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Shiga toxin (Stx)-mediated immune responses, including the production of the proinflammatory cytokines tumor necrosis-a
(TNF-a) and interleukin-1f (IL-1f3), may exacerbate vascular damage and accelerate lethality. However, the immune signaling
pathway activated in response to Stx is not well understood. Here, we demonstrate that enzymatically active Stx, which leads to
ribotoxic stress, triggers NLRP3 inflammasome-dependent caspase-1 activation and IL-1f3 secretion in differentiated macro-
phage-like THP-1 (D-THP-1) cells. The treatment of cells with a chemical inhibitor of glycosphingolipid biosynthesis, which
suppresses the expression of the Stx receptor globotriaosylceramide and subsequent endocytosis of the toxin, substantially
blocked activation of the NLRP3 inflammasome and processing of caspase-1 and IL-1f3. Processing and release of both caspase-1
and IL-1f were significantly reduced or abolished in Stx-intoxicated D-THP-1 cells in which the expression of NLRP3 or ASC
was stably knocked down. Furthermore, Stx mediated the activation of caspases involved in apoptosis in an NLRP3- or ASC-de-
pendent manner. In Stx-intoxicated cells, the NLRP3 inflammasome triggered the activation of caspase-8/3, leading to the initia-
tion of apoptosis, in addition to caspase-1-dependent pyroptotic cell death. Taken together, these results suggest that Stxs trigger

the NLRP3 inflammasome pathway to release proinflammatory IL-1f3 as well as to promote apoptotic cell death.

higa toxins (Stxs) are a family of genetically, structurally, and

functionally related bacterial protein toxins expressed by the
enteric pathogens Shigella dysenteriae serotype 1 and Stx-produc-
ing Escherichia coli (STEC). These toxins are the primary virulence
factors associated with bloody diarrhea, which may progress to
life-threatening systemic sequelae such as acute renal failure syn-
drome, also known as hemolytic uremic syndrome (HUS), and
central nervous system abnormalities (1).

Based on antigenic similarity to the prototypical Stx expressed
by S. dysenteriae serotype 1, STEC expresses two related Stxs. Stx
type 1 (Stx1) is essentially identical to Stx, whereas Stx type 2
(Stx2) is only 56% identical to Stx/Stx1 at the amino acid level (2,
3). Epidemiological studies and clinical observations showed that
infections with Stx2-producing strains of STEC are more likely to
cause serious extraintestinal complications (4, 5).

Structural studies of Stxs reveal that all of these toxins are com-
posed of a monomeric A subunit noncovalently associated with a
homopentameric ring of B subunits (6, 7). The A subunit inhibits
protein synthesis by its RNA N-glycosidase activity, whereas the B
subunits bind the neutral membrane glycolipid globotriaosylcer-
amide (Gb3) on the surface of susceptible host cells (8). Following
endocytosis, the toxin is transported in a retrograde manner, via
the trans-Golgi network and Golgi apparatus, to the lumen of the
endoplasmic reticulum (ER) (9). During retrotranslocation, the A
subunit is proteolytically processed to produce the enzymatically
active Al fragment (10-14). Translocation of the Al fragment
into the cytosol is required for cleavage of a single adenine residue
(at position A4324 in rat) located in the a-sarcin/ricin loop within
the 28S rRNA component of eukaryotic ribosomes (12, 15). This
site-specific rRNA depurination reaction results in the inhibition
of protein synthesis.
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Multiple signaling cascades are activated in host cells in re-
sponse to protein synthesis inhibitors that modify the 3" end of the
28S rRNA component of the eukaryotic ribosome, including the
ribotoxic stress response that activates the c-Jun N-terminal
(JNK) mitogen-activated protein kinase (MAPK) signaling path-
way (16). In particular, Stx-mediated ribotoxic stress induces
apoptosis or programmed cell death in various cell types (17).
Stxs also activate the ER stress response, which is normally
triggered by the accumulation of misfolded proteins within the
ER (18). Prolonged activation of ER stress is associated with the
induction of apoptosis (18, 19). Although the stress responses
activated by Stxs appear to be cell type specific, the maturation
state of a given cell may determine its cellular response to in-
toxication. For example, Stx treatment of undifferentiated
(monocytic) THP-1 cells (UD-THP-1) leads to rapid apopto-
sis, whereas intoxication of differentiated (macrophage-like)
THP-1 cells (D-THP-1) results in the activation of both apop-
totic and survival signaling pathways (20, 21).

