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Background: The lack of cysteine cathepsin inhibitor, stefin B (cystatin B), results in progressive myoclonus epilepsy, type 1.
Results: Stefin B deficiency in macrophages resulted in increased inflammasome activation.
Conclusion: Stefin B-deficient mice are significantly more sensitive to e LPS-induced sepsis due to increased caspase-11
expression and mitochondrial damage.
Significance: Stefin B has an important role in limiting the inflammatory response during LPS-induced sepsis.

Stefin B (cystatin B) is an endogenous cysteine cathepsin
inhibitor, and the loss-of-function mutations in the stefin B
gene were reported in patients with Unverricht-Lundborg dis-
ease (EPM1). In this study we demonstrated that stefin B-defi-
cient (StB KO) mice were significantly more sensitive to the
lethal LPS-induced sepsis and secreted higher amounts of pro-
inflammatory cytokines IL-1� and IL-18 in the serum. We fur-
ther showed that increased caspase-11 gene expression and bet-
ter pro-inflammatory caspase-1 and -11 activation determined
in StB KO bone marrow-derived macrophages resulted in
enhanced IL-1� processing. Pretreatment of macrophages with
the cathepsin inhibitor E-64d did not affect secretion of IL-1�,
suggesting that the increased cathepsin activity determined in
StB KO bone marrow-derived macrophages is not essential for
inflammasome activation. Upon LPS stimulation, stefin B was
targeted into the mitochondria, and the lack of stefin B resulted
in the increased destabilization of mitochondrial membrane
potential and mitochondrial superoxide generation. Collec-
tively, our study demonstrates that the LPS-induced sepsis in
StB KO mice is dependent on caspase-11 and mitochondrial
reactive oxygen species but is not associated with the lysosomal
destabilization and increased cathepsin activity in the cytosol.

Sepsis, a systemic inflammatory response syndrome induced
by infection, is characterized by multiple organ failures and
hemodynamic shock (1). Lipopolysaccharide (LPS), a compo-
nent on the surface of Gram-negative bacteria, is a potent

inducer of sepsis and inflammation and acts by stimulating
immune system cells to produce pro-inflammatory cytokines.
Upon LPS binding and receptor homodimerization, the signal-
transducing adaptor proteins become associated with the
receptor and trigger the downstream signaling pathway leading
to the activation of NF-�B (2, 3). Members of the NLR family
(NLR proteins, Nlrp) and the adaptor ASC form multiprotein
complexes, termed inflammasomes, that are required for the
activation of the pro-inflammatory caspase-1 that processes
pro-interleukin (IL)-1� and pro-IL-18 into mature forms (4, 5).
The inflammasome activity should be tightly regulated to
defend the host while limiting the excessive inflammation and
immunopathology. Nlrp3 inflammasome is the best character-
ized as a central regulator of inflammation, which regulates
caspase-1 and IL-1� production in myeloid cells (4, 5). In this
pathway, TLR4 signaling provides the priming step that up-reg-
ulates Nlrp3 and pro-IL-1� gene expression (6). Besides the
priming step, there are three main cellular processes described
in the literature that lead to Nlrp3 inflammasome activation (5,
7). The first is the pannexin-1 membrane pore formation via the
ATP-gated P2X7 ion channel and K� efflux (8). The second way
of Nlrp3 activation is the phagocytosis of crystalline or partic-
ulate structures. The proposed mechanism suggests that
phagocytosis triggers lysosomal destabilization and subsequent
release of the lysosomal content, including lysosomal cathepsin
proteases, into the cytosol. However, it is not known yet
whether the cathepsins interact directly with the inflam-
masome or whether the process involves molecules activated by
the cathepsins (9, 10). The third model proposes that genera-
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tion of the reactive oxygen species up-regulates activation of
the Nlrp3 inflammasome. The role of mitochondria in the
inflammasome activation has been recently elucidated by
blocking the key enzymes of the respiratory chain, which
resulted in the loss of mitochondrial membrane potential, a vast
ROS generation and IL-1� secretion (11, 12). Recently, in addi-
tion to the canonical (LPS and ATP) Nlrp3 inflammasome sig-
naling, a new noncanonical inflammasome pathway has been
described, where caspase-11 is engaged in response to a num-
ber of Gram-negative bacteria. Caspase-11 is involved in Nlrp3-
dependent activation of caspase-1 leading to IL-1� processing
and secretion or in the Nlrp3- and caspase-1-independent
pathway leading to cell death (13–16). It is worth noting that
the mouse caspase-11 (gene name Casp4) has 46% similarities
to caspase-1 and is orthologous to human caspases-4 and -5
(17). Endolysosomal cysteine cathepsins were first described as
proteases involved in the protein breakdown within the lyso-
somes, but many studies revealed their important role in other
cellular processes, such as apoptosis, cancer progression,
inflammation, cell homeostasis, pathogen recognition, and its
elimination (18, 19). Their activity is regulated by the interac-
tion with the endogenous inhibitors, such as cystatins, tyro-
phins, and some of the serpins (20 –23). Stefin B belongs to the
type one cystatins and it is up-regulated in the activated macro-
phages (20, 22). In the nucleus stefin B interacts with the his-
tones and cathepsin L (24). Mutations in the gene of stefin B are
associated with the neurodegenerative disease known as the
Unverricht-Lundborg disease or progressive myoclonus epi-
lepsy of type 1 (EPM1) (25, 26). EPM1 is characterized by the
cerebellar granule neuron apoptosis, progressive ataxia, and
myoclonic epilepsy (25, 27). StB KO mice have increased apo-
ptosis in the cerebellum and develop ataxia (28). Houseweart et
al. (29) reported that the removal of cathepsin B from StB KO
mice reduced the neuronal apoptosis but did not rescue the
ataxia and seizure phenotype, suggesting that stefin B has alter-
native function(s) other than protease inhibition. Stefin B was
found as a part of multiprotein complexes in the cerebellum;
interestingly, none of the identified proteins interacting with
stefin B was a protease (30). The precise mechanism by which
stefin B influences the progression of the disease is not yet clear.

In this study, we describe a series of in vivo and in vitro exper-
iments showing that stefin B deficiency profoundly influences
the Nlrp3 inflammasome activation and viability of mice in
response to LPS. In particular, the data strongly suggest that the
lack of stefin B results in an increase of caspase-11 expression,
pro-inflammatory cytokine IL-1� and IL-18 serum concentra-
tions, and mitochondrial ROS formation. Thus, the traits
observed in StB KO mice result from an increased sensitivity of
these mice to inflammation rather than increased enzymatic
activity of cathepsin proteases.

