin X was the only one that played a nonredundant role in IL-
1P secretion. Cathepsin X appeared to be uniquely required for the
IL-1P response to nigericin. In fact, we show that Ca074Me po-
tently inhibits cathepsin X, and this likely accounts for its ability
to strongly suppress nigericin-induced IL-18 secretion. Unlike
Ca074Me, K777 inhibits cathepsins S at low concentrations, and
deficiency of cathepsins S upregulates cathepsin X activity. Thus,
this may explain why K777 is less effective against nigericin than
Ca074Me, and how its broader specificity for cathepsins para-
doxically makes it a more selective inhibitor of particle-induced
responses. Therefore, pharmacological suppression of IL-1§3 se-
cretion induced by particular stimuli likely depends on not only on
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how many but which cathepsins are inhibited and at what con-
centrations.

Although Ca074Me and K777 could have noncathepsin off-
target effects responsible for their suppression of particle-induced
IL-1pB secretion, we strongly favor the interpretation that they are
achieving this effect by inhibiting multiple functionally redundant
cathepsins. Although we observed a minor but insignificant re-
duction of particle-induced IL-1@ secretion in the cathepsin
BL ™/~ PMs, and a small but significant reduction in the pentuple
cathepsin BCSXL ™'~ PMs, we believe that the residual cathepsin
activity in these cells, as shown by BMV109 labeling, could be
sufficient to mediate NLRP3 activation. In fact, a recent study
demonstrated that inflammasome activation is an “all-or-none”
response (76), which gives credence to earlier proposals that
only a few molecules of active cathepsins may be sufficient to
reach a minimum threshold for inflammasome activation (47).
Whether this is true or not remains to be demonstrated. However,
we did find more robust genetic evidence supporting an unex-
pected role for cathepsins in regulating the priming phase of IL-1§3
secretion.

Because we could not genetically suppress cathepsin activity to
the same extent as inhibitors, which further reduced IL-1( se-
cretion by these genetically deficient cells, we adopted an alter-
native strategy. Instead of examining cathepsin deficiency, we
evaluated the effect of cathepsin deregulation by silencing two
broadly active endogenous cathepsin inhibitors, cystatins C and B.
Like the cathepsin family (69), the cystatin family is large (66), as
might be expected of regulators of a large family of proteases.
Moreover, individual cystatins specifically regulate multiple cys-
teine cathepsin proteases, including B, L, and S (66). Indeed,
knockdown of cystatins C and B synergistically enhanced IL-13
secretion but did so for all stimuli tested. Further analyses
revealed that the increase in IL-1P secretion we observed was
directly proportional to the upregulation of pro—IL-1f transcript
and synthesis. In fact, reexamination of the compound cathepsin
knockouts (BL™~ and BCS™7) also showed that multiple re-
dundant cathepsins play a partial but significant role in LPS-
induced pro-IL-13 synthesis. As far as we know, these findings
are among the first to implicate and clarify the role of endogenous
cathepsin inhibitors, cystatins, in regulating IL-13 responses.

Although an association between cystatins and inflammation has
been widely reported, the mechanism underlying this association
has not been established. Given this context, our evidence that both
cystatin B and especially cystatin C play a role in the IL-1{ re-
sponse is enlightening. In fact, lower serum levels of cystatin C,
considered the “dominant” cystatin (77), are associated with nu-
merous inflammatory conditions (66), including sterile inflam-
matory arterial disease (78). Furthermore, cystatin B deficiency in
mice exacerbated LPS-induced sepsis and elevated IL-1(3 levels in
the serum (79). This latter study demonstrated higher caspase-1
and/or caspase-11 activity and mitochondrial ROS, suggesting that
loss of cystatin B increased inflammasome activation (79). How-
ever, the authors noted that there were no signs of LMD or ele-
vated cathepsin activity in the cytosol, and effects on pro-IL-1$3
were not measured. Thus, our data demonstrating that cystatin
deficiency increases pro—IL-1( and NLRP3 synthesis offer a dif-
ferent perspective that may help to explain these results. In this
context, it is interesting that other studies have shown that cystatin
B interacts with cathepsin L in the nucleus (80) and that cathepsin
L can play a role in NF-«kB activation (81). Moreover, cystatin
B-deficient macrophages have lower IL-10 expression (82), and
IL-10 transcriptionally downregulates IL-1( synthesis (83).

While unexpected, our data with cystatins shed further light on
the mechanism by which small molecule cathepsin inhibitors may

MULTIPLE CATHEPSINS IN IL-13 RESPONSES

impact IL-1p secretion by modulating pro-IL-1f synthesis. In-
deed, we directly demonstrated that exogenous cathepsin inhib-
itors also suppress LPS-induced pro-IL-1@ synthesis, and that
this effect contributes substantially to their suppression of IL-13
secretion by inflammasome-activating particulates and non-
particulates. Importantly, K777 and Ca074Me reduce pro-IL-133
synthesis in response to LPS priming alone, prior to any IL-1f
being secreted, and they do not affect TNF-a secretion. Thus, it is
unlikely that inhibitors are reducing the autocrine-like priming of
pro-IL-13 synthesis simply by suppressing TNF-a or IL-1§3 se-
cretion upon stimulation. Together, these findings reiterate the
importance of examining both Signal 1 and Signal 2 when inter-
preting inflammasome studies. In fact, a recent paper emphasized
this point by demonstrating that several ROS inhibitors thought to
suppress NLRP3 activation actually affect Signal 1 (15). We also
find that the timing of inhibitor treatment relative to LPS priming
can confirm this phenomenon. If inhibitors are added earlier with
respect to LPS priming, effects on priming become more pro-
nounced and less NLRP3-specific. In some contexts, this may
actually be a therapeutically advantageous characteristic.