Many studies have shown that Stxs elicit a proinflammatory
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response, including the elevated production of TNF-a, macro-
phage inflammatory protein 1 (MIP-1), IL-1f3, IL-8, IL-6, growth-
related oncogene a (Groat), and Grof3, both in vitro and in vivo
(22). The orchestrated induction of cytokine and chemokine ex-
pression is essential to limit pathogen dissemination and initiate
wound healing (23). Following ingestion of toxin-producing bac-
teria, Stxs produced in the gut are transferred across the polarized
human intestinal epithelial cell monolayer into the circulating
blood. Stxs are thought to directly damage vascular endothelial
cells, leading to localized inflammation. Thus, Stxs may elicit pro-
inflammatory cytokine expression in neutrophil- and macro-
phage-rich microenvironments (24). In human macrophage-like
THP-1 cells, Stxs regulate cytokine levels through the transcrip-
tion factors NF-kB, Egr-1, and ATF-3, as well as through activa-
tion of MAPK cascades (25, 26). Stx1-induced activation of the
phosphatidylinositol 3-kinase (PI3K)-Akt-mTOR pathway medi-
ates a transient increase in proinflammatory cytokine level, which
in turn results in the hyperphosphorylation of the translation ini-
tiation factor 4E-BP and inactivation (by phosphorylation) of the
positive cytokine regulatory factor glycogen synthase kinase 3
(GSK-3) (27). Finally, Stxs induce the expression of dual-specific-
ity phosphatases (DUSPs), also called MAP kinase phosphatases,
which negatively regulate MAPK activation, suggesting that the
activation of cytokine signaling by Stxs ultimately downregulates
the proinflammatory cytokine expression (28).

Crucial to the activation of caspase-1 and processing of the
proinflammatory cytokine IL-1f is the formation of a multipro-
tein complex termed the inflammasome (29, 30). Despite recent
progress in understanding how Stxs induce proinflammatory
cytokines, the involvement of inflammasomes in Stx-induced
cytokine expression and their role in disease progression re-
main incompletely understood. Recent studies showed that the
ribosome-inactivating protein ricin activates inflammasomes
containing the nucleotide-binding domain and leucine-rich
repeat containing receptor (NLR) protein 3 (NLRP3). Inflam-
masome activation is associated with the cleavage of pro-
caspase-1 into the p10 and p20 subunits of active caspase-1, as
well as the processing and secretion of the active form of IL-1
(31). However, the mechanism by which Stx1 or Stx2 regulates
the production of proinflammatory cytokines, including IL-
1B, has not been elucidated. Here, we report that receptor Gb3-
dependent Stx endocytosis activates NLRP3 inflammasome
signaling to trigger the production of proinflammatory cyto-
kine IL-1f3, as well as to promote caspase-8/3-dependent apop-
tosis, in the toxin-sensitive macrophage-like THP-1 cell line.

MATERIALS AND METHODS

Antibodies and reagents. Mouse monoclonal antibody against actin and
rabbit monoclonal antibodies against IL-18, caspase-1, caspase-3,
caspase-8, NLRP3, and apoptosis-associated speck-like protein con-
taining CARD (ASC) were purchased from Cell Signaling Technology
(Danvers, MA). Mouse monoclonal antibody specific for CD77/Gb3
was purchased from LifeSpan Bioscience (Seattle, WA). Phorbol 12-
myristate 13-acetate (PMA) and lipopolysaccharides (LPS) were pur-
chased from Sigma-Aldrich (St. Louis, MO). The glucosylceramide
synthetase inhibitor pL-threo-1-phenyl-2-decanoylamino-3-morpho-
lino-1-propanol (D-threo-PDMP) was acquired from Matreya LLC
(Pleasant Gap, PA). For short interfering RNA (siRNA) transfection,
TransIT-TKO transfection reagent was obtained from Mirus Bio
(Madison, WI).
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Toxins. Stx1 was purified as previously described (4, 5). Toxin was
passed through ActiClean Etox columns (Sterogene Bioseparations,
Carlsbad, CA) to remove trace endotoxin contaminants; samples treated
in this manner contained <0.1 ng/ml endotoxin as determined by the
Limulus amebocyte lysate assay (Associates of Cape Cod, East Falmouth,
MA). Purified Stx1 holotoxin containing a double mutation (E167Q and
R170L) in the A subunit (StxA1™~ ), which dramatically reduces enzymatic
activity, was a kind gift of Shinji Yamasaki, Osaka Prefecture University,
Osaka, Japan (32). Recombinant purified Stx2, StxA2™ toxoid (Y77S/
E167Q/R170L), and StxB2 subunits were obtained from NIAID, NIH Bio-
defense and Emerging Infections Research Repository (BEI Resources,
Manassas, VA).