EXPERIMENTAL PROCEDURES

General Reagents

LPS from Escherichia coli (E. coli 055:B5, Sigma) was used at
a final concentration of 100 ng/ml for the cellular studies. ATP
was obtained from Sigma (A7699) and used at a final concen-
tration of 5 mM ATP for 20 min. Recombinant mouse interfer-

on-� (IFN-�) (eBioscience) was used at a final concentration
of 100 units/ml. Antibodies used in Western blotting were pur-
chased from Abcam, and anti-caspase-1 (ab108362), anti-
caspase-11 (ab10454), anti-IL-18 (ab71495), anti-stefin B
(ab53725), anti-STAT1 (ab3987), anti-STAT1 Y 701 (9171S)
were from Cell Signaling. 3ZD anti-IL-1� mouse monoclonal
antibodies were obtained from the National Cancer Institute-
Frederick, MD (31). Anti-mouse IFNAR1 antibody (AF3039)
was from R&D Systems. Recombinant mouse macrophage col-
ony-stimulating factor (M-CSF) was purchased from eBiosci-
ence and used at a final concentration of 40 ng/ml. The cysteine
protease inhibitor E-64d was purchased from the Peptide
Research Institute and used at a final concentration of 15 �M.

Mice

Stefin B (cystatin B)-deficient mice were created as described
previously (28) and were provided by Dr. R. M. Myers, Stanford
University, and bred in our local colony. Mice (8 –12 weeks of
age) used in this study were wild type (WT) and StB KO, fully
backcrossed to FVB/N background. All mouse studies were
conducted in accordance with protocols approved by the Vet-
erinary Administration of the Republic of Slovenia and the
Government Ethical Committee. Procedures for animal care
and use were in accordance with the “PHS Policy on Human
Care and Use of Laboratory Animals” and the “Guide for the
Care and Use of Laboratory Animals.”

Preparation of Macrophages

Mouse primary bone marrow-derived macrophages (BMDMs)
were obtained by ex vivo differentiation from mouse bone mar-
row progenitors in the presence of M-CSF over 7 days, as
described previously (32). Cells were kept in DMEM supple-
mented with 20% FBS, 1% penicillin/streptomycin, 2 mM L-glu-
tamine, and M-CSF.

Plasmid and Transfections

The cDNA clone for stefin B was obtained from Image
(IMAGE, 3453675). It was PCR-amplified, tagged, and cloned
into pcDNA3 vector (Invitrogen) at HindIII and XhoI restric-
tion sites (24). Raw-blue cells (InvivoGen) were transiently
transfected with pcDNA3 and pcDNA/stefin B-HisTag plasmid
using Lipofectamine 2000 (Invitrogen), according to the man-
ufacturer’s instructions.

NF-�B Reporter Assay

Raw-blue cells (InvivoGen) were derived from the murine
RAW 264.7 macrophages with chromosomal integration of a
secreted embryonic alkaline phosphatase (SEAP) reporter con-
struct inducible by NF-�B and AP-1. Cells were grown accor-
ding to the manufacturer’s protocol. Upon TLR activation, the
signaling pathway leads to activation of the NF-�B-dependent
secretion of SEAP. Quanti-blue medium (InvivoGen) was used
for detection and quantification of SEAP, according to the man-
ufacturer’s protocol. SEAP activity was assessed by reading OD
at 655 nm with a microplate reader (Tecan).

Stimulations and Systemic LPS Challenge in Vivo

BMDMs were prepared as described above and seeded in
6-well plates (106 cells/well) for lysate preparation or in 96-well
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plates (105 cells/well) for supernatant collection. Cell were
stimulated as indicated. Briefly, LPS (100 ng/ml) were primed
for 4 h, washed with PBS, pH 7.2, and then ATP (5 mM) was
applied for 20 min. For cytokine analysis in the serum, StB KO
and WT mice were intraperitoneally injected with LPS at 10
mg/kg (E. coli 055:B5, Sigma). Blood was taken before (0 h) and
2, 4, and 6 h after the LPS administration. The serum was pre-
pared by removing the clot by centrifuging at 2000 rpm for 10
min in a refrigerated centrifuge; the resulting supernatants
were collected, and the serum levels of the cytokines were
determined by flow cytometry. For the viability study, WT and
StB KO mice were injected intraperitoneally with a high dose of
LPS at 30 mg/kg (E. coli 055:B5, Sigma) and monitored six times
daily over the 96 h.

Cell Lysate Preparation and Western Blot Analysis

Monolayer BMDMs at 80% confluence were first washed
with ice-cold PBS, followed by the direct addition of the radio-
immune precipitation assay lysis buffer supplemented with the
Complete protease inhibitor mixture (Sigma) Cell lysates were
prepared as described previously (33). The protein concentra-
tion of the cell lysates was measured using the Bradford reagent
(Bio-Rad). The lysates were subjected to electrophoresis on
12.5% SDS-polyacrylamide gels followed by Western blotting as
described previously (33). The proteins were visualized with
ECL (Amersham Biosciences) according to the manufacturer’s
instructions.

Cathepsin Activity Measurements

The cytosolic cathepsin activity assay was performed in a
96-well plate by using sensitive fluorogenic substrates Z-Arg-
Arg-AMC (Z-RR-AMC) and Z-Phe-Arg-AMC (Z-FR-AMC)
(Bachem). The treated cells were partially lysed with an acetate
buffer (50 mM sodium acetate, 150 mM NaCl, 0.5 mM EDTA, pH
5.6) containing 15 �g/ml digitonin (for the cytosolic cathepsin
activity) for 12 min on ice as described (34). Immediately after
the incubation on ice, the substrate (30 �M)-containing acetate
buffer was added, and the liberation of AMC was measured
using a fluorimeter (Tecan).

Quantitative Real Time PCR

Total RNA was isolated from the BMDMs after stimulation
with LPS using PureLink RNA mini kit (Ambion), followed by
DNase treatment using TURBO DNA-free kit (Ambion). RNA
concentrations and A260/A230 and A260/A280 ratios were
assessed spectrophotometrically using NanoDrop, whereas
RNA integrity was confirmed by 1.2% gel electrophoresis.
cDNA was synthesized from RNA with Precision nanoScript
Reverse Transcription kit (Primer Design Ltd.) using random
nanomer primers. The following primers designed by Primer
Design were used for the real time quantitative PCR: IL-1� (Il1b)
sense, 5�-GCTATGGCAACTGTTCCTGAA-3�, and antisense,
5�-ACAGCCCAGGTCAAAGGTT-3�; IL-18 (Il18) sense, 5�-
CCAAGTTCTCTTCGTTGACAAAA-3�, and antisense, 5�-
GTCCTCTTACTTCACTGTCTTTG-3�; caspase-1 (Casp1) sense,
5�-CTGCGGTGTAGAAAAGAAACG-3�, and antisense, 5�-
TCCATTTATTGTCCCTATACTCACT-3�; caspase-11 (Casp4)
sense, 5�-GCTACGATGTGGTGGTGAAA-3�, and antisense, 5�-

GGAATGTGCTGTCTGATGTCT-3�. Real time PCR was run
on Mx3005P system (Agilent, Stratagene products) using the fol-
lowing thermal profile: 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 1 min. Additionally, a melting curve
(55–95 °C) was performed at the end of each run. The mRNA
expressions of target genes were normalized to the expression of
Gapdh and B2m, which were confirmed to be the most stably
expressed reference genes by mouse geNorm reference gene selec-
tion kit (Primer Design). The mRNA expression of genes was cal-
culated considering their real time PCR efficiencies using REST
2009 (Relative Expression Software Tool) and presented as a fold
increase, relative to the unstimulated cells (control). The mRNA
expression levels of genes in control samples were normalized to
1.0.