Our findings are consistent with a prior study demonstrating
that a cathepsin B inhibitor, Z-FA-fmk, suppresses LPS signaling
(84). Finding discordant results with cathepsin B-deficient cells,
the authors suggested this was a non-cathepsin off-target effect.
Similarly, we cannot completely exclude the possibility that the
various exogenous and endogenous cathepsin inhibitors are re-
ducing IL-1( responses through off-target effects. However, given
our results, it is likely that redundant cathepsins compensated for
the loss of cathepsin B, and even more likely that Z-FA-fmk is
non-specific for cathepsin B. Moreover, since we observed con-
cordant results with two chemically distinct cathepsin inhibitors,
Ca074Me and K777, as well as the endogenous cathepsin inhib-
itors, we favor the idea that the common effect of these inhibitors
on pro-IL-13 synthesis is attributable to their common cathepsin
targets.

Importantly, Ca074Me and K777 were consistently more ef-
fective against NLRP3-mediated IL-1f secretion compared with
that mediated by Absent in melanoma 2 via dAdT, and the effects
of cystatin deficiencies were similarly biased. Therefore, it ap-
peared that cathepsins may indeed have a role in mediating
stimulus-specific/priming-independent NLRP3 activation. Although
this is one interpretation, others would predict that NLRP3-
mediated IL-1B secretion is particularly sensitive to the levels of
pro—IL-1( or that the levels of NLRP3 itself are significantly
impacted by inhibitor treatment. Given the importance of LPS
priming kinetics, deducing priming-independent effects on IL-1$3
secretion can be achieved via prolonged priming and/or con-
comitant inhibition of protein synthesis. Indeed, by inhibiting
further pro-IL-1B synthesis with CHX following a prolonged
period of LPS priming, we showed that subsequent treatment with
K777 and Ca074Me affects Signal 2, independently of Signal 1.
This is consistent with our finding that cathepsin inhibition sup-
pressed inflammasome activation, as assayed by examining cleav-
age of caspase-1, indicating that cathepsins may also play a role
in NLRP3 activation, as originally proposed. Importantly, our
data showed that cathepsins are not necessary for particle-induced
lysosome disruption, although this has been suggested previously
(42, 85). Recently, cathepsins have also been implicated in
inducing particle-stimulated K* efflux (K* efflux is thought to
be an absolute requirement for NLRP3 activation) (37) in LPS-
primed macrophages. Whether cathepsins affect K* efflux by
influencing a K* channel or the integrity plasma membrane (sec-
ondary to inducing LMD-dependent cell death) (42, 48, 85) is not
yet clear.
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Whether cathepsins play a role in Signal 1 or Signal 2, it is likely
that the proteolytic activity of cathepsins is necessary, given the
efficacy of inhibitors; if true, the substrate involved remains to be
elucidated. Importantly, both TLR4 and NLRP3, which sequen-
tially mediate the priming and activation of IL-13 secretion, re-
spectively, have large leucine-rich repeats (LRRs). It is presumed
the LRRs act as autoinhibitory motifs that block activation until
induction of structural changes or ligand binding. In fact, ca-
thepsin inhibitors have been used to demonstrate that cleavage of
the LRRs for TLRs 3, 7, and 9 is necessary for optimal activation
(86, 87). Moreover, it has also been shown that NLRP1 activation
can be directly mediated by proteolytic cleavage of its LRR (88,
89) and that expression of a transgenic NLRP3 protein lacking an
LRR motif makes it constitutively active (90). Although this is
still all speculation, LRR-targeted cleavage of TLR4 and NLRP3
by cathepsins remains an intriguing possibility that might explain
our findings.

Taken together, this study identifies a previously unappreciated
role for cathepsins and cystatins in the regulation of pro-IL-1§
synthesis (as well as IL-1p secretion) and provides compelling
evidence that cathepsins play redundant and compensatory roles
in these processes. Furthermore, we have reconfirmed that
Ca(074Me inhibits multiple cathepsins and demonstrate conclu-
sively that cathepsin B is not the sole target of this agent that
mediates its effect on IL-1B secretion. Moreover, we identified
cathepsin X as a previously unappreciated player in nigericin-
induced NLRP3 activation and raised important questions as to
the relative importance of cathepsins in mediating Signal 1 and
Signal 2 during particle-induced NLRP3 activation and IL-1p
secretion. Finally, we have characterized a cathepsin inhibi-
tor, K777, which selectively reduces particle-induced IL-1p
responses and possesses pharmacological properties warrant-
ing its investigation as a potential anti-inflammatory thera-
peutic (65, 70-75). Indeed, cathepsins are tractable targets for
the development of small-molecule inhibitors. Our data predict
that inhibitors that broadly inhibit cathepsins, like K777, might
have potential as therapeutic inhibitors of particle-induced sterile
inflammation.
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