Cell culture and differentiation. All cells used in this study were
maintained at 37°C in a 5% CO,-95% air atmosphere in a humidified
incubator. The human myelogenous leukemia cell line THP-1 (TIB-202;
American Type Culture Collection, Manassas, VA) was cultured in RPMI
1640 medium containing 10% fetal bovine serum (FBS; Gibco-BRL,
Grand Island, NY), penicillin (100 U/ml), and streptomycin (100 pg/ml).
Cells maintained under these conditions were considered to be undiffer-
entiated, monocytic THP-1 cells (UD-THP-1). THP-1-defNLRP3 cells
(in which the level of NLRP3 was stably knocked down) or THP-1-de-
fASC cells (in which the level of ASC was stably knocked down) were
obtained from InvivoGen (San Diego, CA). UD-THP-1 cells (1.0 X 10°
cells/ml) were differentiated to the adherent macrophage-like state by
treatment with 50 ng ml~' PMA for 36 h. Plastic-adherent cells were
washed three times with fresh medium lacking PMA but containing 10%
FBS, penicillin (100 U/ml), and streptomycin (100 pg/ml). The medium
was changed every 24 h for the next 3 days. The resultant cells were con-
sidered differentiated, macrophage-like THP-1 cells (D-THP-1). Experi-
ments were performed on or after the fourth day following PMA removal.
CD14™ primary human monocytes were obtained from Lifeline Cell
Technology (Carlsbad, CA). Primary human monocytes were cultured in
6-well tissue culture plates (Thermo Fisher Scientific, Waltham, MA) in
RPMI 1640 medium containing 10% human serum (Thermo Fisher Sci-
entific). Culture of human monocyte-derived macrophages (h(MDM) was
performed as previously described (33). The medium was replaced every 3
days, and adherent cells were used for experiments within 11 days of
plating. Human T84 colon carcinoma cells were purchased from the Eu-
ropean Collection of Cell Cultures (Salisbury, United Kingdom). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-F-12
(1:1) supplemented with 10% FBS.

Preparation of cellular lysates and Western blotting. Twelve hours
prior to stimulation, D-THP-1 cells (5 X 10° cells per well) were serum
starved in RPMI 1640 medium containing 0.5% FBS to reduce back-
ground kinase signaling. Cells were treated for 0 to 24 h with Stx1 (400
ng/ml), Stx2 (10 ng/ml), StxAl~ (400 ng/ml), StxA2™ (10 ng/ml), or
StxB2 (10 ng/ml). Cells were harvested and lysed at 4°C in modified ra-
dioimmunoprecipitation assay buffer (0.5% Nonidet P-40, 1.0% sodium
deoxycholate, 150 mM NaCl, 50 mM Tris-HCI [pH 7.5], 0.25 mM sodium
pyrophosphate, 2 mM sodium vanadate, 2 mM sodium fluoride, 10 pg/ml
aprotinin, 1.0 pg/ml leupeptin, 1.0 wg/ml pepstatin, and 0.2 mM phenyl-
methylsulfonyl fluoride [PMSF]) supplemented with protease inhibitor
(GenDEPOT, Barker, TX) and phosphatase inhibitor (GenDEPOT). For
detection of caspase-1, cells were lysed with 3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate (CHAPS) modified lysis buffer
[50 mM piperazine-N,N’-bis(2-ethanesulfonic acid)-HCI (pH 6.5), 2
mM EDTA, 0.1% CHAPS, 20 pg/ml leupeptin, 10 g/ml pepstatin A, 10
pg/ml aprotinin, 5 mM dithiothreitol (DTT), and 1 mM PMSF] supple-
mented with protease and phosphatase inhibitors. Extracts were collected
and cleared by centrifugation at 15,000 X g for 20 min. Cell lysates were
prepared as previously described (18, 33). Protein concentrations of each
extract were determined using the DC protein assay (Bio-Rad, Hercules,
CA). Equal amounts of proteins (50 to 80 g per lane) were separated by
SDS-PAGE on 4 to 12% Bis-Tris Plus gels (Life Technologies, Grand Is-
land, NY) in morpholineethanesulfonic acid (MES)-SDS running buffer
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(Life Technologies) and transferred to nitrocellulose or polyvinylidene
difluoride (PVDF) membranes. The membranes were washed with TBST
wash buffer (20 mM Tris-HCI [pH 7.6], 137 mM NaCl, and 0.1% Tween
20) and blocked with casein (3 to 5%) dissolved in 50 mM Tris-HCI (pH
7.6), 150 mM NaCl, and 0.1% Tween 20. The membranes then were
incubated with primary antibodies at 4°C for 24 h. After washing, the
membranes were incubated with horseradish peroxidase-labeled second-
ary antibodies at room temperature for 1 h. Bands were visualized using
the Western Lightning chemiluminescence system on an Image Quant
LAS 4000 (GE Healthcare). The data shown are representative of at least
three independent experiments. Relative protein levels were determined
using the NIH Image] software.