Chromatin Immunoprecipitation

WT and StB KO BMDMs were grown on six 10-cm culture
dishes. The attached cells were washed two times with PBS on
the dish and then overlaid with 10 ml of PBS with 1% formal-
dehyde for fixation at room temperature for 10 –15 min with
occasional shaking. After fixation, the dishes were washed once
with PBS containing 125 mM glycine and two times with cold
PBS, and then the cell nuclei were isolated as described (35) and
resuspended in 3 mM CaCl2, 50 mM Tris-HCl, pH 8.0. The
nuclear preparation was digested with 60 units/ml micrococcal
nuclease (Nuclease7, Roche Applied Science) at 37 °C for 30
min with occasional shaking to achieve �150-bp-long mono-
nucleosome fragments. The reaction was terminated by 10 mM

EDTA. Nuclei were centrifuged for 5 min at 7500 rpm, and the
pellet was resuspended in 1 ml of L-CHIP buffer (1% SDS, 10
mM EDTA, 50 mM Tris-HCl, pH 8.0), 1 mM PMSF, and Com-
plete protease inhibitor mixture (Sigma) and sonicated once at
setting 2 for 10 s on Sonic Dismembrator (Fisher, model 100).
The lysate was centrifuged at 14,000 rpm for 5 min, and the
protein concentration was adjusted to 1 mg/ml with L-CHIP
buffer and subjected to immunoprecipitation with antibodies
against histone H3 dimethyl K9 (Abcam, ab1220 ChIP grade) as
described (36). Before immunoprecipitation, an aliquot of the
nuclear lysate was saved for isolation of input DNA. Immuno-
precipitated (ChIP) and input chromatin (Input) were treated
with 0.5 mg/ml of proteinase K (Roche Applied Science) and
RNase A (Roche Applied Science) at 37 °C for 30 min and
uncross-linked by incubating at 65 °C overnight. DNA was
extracted twice with phenol/chloroform and once with chloro-
form and ethanol precipitated with glycogen (Roche Applied
Science) and sodium acetate. DNA was dissolved in 50 �l of
water and used to prepare libraries with NEBNext ChIP-Seq
Library Prep Reagent Set for Illumina (E6200). Libraries were
sequenced on an Illumina HiSeq 2500 Genome Analyzer at the
Pennsylvania State University Genomic Core Facility. ChIP-
sequencing reads were mapped to the mouse genome with
bowtie 0.12.9 software using the default parameters and the
provided index NCBI37/mm9. Sequence reads mapped to mul-
tiple genomic locations were excluded from subsequent analy-
sis. All sequence reads and input DNA reads were normalized
to genome average, and the ratio of normalized ChIP sequence
versus the nonfractionated input DNA was calculated for the
promoter-containing region (1 kb upstream of the transcrip-
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tional start site) and the open reading frame (1 kb downstream
of the transcriptional start site) of the mouse caspase-11 gene
(Casp4).

Flow Cytometry

Detection of Cytokines in Cell Supernatants and Serum—The
levels of secreted cytokines in the BMDM culture supernatants
and mice sera were quantified by bead-based multiplex immu-
noassay for the flow cytometer (FlowCytomixTM, eBioscience),
according to the manufacturer’s instructions.

Analysis of Lysosome Integrity—Lysosomes in primed and
stimulated BMDMs were stained with the fluorescent acido-
tropic probe LysoTracker Green probe (Invitrogen) according
to the manufacturer’s instructions, as described previously (37).

Analysis of Mitochondrial Membrane Potential—The mito-
chondrial membrane potential (��m) in BMDMs was deter-
mined by the MitoTracker Red CMXRos (Invitrogen) uptake,
as described previously (37).

Detection of Mitochondrion-derived ROS (mtROS)—MitoSOX
Red (Invitrogen) was used as a mitochondrial superoxide indi-
cator in WT and StB-deficient BMDMs. Upon 4 h of LPS treat-
ment, cells were washed with warm PBS and loaded with 5 �M

MitoSOX in PBS for 15 min at 37 °C. ATP was added thereafter
for 20 min where indicated. Cells were harvested, pelleted at
1000 rpm for 5 min, immediately resuspended in PBS, and sub-
jected to FACS analysis. According to the manufacturer,
MitoSOX Red permeates live cells and is targeted to the mito-
chondria. The dye was rapidly oxidized by superoxide, which
upon binding to nucleic acids emits red fluorescence, which
was monitored by flow cytometer using excitation/emission �
488/564 – 606 nm. All samples were analyzed with the FAC-
SCalibur flow cytometer (BD Biosciences), and fluorescence
intensity plots were evaluated using the CellQuest acquisitions
software (BD Biosciences), version 3.3. All flow cytometry anal-
yses were performed following live cell gating from forward and
side scatter profiles.

Cytotoxicity, Lactate Dehydrogenase Release

Release of the cytoplasmic enzyme lactate dehydrogenase
(LDH) into the medium was determined by the cytotoxicity
detection kit (Roche Applied Science) following the manu-
facturer’s instruction. BMDMs were lysed with 2% Triton
X-100 to obtain total LDH release. The cytotoxicity was
expressed as the percent of the total LDH release.

Confocal Microscopy

WT BMDMs were seeded on coverslips, left untreated, or
stimulated with LPS. After the indicated treatment, the cells
were washed, probed with MitoTracker Red CMXRos (100 nM)
in OptiMEM for 45 min at 37 °C, then fixed with 3.7% parafor-
maldehyde in PBS, pH 7.2, for 15 min, and permeabilized with
0.2% Triton X-100 for 10 min in PBS. Stefin B was labeled with
rabbit anti-stefin B antibodies. Fluorescence microscopy was
performed using the Carl Zeiss LSM 510 confocal microscope.
Secondary antibodies conjugated with Alexa Fluor 488 or Alexa
Fluor 546 and rhodamine were excited with an argon (488 nm)
or He/Ne (543 nm) laser, and emission was filtered using a
narrow band LP 505–530 nm (green fluorescence) and 560 nm

(red fluorescence) filter, respectively. Carl Zeiss LSM image
software 3.0 (Correlation Plots) was used to evaluate co-local-
ization between the two labeled proteins (i.e. between red and
green fluorescence signals).