Knockdown assay. Specific SMARTpool siRNAs targeting NLRP3,
ASC, NLRCH4, caspase-1, and AIM2 and nontargeting negative-control
siRNA were purchased from GE Healthcare Dharmacon, Inc. (Pittsburgh,
PA). Macrophage-like THP-1 cells were transfected with each siRNA (400
pmol) using the TransIT-TKO transfection reagent. Forty-eight hours
after transfection, the medium was removed, the cells were washed three
times with PBS, and the medium was replaced with RPMI 1640 supple-
mented with 0.5% FBS. For studies using THP-1 cells with stable knock-
down of NLRP3 inflammasome function, THP-1-defNLRP3 or THP-1-
defASC cells were treated with PMA to generate differentiated cells with
reduced NLRP3 activity (D-THP-1NIRP3KD) o1 reduced ASC activity (D-
THP-145°KP), respectively. Subsequently, siRNA-transfected D-THP-1
cells, D-THP-1NFRP3KD . p_THP-145CKD \ere incubated with Stx1 (400
ng/ml) or Stx2 (10 ng/ml) for 0 to 24 h. Cell lysates were prepared, and
Western blotting was performed with specific antibodies against
caspase-1, IL-1[3, caspase-3, caspase-8, or B-actin. To address the influ-
ence of silencing of NLRP3, ASC, caspase-1, NLRC4, or AIM2 on inflam-
masome-mediated cytokine production, supernatants were collected for
measurement of soluble cytokines by enzyme-linked immunosorbent as-
say (ELISA).

Quantitative RT-PCR analysis. Following toxin treatment, total RNA
was isolated from cells using the RNAqueous kit (Life Technologies,
Grand Island, NY), a phenol-free, filter-based RNA isolation system. The
resultant samples were treated with RNase-free DNase at 37°C for 30 min
to remove genomic DNA contamination, followed by heat inactivation at
95°C for 20 min. Levels of target genes were measured by reverse tran-
scription-PCR (RT-PCR) using the following primers: NLRP3, 5'-TGAT
GTTCTGTGAAGTGCTGAA-3' (forward) and 5'-CGCACTTTTTGTCT
CATAATTAG-3" (reverse); ASC, 5-AGTTCAAGCTGAAGCTGCTG
T-3" (forward) and 5'-CCAGCTTGTCGG TGAGGT-3 (reverse); and
Actin, 5'-CCTGGCACCCAGCACAAT-3' (forward) and 5'-GCCGATC
CACACGGAGTACT-3" (reverse). All PCR primers for target genes
were designed using the Roche Assay Design Center (http://www
.universalprobelibrary.com) and synthesized at Bioneer (Daejeon, South
Korea). Quantitative RT-PCR assays were carried out in a LightCycler 96
(Roche Diagnostics, Mannheim, Germany) using RealHelix quantitative
PCR (qPCR) kits (Nanohelix, Daejeon, South Korea). Ten nanograms of
total RNA was used in reverse transcription reactions. The PCR program
was cDNA synthesis at 50°C for 40 min; initial denaturation at 95°C for 12
min; 40 cycles of denaturation at 95°C for 20 s, annealing at 50°C for 30 s,
and extension at 60°C for 1 min; and a final extension at 60°C for 10 min.
Raw fluorescence data were normalized against the corresponding level of
GAPDH mRNA. Relative expression values were calculated using Light-
Cycler 96 software, version 1.01.

Detection of ASC oligomerization. For analysis of ASC oligomeriza-
tion, D-THP-1 cells were treated with Stx1, Stx2, or LPS for 1 to 4 h. Cells
were harvested using CHAPS lysis buffer and centrifuged at 6,000 rpm at
4°C for 15 min. The resultant pellet fractions were collected and resus-
pended in PBS, cross-linked with disuccinimidyl suberate (DSS), and
mixed with native gel loading buffer (Bio-Rad). Samples were separated
on Mini-PROTEAN TGX precast native gels (Bio-Rad) and analyzed by
Western blotting with anti-ASC antibody.
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Cytotoxicity assay. D-THP-1 cells (1.0 X 10* cells per well) were
seeded in 96-well microtiter plates prior to treatment with Stx1 (0 to
400 ng/ml) for 0 to 24 h in RPMI 1640 medium containing 0.5% FBS.
Cytotoxicity was determined by a colorimetric assay (34) using 3-(4,5-
dimethylthiazol-2-yl)-5-(carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inert salt (MTS) (Promega, Madison, WI). MTS (50 wl)
was added to each well, and incubation continued at 37°C for 2 hin a 5%
CO, humidified incubator. Optical density at 490 nm was recorded using
an automated microtiter plate reader (Biotek, Winooski, VT). The per-
centage of cell death was determined using the following equation: per-
centage of cell death = [(average OD,, of treated cells — average OD 44,
of control cells)/(average OD 4, of control cells)] X 100, where OD 4, is
the optical density at 490 nm. Background absorbance at 630 nm, mea-
sured in untreated cells, was subtracted from each sample reading. The
reference wavelength of 630 nm was used to subtract background contrib-
uted by excess cell debris and other nonspecific absorbance.