Statistical Analysis

Average results are presented as the mean � S.D. from the
number of assays indicated. Statistical significance of the
results was determined using unpaired Student’s t test, assum-
ing unequal variances. Survival rates were analyzed by the
Kaplan-Meier method and compared by the log-rank test.

RESULTS

StB KO Mice Are More Sensitive to LPS-induced Lethal Endo-
toxicosis and Secrete High Levels of IL-1� and IL-18 in the
Serum Post-LPS Administration—LPS, known as endotoxin, is
found in the outer membrane of various Gram-negative bacte-
ria, yet a small dose of LPS can cause severe inflammation and
septic shock (38). Therefore, a high-dose LPS injection into
mice is a useful model for the study of endotoxic shock and the
associated inflammatory responses. To investigate the overall
importance of stefin B during the LPS-induced lethal endotoxi-
cosis, mice were intraperitoneally injected with a high dose of
LPS (30 mg/kg weight), and survival was monitored over a 96-h
period (Fig. 1A). StB KO mice were found to be significantly
more susceptible to the LPS-induced sepsis. All StB KO mice
thus succumbed to the high dose of LPS up to the 60-h time
point, whereas a higher proportion of the WT mice survived
LPS-induced endotoxicosis up to 92 h post-injection.

Furthermore, we challenged StB KO and WT mice (8 –12
weeks of age) with a lower dose of LPS (10 mg/kg weight) and
analyzed the pro-inflammatory cytokine profile in the serum
(Fig. 1B). We determined a dramatic increase in the level of
IL-1� and IL-18 in the serum of StB KO mice 4 and 6 h after LPS
administration, whereas IL-6 serum levels remained compara-
ble between the WT and StB KO mice. TNF-� release was sig-
nificantly higher in the serum of StB KO mice only at the 2-h
time point, but not at the 4- and 6-h post-LPS administration.
These findings suggest that the lack of stefin B results in the
greater susceptibility to sepsis, which is at least partly due to the
increase of serum cytokines.

Transcription of Caspase-11 Is Up-regulated in LPS-stimu-
lated StB KO BMDMs—The above results suggest that the
molecular machinery regulating the IL-1 cytokine family secre-
tion (IL-1� and IL-18), but not the IL-6 and TNF-�, is highly
affected by the loss of stefin B. Our question was whether stefin
B affects pro-inflammatory cytokine and caspase expression or
activation. First, we examined the relative mRNA expression
levels of caspases-1 and -11, IL-1�, and IL-18 4 h post-LPS
stimulation in the BMDMs derived from StB KO and wild type
mice (Fig. 2A). In line with the inducible IL-1� gene expression
(39), we detected a dramatic up-regulation of the IL-1� gene
expression in both WT and StB KO BMDMs in response to the
LPS stimulation (50 –90-fold induction). Moreover, the IL-18,
caspase-1, and caspase-11 genes were also up-regulated, but to
a much lesser extent. Stefin B deficiency had a minimal effect on
the caspase-1, IL-1�, and IL-18 mRNA expression, whereas rel-
ative caspase-11 expression was significantly higher in StB KO
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than in WT BMDMs (Fig. 2A). The expression of caspase-11 is
regulated by NF-�B and STAT transcription factors (40). In
reporter cell line RAW-blue overexpressing stefin B, we con-
firmed a decreased NF-�B activation upon TLR4 signaling (Fig.
2B). These findings therefore provide evidence that stefin B
may be involved in the modulation of NF-�B activity and gene
expression.

Because it has been shown that cathepsin L, an inhibitory
target of stefin B, is translocated into the nucleus to process a
transcriptional regulator CUX1 (41) and that the nuclear
cathepsin L might affect gene expression by altering post-trans-
lational histone modifications (42, 43), we hypothesized that
the effect of stefin B deficiency on gene expression could be
mediated by deregulated cathepsin L. To test this hypothesis,
we studied global distribution of histone H3 dimethylated at
lysine 9 (H3K9me2) and histone H3 trimethylated at lysine 9
(H3K9me3), two repressive chromatin marks strongly affected

by inhibition of nuclear cathepsin L by MENT (44) and by
cathepsin L knock-out (43). Immunofluorescence experiments
with chromosome spreads showed that global arrangement of
H3K9me3 and H3K9me2 was not significantly changed in either
WT or StB KO cells (data not shown). To precisely identify gene-
specific distribution of H3K9me2, a repressive histone modifica-
tion playing an important role in gene-specific silencing (45), we
applied chromatin immunoprecipitation followed by sequencing
(Chip-seq). We were particularly interested in the caspase-11 gene
(Casp4), as it was highly up-regulated in StB KO BMDMs. As
expected, we observed a decreased level of H3K9me2 at the pro-
moter of caspase-11 in StB KO BMDMs (Fig. 2C). Moreover, there
were essentially no differences in the distribution of the H3K4me2
variant at promoter regions in the IL-1� gene of WT and StB KO
BMDMs (Fig. 2C). We concluded that the lack of the H3K9me2
mark at the caspase-11 promoter could contribute to the increased
caspase-11 expression.

FIGURE 1. LPS-induced lethality and LPS-triggered pro-inflammatory cytokine release in vivo is stefin B-dependent. A, Kaplan-Meier plot showing the
percentage of survival over time of age-matched wild type (WT) (n � 13) and StB KO mice (n � 11). *, p 	 0.05 (log-rank (Mantel-Cox) test). Mice were injected
intraperitoneally with 30 mg/kg LPS, and survival was monitored six times daily for a total of 4 days. B, for serum cytokine analysis, mice were injected
intraperitoneally with 10 mg/kg LPS, and blood was taken 0, 2, 4, and 6 h after LPS administration. Levels of indicated cytokines in serum were quantified by
bead-based multiplex for the flow cytometer. Statistical significance between WT and StB KO mice was determined in serum for IL-1� at 4 and 6 h, for IL-18 at
0, 2, 4, and 6 h, and for TNF-� at 2 h post-LPS injection. Data were obtained from three independent biological experiments performed in triplicate, and the
results are presented as means � S.D. *, p 	 0.05; **, p 	 0.01.
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Increased Expression of Caspase 11 Is Not Because of Activa-
tion of TRIF Pathway and Type I IFN Signaling—Rathinam et al.
(13) reported that TLR4-TRIF-IFN-� signaling pathway is
essential for caspase-11 activation. To assess the role of IFN-�
in increased caspase-11 expression in StB KO BMDMs, we pre-
treated BMDMs with interferon �/� receptor (IFNAR1)-block-
ing antibody prior to LPS stimulation. Anti-IFNAR1 antibody
treatment did not diminish caspase-11 expression in StB KO
BMDMs (Fig. 3A). Next, we examined the relative mRNA
expression levels of IFN-� 2 h after LPS stimulation in the
BMDMs derived from StB KO and WT mice, and we deter-
mined that relative IFN-� mRNA expression was lower in StB
KO than in WT BMDMs (Fig. 3B). Fang et al. (46) showed that
epigenetic mark H3K9me2 is a suppressor of IFN and IFN-
inducible antiviral gene expression. We applied Chip-seq and
determined increased levels of H3K9me2 at the promoter of
IFN-� in StB KO BMDMs in comparison with WT BMDMs in
normalized samples (Fig. 3D). This result suggested that the
increased H3K9me2 mark at the IFN-� promoter could con-
tribute to the lower IFN-� expression. The biological effects of
IFN-� are mediated largely through activation of STAT1 and
STAT2. We show that IFN-�-induced phosphorylation of
STAT1 was significantly augmented in the absence of stefin B
(Fig. 3E). Because IFN-� expression and signaling are decreased
in StB KO BMDMs, we reasoned that that TRIF signaling is not

essential for the increased caspase-11 expression determined in
StB KO BMDMs.

Caspase-11 and Caspase-1 Activation Is Enhanced in StB KO
BMDMs—Because the levels of IL-1� and IL-18 were highly
up-regulated in the serum of LPS-injected mice, we examined
the effects of stefin B deficiency on the activation of the Nlrp3
inflammasome in the BMDMs derived from StB KO and wild
type mice. Pro-inflammatory caspase-11 is essential for
caspase-1-independent macrophage death and caspase-1-de-
pendent IL-1� and IL-18 production in response to inflam-
masome activators (15). Upon LPS priming and ATP stimula-
tion, the formation of the p26 subunit of caspase-11 and the p10
subunit of caspase-1 was more prominent in StB KO BMDMs,
suggesting a more efficient pro-inflammatory caspase proteo-
lytic activation in StB KO BMDMs (Fig. 4). Pro-IL-1� in control
samples was found at undetectable levels, which increased sig-
nificantly at 4 h after LPS priming (Fig. 4), which correlates well
with the inducible IL-1� gene expression (Fig. 2A). A high
extracellular ATP concentration provides the second signal for
the NLRP3 inflammasome assembly and the caspase-1-medi-
ated processing of pro-inflammatory cytokines. The levels of
IL-1� and IL-18 pro-form decreased in both genotypes upon
addition of ATP; however, the drop was more evident in StB KO
samples that is in line with a higher caspase-1 activation (Fig. 3).
IL-1� and IL-18 mature forms were determined by Western

FIGURE 2. Transcription of caspase-11 is up-regulated in LPS-stimulated StB KO BMDMs. A, BMDMs were stimulated with LPS and total RNA was isolated
4 h post-stimulation. Relative mRNA expression was determined. RNA expression was normalized to reference genes Gapdh and B2m and presented as fold
increase. Data were obtained from three independent experiments performed in triplicate, and the results are presented as means � S.D. **, p 	 0.01. B,
increased expression of stefin B diminished NF-�B activation. RAW-blue cells (InvivoGen) were transfected with empty (control) pcDNA3 vector or
pcDNA3/Stefin B-HisTag to induce stefin B overexpression. SEAP activity was assessed by reading the OD at 655 nm. C, fold enrichment (ChIP/Input) of
H3K9me2 immunoprecipitated nucleosomes at the promoter and the open reading frame (ORF) downstream of the transcriptional start of the mouse
caspase-11 gene (Casp4) IL-1� (IL-1�) gene.
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blots of cell culture supernatants (Fig. 3), additionally secreted
IL-1� was quantified in media by a flow cytometer (Fig. 4D). In
line with better processing of pro-form, we determined signif-
icantly increased levels of mature IL-1� in StB KO BMDM’s
media (Fig. 4D).

Inhibition of Lysosomal Cathepsin Activity Has No Effect on
Nlrp3 Inflammasome Activation in StB KO BMDMs—Because
it was reported that endolysosomal cathepsins participate in
the NLRP3 inflammasome activation and IL-1� release (9, 10,
47), we hypothesized that the increased cathepsin activity,
determined in the cells of EPM1 patients (48), is responsible for
the Nlrp3 inflammasome activation in our model. A previous
study showed that the loss of the lysosomal integrity resulted in

the increase of cysteine cathepsin activity in the cytosol (37).
First, we tested whether lysosomes get destabilized upon LPS
and ATP stimulation. Lysosomal membrane integrity was
determined with LysoTracker Green. LPS evoked slight atten-
uation in the green fluorescence, but addition of ATP increased
lysosomal destabilization (Fig. 5A). However, stefin B defi-
ciency had no effect on the lysosomal integrity (Fig. 5A). To
quantify the extent of the lysosomal destabilization, we deter-
mined the cytosolic cathepsin activity by the fluorogenic broad
cathepsin substrates Z-FR-AMC and Z-RR-AMC that are pref-
erentially cleaved by cathepsin L and B (Fig. 5B). Cells were
lysed with the 15 �g/ml digitonin extraction buffer under
experimental conditions that did not disrupt lysosomes and

FIGURE 3. Decreased IFN-� expression and signaling in StB KO BMDMs. A, BMDMs from WT and StB KO mice were treated with inhibitory anti IFNAR1
antibody and stimulated for 4 h with LPS (100 ng/ml). Cell lysates were immunoblotted with anti-caspase-11 antibodies recognizing pro-caspase (casp)-11
(inactive zymogen) and subunits generated by proteolytic cleavages. Lysates were probed with anti-�-actin antibody as a loading control. Data shown are
representative of three independent experiments. B, BMDMs were stimulated with LPS, and total RNA was isolated 2 h post-stimulation. Relative mRNA
expression was determined. RNA expression was normalized to reference gene B2m and presented as fold increase. Data were obtained from three indepen-
dent experiments performed in triplicate. C, fold enrichment (ChIP/Input) of H3K9me2-immunoprecipitated nucleosomes at the promoter and the open
reading frame (ORF) downstream of the transcriptional start of the mouse IFN-� (IFN-�). D, input DNA normalized to genome average. E, immunoblotting of
p-STAT1 (pY-701) and total STAT1 in WT and StB KO BMDM at the indicated times following stimulation with IFN-�. Data shown are representative of three
independent experiments.
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then incubated with the substrates. We determined the highest
levels of cathepsin activity in ATP and LPS/ATP-stimulated
StB KO BMDMs, whereas LPS itself had no effect on the
cathepsin lysosomal release and activation in the cytosol (Fig.
5B). This finding is in line with recent studies showing that
ATP-mediated lysosomal breakdown and cathepsin release
were LPS-independent (49). Contrary to the hypothesis con-
cerning the cathepsin involvement in the inflammasome acti-
vation, we found that preincubation of BMDMs with the mem-
brane-permeable broad spectrum cathepsin inhibitor E-64d
before the Nlrp3 inflammasome activation did not alter activa-
tion of pro-inflammatory caspases-1 and caspase-11 (Fig. 5C),
and consequently, it had no effect on IL-1� release (Fig. 4D).