Caspase-3/7 activity assay. D-THP-1 cells in 96-well microtiter plates
were treated with Stx1 for 12 h in RPMI 1640 medium containing 0.5%
FBS. Caspase-3/7 was detected using the Caspase-Glo 3/7 assay kit (Pro-
mega, Madison, WI). Glo reagent (100 wl) was added to each well and
incubated for 0.5 to 3 hin a 5% CO, humidified incubator. Luminescence
was detected on a GloMax 96 microplate luminometer (Promega).

ELISA. Accumulated cytokines were determined using caspase-1, IL-
1B, IL-8, or Groa ELISA kits purchased from R&D Systems (Minneapolis,
MN). D-THP-1 was incubated in starvation media for 4 to 12 h prior to
Stx treatment. Stimulated D-THP-1 cell culture media were collected after
centrifugation at 14,000 X g for 20 min at 4°C. Collected media were
concentrated using Amicon ultracentrifugal filter systems (EMD Milli-
pore, Billerica, MA). Concentrated supernatant samples were added to
96-well polystyrene microtiter plates coated with anti-IL-8, anti-IL-1f3, or
anti-Groa.

TUNEL assay. The apoptosis of adherent macrophage-like D-THP-1
cells and cells in which ASC or NLRP3 expression was stably knocked
down was determined using an in situ cell death detection kit (Roche,
Mannheim, Germany). Briefly, cells (2.0 X 10° cells per well) were differ-
entiated on 8-well Lab-Tek chamber slides (Thermo Scientific), resulting
in approximately 1.0 X 10° viable cells per well. Cells were left untreated
or were treated with Stx1 (400 ng/ml) for 24 h and then fixed in freshly
prepared 4% paraformaldehyde for 1 h, rinsed with PBS, and treated with
permeabilization solution for 2 min on ice. Following washing, terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) reaction mix was added, the samples were incubated for 1 h at
37°C in the dark, and the cells again were washed in PBS. To count
TUNEL-positive cells, the total number of TUNEL-positive cells was de-
termined from 15 different fields (magnification, X20) for each treatment
condition in three independent experiments. In parallel, total cell num-
bers were determined by counting Hoechst 33342 (Thermo Scientific
Inc.)-stained nuclei in samples from each treatment condition. Percent-
ages of TUNEL-positive cells (above the value in untreated controls) were
calculated with the following equation: percentage apoptosis = (number
of TUNEL-positive cells/total number of Hoechst 33342 — positive total
cells) X 100.

Statistics. Data are reported as means * standard errors of the means
(SEM) from at least three independent experiments. Statistical analyses of
data were performed using GraphPad Prism software (GraphPad, San
Diego, CA). Depending on the assay, P < 0.001 or P < 0.01 was consid-
ered significant.

RESULTS

Shiga toxin targets the NLRP3 inflammasome pathway. A
multiprotein complex called the inflammasome, consisting of
NLRP3 and the adaptor protein ASC, forms in response to multi-
ple damage-inducing agents, including bacterial pathogens and
metabolic danger signals. The inflammasome activates caspase-1
to process pro-IL-1, resulting in the production of the highly
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FIG 1 Shiga toxin targets the NLRP3 inflammasome pathway. (A) D-THP-1 cells were transfected for 60 h with siRNAs targeting NLRP3 (siNLRP3), ASC
(siASC), caspase-1 (siCaspl), NLRC4 (siNLRC4), or AIM2 (siAIM2) or with nontargeting siRNA (NTR). After washing, cell lysates were collected and the
knockdown of proteins was confirmed by Western blotting. (Upper) B-Actin was used as a control for equal protein loading. (Lower) Knockdown cells exposed
to Stx1 (400 ng/ml) for 12 h were evaluated for Casp-1 p20 or IL-1{ release into the media. B-Actin was used as a control for equal protein loading. (B and C)
Effect of knockdown of NLRP3 (siNLRP3), ASC (siASC), NLRC4 (siNLRC4), and AIM2 (siAIM2) on the release of IL-13, IL-8, and Groa into media collected
from D-THP-1 cells treated with Stx1 for 24 h. Cont, untreated control; Pro-casp-1, procaspase-1; Casp-1 p20, active form of p20 subunit of caspase-1;
Pro-IL-1PB, unprocessed pro-form of IL-13; IL-1B p17, active form of proteolytically processed IL-1[3; Sup, supernatant. Results are means = SEM from two

experiments, each performed in triplicate. Asterisks indicate a statistically significant difference in IL-1§ level (P < 0.001). NS, not significant.

proinflammatory molecule IL-1 (35-37). Although previous
studies reported that the formation of the NLRP3 inflam-
masome is required for processing and release of IL-1f3 in bone
marrow-derived macrophages treated with a panel of well-
characterized protein synthesis inhibitors (31, 38), the mecha-
nism underlying the proinflammatory response to Shiga toxin
has not yet been studied.