Besides IL-1� maturation and secretion, activation of
caspase-1 can result in caspase-1-dependent inflammatory cell
death termed pyroptosis (50). To investigate whether pro-in-
flammatory cytokines and cathepsins are released due to the
cytolysis, we quantified the release of the cytolytic marker
LDH in media (Fig. 5E). The difference in cell death between

StB KO and WT BMDMs was not statistically significant. In
addition, the levels of LDH in media were quite low (	15%),
suggesting that the cell death was not the cause of cathepsin
release.

LPS Induced Translocation of Stefin B into Mitochondria Where
It Prevented Excessive Superoxide Generation—Recently, several
studies examined the involvement of the mitochondrion-de-
rived reactive oxygen species (mtROS) and mitochondrial DNA
(mtDNA) in the inflammasome activation; however, the precise
mechanism of how cellular stress induces mitochondria break-
down and ROS release is still unknown (11, 51, 52). Because we
determined that the lysosomal leakage was not essential for the
Nlrp3 inflammasome activation, we next investigated whether
mtROS are implicated in an increased IL-1� secretion in the
mice lacking stefin B. To demonstrate the intracellular localiza-
tion of stefin B upon inflammasome activation, WT BMDMs
were probed with the MitoTracker Red. Unstimulated cells
showed no co-localization between stefin B and the Mito-
Tracker probe, whereas in the LPS-treated WT BMDMs we
determined co-localized regions (Fig. 6). Furthermore, we
monitored the loss of mitochondrial membrane potential
(��m) by flow cytometry. As the mitochondrial membrane
potential collapses, the MitoTracker Red CMXRos probe
decreases its fluorescence. Unlike lysosomal integrity that was
comparable between the WT and StB KO BMDMs (Fig. 4A), we
detected a larger degree of damaged mitochondria in the LPS
and LPS/ATP-stimulated StB KO BMDMs, suggesting a poten-
tially protective role of stefin B in preserving the mitochondrial
membrane integrity (Fig. 7A). Dysfunctional mitochondria are
a key source of mtROS generation, and paralleled with the
detected breakdown of ��m, LPS and LPS/ATP stimulations
highly increased superoxide generation in StB KO and to a
lesser extent in WT BMDMs (Fig. 6B). The above results show
that in the mitochondria stefin B protects against the loss of
��m and prevents the production of mtROS.

DISCUSSION

In our study, we show that the StB KO mice are significantly
more sensitive to the LPS-induced sepsis (Fig. 1A), suggesting
an important role of stefin B during inflammatory responses.
We have determined significantly increased caspase-11 mRNA
expression in the LPS-stimulated StB KO BMDMs, although
the differences in caspase-1, IL-1�, or IL-18 mRNA expression
between StB KO and WT BMDMs were not significant (Fig.
2A). Kayagaki et al. (15) showed that the loss of caspase-11
rather than caspase-1 protected the mice from a lethal dose of
LPS, and we propose that the increased lethality upon LPS chal-
lenge could be attributed to the increased caspase-11 expres-
sion in StB KO BMDMs.

The cathepsin L deficiency and cathepsin L inhibition by a
nuclear protease inhibitor, MENT, were shown to cause a global
rearrangement of specifically modified histones H3K9me3 and
H3K9me2 from euchromatin to heterochromatin (43, 44).
However, our observation that the global distribution of meth-
ylated histone 3 (H3K9me2 and H3K9me3) was not dramati-
cally changed between stefin B-deficient and WT BMDMs sug-
gests that the increased caspase-11 expression is unlikely to
result from a global epigenetic rearrangement, but could be due

FIGURE 4. Enhanced processing and secretion of IL-1� and IL-18 in stefin
B-deficient BMDMs is caspase-1-dependent. BMDMs from WT and StB KO
mice were primed for 4 h with LPS (100 ng/ml), washed, and stimulated with
ATP for 20 min (5 mM) to activate the Nlrp3 inflammasome. Cell lysates and
culture supernatants were immunoblotted with the indicated antibodies.
Anti-caspase-1 and anti-caspase-11 antibodies recognized pro-caspase (inac-
tive zymogen) and subunits generated by proteolytic cleavages. Anti-IL-1�
and anti-IL-18 antibodies recognized inactive pro-form in cell extracts and
mature secreted cytokines in cell supernatants. Lysates were immunoblotted
with anti-�-actin as a loading control. Data shown are representative of three
independent experiments.
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to some gene-specific mechanism. Stefin B was shown to inter-
act with cathepsin L and histones H3, H2B, and H2A.Z in the
nucleus (24). The cathepsin L deficiency and cathepsin L inhi-
bition by the nuclear protease inhibitor MENT were shown to
cause a global rearrangement of specifically modified histones
H3K9me3 and H3K9me2 from euchromatin to heterochroma-
tin (43, 44). The decreased level of histone variant H3K9me2 at
the promoter of caspase-11 (Casp4) but not Il1b in StB KO

BMDMs (Fig. 2C) is in accordance with the increased expres-
sion of caspase-11 in those cells. Furthermore, increased
expression of stefin B in the nucleus delayed cell cycle progres-
sion, due to decreased cleavage of CUX1 transcription factor by
cathepsin L (24), suggesting that the processing of CUX1 or
some other gene-specific mechanism could be responsible for
the up-regulation of caspase-11. Recently, it was reported that
caspase-11 expression upon LPS-induced TLR4 signaling is
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dependent on MyD88-dependent and TRIF-dependent path-
ways that both lead to the activation of NF-�B (16).

The activation of TRIF pathway leads to type-I interferon
expression (13). Engagement of IFNAR1 then stimulates
STAT1 and IRF9 signaling pathways that also contribute to the
up-regulation of caspase-11 expression (13, 14). In our work, we
showed that blocking of IFNAR1 with inhibitory antibody did
not prevent caspase-11 up-regulation in StB KO BMDMs. In
addition, we determined decreased IFN-� expression, as well
STAT1 activation in StB KO BMDMs in comparison with WT
BMDMs. Previous studies reported that stefin B interacted with
the STAT-1 in monocyte-derived and placental macrophages
(53). However, the recent study from the same group could not
confirm the direct interaction of stefin B with STAT1 (54).
They reported that stefin B interacted with several different

proteins in HIV-1-infected macrophages; among others the
two proteins were involved in JAK/STAT signaling pathway
(54). In our recent work, we showed significantly lower STAT3
signaling in LPS-stimulated StB KO BMDMs, which resulted in
decreased IL-10 expression (55). Therefore, we propose that
stefin B interferes with the signaling pathway upstream of
STAT1 and STAT3. The precise mechanism by which stefin B
influences JAK/STAT signaling has yet to be elucidated.

Because stefin B overexpression was found to down-regulate
the NF-�B signaling (Fig. 2B), we propose that stefin B could
modulate the caspase-11 gene expression in an NF-�B-depen-
dent manner. Stefin B deficiency resulted in significantly higher
serum levels of IL-1� and IL-18 (Fig. 1B), as well as in higher
levels of IL-1� (Fig. 4D) in BMDM media compared with the
WT controls. The maturation and release of the pro-inflamma-

FIGURE 5. Increased inflammasome activation in StB KO BMDMs is independent of lysosomal cysteine cathepsins. A, biosynthesis and integrity of
lysosomes were studied by LysoTracker Green probe, as described under “Experimental Procedures.” The lysosomal fluorescence intensity was quantified
upon LPS and ATP stimulations. Lysosomal destabilization was increased by ATP addition and was comparable between genotypes. Data were obtained from
three independent biological experiments performed in triplicate, and the results are presented as means of geometric mean fluorescence intensity � S.D. B,
release of cathepsins into the cytosol and their activity were measured after indicated stimulations using fluorogenic substrates specific for cathepsins.
Incubation of BMDMs with E-64d completely prevented cathepsin activity. C, BMDMs from WT and StB KO mice were primed for 4 h with LPS (100 ng/ml),
washed, and stimulated with ATP for 20 min (5 mM) or primed with broad spectrum cysteine cathepsin inhibitor E-64d for 1 h (15 �M), followed by LPS and ATP
stimulation. Cell lysates were immunoblotted with indicated antibodies. Lysates were immunoblotted with anti-�-actin as a loading control. Incubation of
BMDMs with E-64d did not affect the processing of caspase-1 and pro-inflammatory cytokine release. Data shown are representative of three independent
experiments. D, BMDMs were seeded into 96-well plates and stimulated as above. IL-1� release was quantified in the media by FlowCytomixTM. StB KO BMDMs
secreted higher amounts of IL-1� into the media compared with the WT; however, priming with E-64d did not affect IL-1� release (n.s., nonsignificant
difference). Data were obtained from four independent experiments performed in triplicate, and the results are presented as means � S.D. *, p 	 0.05; **, p 	
0.01. E, viability of BMDMs was assessed by LDH release into the cell culture media upon inflammasome activation. The cytotoxicity was expressed as the
percent of the total LDH release. Data were obtained from three independent experiments performed in triplicate, and the results are presented as means �
S.D. *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001.

FIGURE 6. Stefin B is localized into mitochondria upon LPS stimulation. WT BMDMs were left untreated (A) or LPS (100 ng/ml)-primed (B). The localization
of stefin B was determined by immunofluorescence. The images were merged to visualize co-localization of stefin B and mitochondria. Scale bar, 10 �m.
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tory cytokines IL-1� and IL-18 are dependent on the caspase-1
activation on inflammasome (56). In noncanonical inflammasome
activation, triggered by some of the bacteria, caspase-11 can inter-
act with caspase-1 and forms a heterodimeric complex (15, 57).
Both pro-caspase-11 p43 and its cleaved p26 subunit interacted
with caspase-1 in the BMDMs, when exposed to cholera toxin B
and E. coli; however, a much weaker interaction was detected
upon canonical LPS/ATP stimulation (15). The differences in
caspase-1 activation (Fig. 3) that we observed in StB KO and
WT BMDMs upon canonical inflammasome activation with
LPS/ATP could be at least partially attributed to the increased

caspase-11 expression and activation. Because stefin B is essen-
tially a cathepsin inhibitor, our first hypothesis was that the
increased cathepsin activity reported before in the lymphocytes
of EPM1 patients (48) and confirmed in our experiments in
BMDMs (Fig. 4B) is responsible for the increased Nlrp3 inflam-
masome activation. We have shown that under our experimen-
tal conditions lysosomes get destabilized, and the released
cathepsins are more active in StB KO BMDMs. However, the
addition of broad spectrum inhibitor E-64d did not alter
caspase-1 and -11 processing. Although the cathepsin activity
was higher in StB KO BMDMs, the effect of stefin B deficiency

FIGURE 7. Mitochondrial disruption resulted in increased superoxide generation in StB KO BMDMs. A, MitoTracker Red CMXRos uptake was quantified by
flow cytometry. The decrease in red fluorescence correlates with the loss of mitochondrial membrane potential. Mitochondria of StB KO BMDMs turned to be
more susceptible to LPS and ATP stimulation. Results are representative of three independent experiments performed in duplicate and presented as histogram
plots and as columns of geometric mean fluorescence intensity of three independent experiments performed in duplicate and presented as means � S.D. *,
p 	 0.05. B, BMDMs were stimulated and probed with 5 �M MitoSOX Red fluorogenic dye as indicated under “Experimental Procedures.” Red fluorescence was
measured by flow cytometry. LPS and LPS/ATP stimulations induced significant increase in superoxide (mtROS) generation in StB KO compared with WT
BMDMs. Results are representative of three independent experiments performed in duplicate and presented as histogram plots and as columns of
geometric mean fluorescence intensity of three independent experiments performed in duplicate and presented as means � S.D. *, p 	 0.05; **, p 	
0.01.
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on ATP-mediated caspase-1 activation and consequently on
IL-1� processing was not reversed by the addition of the
cathepsin inhibitor E-64d, a result showing that the cysteine
proteinase activity is not essential for the differences in inflam-
masome activation in StB KO and WT BMDMs. The above
results are in line with other studies, showing that ATP-in-
duced IL-1� release was unaltered in the presence of cathepsin
inhibitors (9, 49). The generation of ROS is another evolution-
arily well conserved mechanism, triggered in response to infection
or injury, and emerging studies strongly support the ROS path-
way in the inflammasome activation (11, 58). Recent studies
have shown that the mitochondrial dysfunction and relocation
of the Nlrp3 complex to the mitochondrion-associated endo-
plasmic reticulum membranes is essential for the inflam-
masome activation (11, 59). Furthermore, Nakahira et al. (12)
reported that depletion of the autophagy proteins beclin-1 or
LC3B in macrophages leads to the activation of caspase-1 and
the release of IL-1� and IL-18 by promoting the accumulation
of dysfunctional mitochondria. These data suggested that the
mitochondrial dysfunction represents an endogenous stimulus
for inflammasome activation. Our findings revealed that stefin
B is localized in the mitochondria upon LPS stimulation (Fig. 5),