To address this issue, we first evaluated the composition of the
inflammasome formed in response to Stx1 in D-THP-1 cells by
siRNA-induced knockdown of the following genes: NLRP3, NLR
family CARD domain-containing protein 4 (NLRC4), absent in
melanoma 2 (AIM2), ASC, and caspase-1. Stxl-mediated
caspase-1 activation and IL-1[3 processing were significantly im-
paired in cells transfected with NLRP3-, ASC-, or caspase-1-spe-
cific siRNA but not in cells transfected with NLRC4- or AIM2-
specific siRNA or nontargeting negative-control siRNA (Fig. 1A),
indicating that Stx1 targets the NLRP3 inflammasome for

January 2016 Volume 84 Number 1

Infection and Immunity

caspase-1 activation in D-THP-1 cells. The best-characterized
pathway leading to the secretion of immunoreactive IL-1f in-
volves the inflammasome-mediated activation of caspase-1 (35,
39, 40). Therefore, we further examined the effect of NLRP3,
NLRC4, AIM2, or ASC knockdown on the production of mature
IL-1B, IL-8, and Groa after 24 h of exposure to Stx1. Stx1 treat-
ment of D-THP-1 cells transfected with nontargeting siRNA
(NTR), siNLRC4, or siAIM2 or not transfected with any siRNA
produced significantly higher levels of IL-13 than cells not treated
with the toxin (Fig. 1B). In contrast, siNLRP3- or siASC-transfected
cells treated with Stx1 produced significantly lower levels of IL-13
(Fig. 1B), demonstrating that the inflammatory response to the toxin
is dependent on the NLRP3 inflammasome. Several studies have
shown that Stxs stimulate the production of proinflammatory factors
other than IL-1pB, including TNF-a, MIP-1, IL-8, IL-6, and Groo
(22). Therefore, we investigated whether inflammasome compo-
nents affect the Stx1-induced production of additional proinflamma-
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FIG 2 Stx1 triggers caspase-1-dependent IL-1p release only in differentiated macrophage-like cells. (A) Casp-1 p20 levels were elevated only in Stx1-treated
D-THP-1 cells. Western blotting was used to measure levels of activated caspase-1 (Casp-1 p20), procaspase-1 (Pro-casp-1), and B-actin in media or lysates
prepared from toxin-sensitive D-THP-1 and UD-THP-1 cells, toxin-resistant human primary monocyte-derived macrophages (hMDM), and toxin receptor
Gb3-deficient T84 cells stimulated with Stx1 (400 ng/ml) for 4 or 12 h. D-THP-1, UD-THP-1, hMDM, and T84 cells were stimulated with Stx1 (400 ng/ml) for
24 h. (B) Levels of soluble IL-1f released from various cell types treated with Stx1. The quantitation of IL-1f was performed by ELISA. Mean cytokine values
(pg/ml) from two independent experiments were calculated and are expressed as means = SEM.

tory factors. Regardless of the expression status of inflammasome
components, the chemokines IL-8 and Groa were released into the
media at comparable levels (Fig. 1C).

Stx promotes caspase-1-dependent IL-1f3 release only in tox-
in-sensitive differentiated macrophage-like cells. Stxs trigger
signaling pathways in a cell type-specific manner; consequently,
Stx treatment leads to terminal executioner caspase-8/3 activation
only in toxin-sensitive THP-1 or HK-2 cells, but not in toxin-
refractory primary human monocyte-derived macrophages
(hMDM) (33). To determine whether inflammasome activation is
critical for the susceptibility of host cells to the cytotoxic activity of
Stxs, we investigated the ability of toxins to produce active Casp-1
p20 and mature IL-1( in both toxin-sensitive (D-THP-1 and UD-
THP-1 cells) and toxin-resistant cell types (h(MDM and T84 epi-
thelial cells). Only D-THP-1 cells exhibited caspase-1 activation
upon toxin stimulation, whereas UD-THP-1 cells, which are not
capable of producing cytokines following toxin treatment, as well
as the highly toxin-refractory hMDM and T84 cells, did not con-
vert procaspase-1 to the active form (Fig. 2A). The levels of Casp-1
P20 released from Stx1-intoxicated D-THP-1 cells were signifi-
cantly elevated after 4 and 12 h, respectively, relative to those from
untreated cells (0 h). However, Casp-1 p20 was not secreted at
detectable levels from Stx1-treated UD-THP-1, hMDM, and T84
cells.

To assess whether the caspase-1 activation is correlated with
the processing of inactive pro-IL-1f into mature IL-1[3, we ana-
lyzed supernatants collected from the Stx1-treated cells by West-
ern blotting and ELISA. Stx1 treatment induced pro-IL-1f pro-
cessing and extracellular release of IL-1p only in D-THP-1 cells
(Fig. 2B). These results suggest that Stx1 prompts caspase-1-de-
pendent IL-1 release and induces caspase-8/3 activation, which
leads to apoptotic cell death, in toxin-sensitive differentiated mac-
rophage-like THP-1 cells (see below).

Stxs activate NLRP3 inflammasome-mediated caspase-1-de-
pendent IL-1 secretion by promoting oligomerization of ASC.
Previous studies focused on the Stx-induced intracellular signal-
ing pathways leading to the activation of innate immunity, partic-
ularly cytokine and chemokine expression. Those studies showed
that Stx treatment of primary human monocyte-derived macro-
phages and D-THP-1 cells induces TNF-« and IL-1f expression
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(41, 42). Because our results demonstrated that Stx targets the
NLRP3 inflammasome pathway, we further characterized the ef-
fect of Stxs on inflammasome function in relation to processing of
IL-1B. To monitor the presence of caspase-1 p20 subunit (Casp-1
p20) as a direct readout of inflammasome function, D-THP-1
cells first were primed with LPS or left unprimed, followed by
treatment with 400 ng ml ! of Stx1 for 1 to 12 h. LPS, a well-
characterized activator of inflammasome function (43, 44), was
used to assess additive effects on caspase-1 activation. In a mouse
model of HUS, both LPS and Stxs are required to initiate throm-
botic microangiopathy (45). Therefore, it is reasonable to specu-
late that synergistic effects of Stxs and LPS contribute to the acti-
vation of the inflammasome in macrophage-like cells. Stx1
treatment with or without LPS induced inflammasome function
and increased active Casp-1 p20 levels in cell lysates (Fig. 3A).
Activation of inflammasome function occurred rapidly in re-
sponse to all treatments, with Casp-1 p20 reaching maximal levels
at 4 h after treatment. Substantial levels of caspase-1 activation
occurred at 4 h in cells cotreated with Stx1 and LPS. Consistent
with earlier studies (41), UD-THP-1 cells treated with Stx1 alone
did not produce pro-IL-1B (Fig. 3A). In addition, we monitored
supernatants collected from cells treated with Stx1 or Stx2 for the
presence of Casp-1 p20, a well-accepted means of monitoring in-
flammasome activation (46) (Fig. 3B). Western blotting revealed
the appearance of the active form of caspase-1 in supernatants
collected from toxin-treated cells (Fig. 3B, upper). In addition, we
measured the amounts of secreted active caspase-1 induced by
Stx1 or Stx2 by ELISA of culture supernatants. Levels of active
Casp-1 p20 were remarkably increased in supernatants collected
from D-THP-1 cells treated with Stx1 or Stx2 relative to those
from untreated cells (Fig. 3B, lower).

To further explore inflammasome activation, we performed
the inflammasome adaptor ASC oligomerization assay, which
measures the amount of oligomeric ASC (pyroptosomes) in the
Nonidet P-40-insoluble low-speed pellets of stimulated cells (46,
47). ACS in Stx-treated cells was oligomerized regardless of the
presence of LPS (Fig. 3C). Together, these data suggest that Stxs
stimulate inflammasome function via oligomerization of the
adaptor protein ASC, a critical step in caspase-1 activation, extra-
cellular release of IL-13, and pyroptotic cell death (39).
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FIG 3 LPS augments Stx-mediated inflammasome activation and Stxs activate NLRP3-inflammasome via ASC oligomerization. (A) Effect of Stx1 on inflam-
masome activation in D-THP-1 cells. D-THP-1 cells or UD-THP-1 cells (2.0 X 10° cells per well) were treated with Stx1 (400 ng/ml) in the absence or presence
of LPS (200 ng/ml). Cellular lysates were collected, followed by Western blotting with caspase-1- or IL-1B-specific antibodies. Membranes were stripped and
reprobed with anti-B-actin antibody as a control for equal protein loading. The data shown are representative blots from two independent experiments. (B)
Toxin-mediated caspase-1 activation. Cells were treated with Stx1 or Stx2 for 12 h. Supernatants then were analyzed for the presence of secreted Casp-1 p20 by
Western blotting (upper) and ELISA (lower). Results are means == SEM from two experiments, each performed in triplicate. (C) Stx-mediated ASC oligomer-
ization. Western blot of oligomeric ASC pyroptosomes in DSS-cross-linked cell pellets of toxin-treated D-THP-1 cells in the presence or absence of LPS. Soluble
cell lysates were immunoblotted with anti-ASC or anti-B-actin antibodies. Cont, untreated control; Casp-1 p20, active form p20 subunit of caspase-1; Pro-

casp-1, procaspase-1; Pro-IL-1@, unprocessed pro-form of IL-1(3.