and with flow cytometry experiments, we confirmed its role in
the protection of mitochondrial membrane integrity (Fig. 6A).
Recently two independent studies demonstrated that mtROS
and oxidized mtDNA released into the cytosol are key players in
the Nlrp3 inflammasome activation (12, 51). Our results show
that the lack of stefin B in BMDMs resulted in increased mtROS
production (Fig. 6B). Interestingly, Lehtinen et al. (60) showed
that stefin B protects cerebellar granule neurons from the oxi-
dative stress, and the stefin B deficiency resulted in the
increased apoptosis in the cerebellum. In addition, Butinar et al.
(61) reported that stefin B-deficient tumor cells were signifi-
cantly more sensitive to cell death upon the increased oxidative
stress. Furthermore, Shimada et al. (51) showed that stauro-
sporin (STS), a pro-apoptotic protein kinase inhibitor, was suf-
ficient to act as a second signal for the NLRP3 inflammasome
activation. In our previous study, we showed that STS-treated
StB KO thymocytes were more sensitive to STS-induced apo-
ptosis (33). Although we did not measure ROS in that study,
other studies reported the disruption of electron transport, loss
of ��m, and the production of ROS in the STS-induced apo-
ptosis (62).

FIGURE 8. Schematic of proposed model for the role of stefin B in Nlrp3 inflammasome activation. Step 1, upon LPS stimulation stefin B translocates into
mitochondria and protects mitochondrial integrity. Step 2, mitochondrial ROS up-regulate NF-�B activation. Step 3, in the nucleus, stefin B deficiency resulted
in a decreased level of H3K9me2-repressive histone variant at caspase-11 promoter and increased level of caspase-11 mRNA expression.
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Based on these results, the following model is proposed for
the protective role of stefin B in inflammation (Fig. 8). Upon
LPS stimulation, stefin B is translocated into mitochondria and
protects mitochondrial integrity. Stefin B deficiency resulted in
the breakdown of mitochondrial membrane potential and
increased mtROS generation. It was reported that NF-�B could
act as a sensor for oxidative stress (63). ROS were shown to
activate NF-�B directly (64) or indirectly by other stimuli such
as TNF-� and IL-1� (65). The increased mtROS detected in StB
KO BMDMs upon LPS/ATP stimulation could therefore lead
to the increased NF-�B activation and consequently caspase-11
expression. In the nucleus, stefin B deficiency resulted in a
decreased level of H3K9me2 repressive histone variant at the
caspase-11 promoter, and this could contribute to the increased
level of caspase-11 mRNA expression.

Halle et al. (9) reported NLRP3 inflammasome activation by
amyloid-� in microglia in the case of Alzheimer disease
resulted in the maturation and secretion of IL-1�. Because in
StB KO mice early microglial activation preceded neuronal loss
in the brain (66), it is tempting to speculate that Nlrp3 inflam-
masome activation is an important stage of the disease progres-
sion. In addition, Penacchio et al. (28) reported that StB
KO mice develop corneal lesions as they age. TLR and NLRP3
expression was reported also in corneal tissue (67, 68). This
might suggest that the increased incidence of the corneal
inflammation in StB KO mice is a consequence of the increased
inflammasome activation in the cornea.

In conclusion, in this study we report for the first time the
mitochondrial localization of stefin B and the increased mtROS
formation in StB KO BMDMs. The increased mortality of StB
KO mice upon LPS challenge could be a consequence of an
increased mtROS formation that leads to an increased NF-�B
activation and expression of NF-�B target genes. Our in vivo
data indicate that stefin B may be the critical effector of delete-
rious inflammatory responses. Therefore, elucidating the pre-
cise mechanism by which stefin B up-regulates caspase-11
(caspase-4 in humans) expression may be essential for the treat-
ment of sepsis.
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Reinheckel, T., Krüger, A., Turk, V., Turk, B., and Vasiljeva, O. (2014)
Stefin B deficiency reduces tumor growth via sensitization of tumor cells
to oxidative stress in a breast cancer model. Oncogene 33, 3392–3400

62. Ricci, J. E., Muñoz-Pinedo, C., Fitzgerald, P., Bailly-Maitre, B., Perkins,
G. A., Yadava, N., Scheffler, I. E., Ellisman, M. H., and Green, D. R. (2004)
Disruption of mitochondrial function during apoptosis is mediated by
caspase cleavage of the p75 subunit of complex I of the electron transport
chain. Cell 117, 773–786

63. Li, N., and Karin, M. (1999) Is NF-�B the sensor of oxidative stress? FASEB
J. 13, 1137–1143

Stefin B Regulates Inflammasome Activation

NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 31749



64. Schreck, R., Rieber, P., and Baeuerle, P. A. (1991) Reactive oxygen inter-
mediates as apparently widely used messengers in the activation of the
NF-�B transcription factor and HIV-1. EMBO J. 10, 2247–2258

65. Schreck, R., Grassmann, R., Fleckenstein, B., and Baeuerle, P. A. (1992)
Antioxidants selectively suppress activation of NF-�B by human T-cell
leukemia virus type I Tax protein. J. Virol. 66, 6288 – 6293

66. Tegelberg, S., Kopra, O., Joensuu, T., Cooper, J. D., and Lehesjoki, A. E.
(2012) Early microglial activation precedes neuronal loss in the brain of

the Cstb
/
 mouse model of progressive myoclonus epilepsy, EPM1.
J. Neuropathol. Exp. Neurol. 71, 40 –53

67. Karthikeyan, R. S., Leal, S. M., Jr., Prajna, N. V., Dharmalingam, K., Geiser,
D. M., Pearlman, E., and Lalitha, P. (2011) Expression of innate and adap-
tive immune mediators in human corneal tissue infected with Aspergillus
or Fusarium. J. Infect. Dis. 204, 942–950

68. Wu, X. Y., Gao, J. L., and Ren, M. Y. (2007) Expression profiles and function of
Toll-like receptors in human corneal epithelia. Chin. Med. J. 120, 893–897

Stefin B Regulates Inflammasome Activation

31750 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 46 • NOVEMBER 14, 2014