Stx-mediated inflammasome activation is dependent on the
toxin receptor Gb3. Binding of Stxs to the membrane receptor
Gb3 is a prerequisite for initial cellular signaling events, leading to
internalization, retrograde intracellular transport, and ultimately
activation of multiple stress responses and proinflammatory cyto-
kine production (48). Accordingly, we examined the effect of Gb3
on Stx-induced caspase-1 activation. Pretreatment of D-THP-1
cells with the glycosphingolipid synthesis inhibitor PDMP, which
efficiently reduces Stx endocytic uptake and intracellular trans-
port from endosomes to the Golgi apparatus (49), significantly
reduced Gb3 expression (Fig. 4A, left) and attenuated Stx-medi-
ated caspase-1 activation in a dose-dependent manner (Fig. 4A,
right). Notably, toxin-mediated IL-1 secretion was undetectable
in the crypt-like colon carcinoma-derived T84 cell line, which
does not express Gb3 (Fig. 2). To obtain further evidence that
Stx-induced inflammatory activation is dependent on Gb3, we
measured the secretion of immunoreactive IL-1f from toxin-

treated cells in the presence of PDMP. PDMP significantly de-
creased IL-1( secretion from toxin-treated cells (Fig. 4B). These
results demonstrate that Gb3-mediated toxin binding and endo-
cytosis are necessary for inflammasome activation, leading to the
activation of caspase-1 and release of IL-1B production, in D-
THP-1 cells.

Enzymatically functional Stxs are required for NLRP3 in-
flammasome activation. Retrograde transport of Stxs to the ER
lumen, processing of the toxin to generate the enzymatically active
Al fragment, and translocation of this fragment across the ER
membrane all are required for the depurination reaction of 28S
rRNA and subsequent activation of ribotoxic stress responses
(16). Therefore, we asked whether the delivery of enzymatically
active Stxs into the cytosol is essential for the activation of the
NLRP3 inflammasome. To determine the involvement of Stx en-
zymatic activity in the activation of caspase-1, we treated
D-THP-1 cells with active Stx1, active Stx2, variants lacking enzy-
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FIG 4 Stx-mediated inflammasome activation is dependent on the receptor Gb3. (A) Stx receptor Gb3 (left) and Casp-1 p20 (right) levels in toxin-treated
D-THP-1 cells after pretreatment with the glucosylceramide synthetase inhibitor D-threo-PDMP. (B) Mature IL-1( levels in supernatants collected from
toxin-treated D-THP-1 cells, with or without PDMP pretreatment, measured by sandwich ELISA. Standards provided with ELISA kits were used to calculate
amounts of soluble cytokine protein. Cells were treated with 50 WM D-threo-PDMP, 400 ng/ml Stx1, or 10 ng/ml Stx2 unless otherwise indicated.
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FIG 5 N-glycosidase activity of Stxs is required for NLRP3 inflammasome activation. (A) Caspase-1 was activated only by enzymatically functional toxins.
D-THP-1 cells were treated with Stx1 (400 ng/ml), Stx1A™ (400 ng/ml), Stx1 B subunits (400 ng/ml), Stx2 (10 ng/ml), Stx2A~ (10 ng/ml), or Stx2 B subunits (10
ng/ml) for 4 h. (Left) Cell lysates were assessed for levels of procaspase-1 (Pro-casp-1) and the active form of caspase-1 (Casp-1 p20) following solubilization,
fractionation by SDS-PAGE, and analysis by Western blotting. (Right) Bar graph depicts quantitation (means = SEM) of the Casp-1 p20 level from three
independent experiments. An asterisk indicates significant differences in Casp-1 p20 levels (P < 0.001). (B) Active caspase-1 (Casp-1 p20) released from
enzymatically active Stx1-treated cells without LPS priming. D-THP-1 cells were pretreated with LPS or not pretreated and then were treated with Stx1, Stx1A ™,
or Stx1 B subunits for 12 h. Western blotting of caspase-1 was used to reveal the release of processed Casp-1 p20 subunit into the supernatant. Cell lysates from
LPS-primed or nonprimed cells were assessed for the production of procaspase-1 (Pro-casp-1) or Pro-IL-1B. Actin was used as the loading control. Western blots
are representative of results from three separate experiments. (C) Levels of secreted active Casp-1 p20 and IL- 1 from the toxin-treated D-THP-1 cells. Cells were
stimulated with Stx1 (400 ng/ml), Stx1A™ (400 ng/ml), or Stx1 B subunits (400 ng/ml) for 24 h in the presence or absence of LPS (200 ng/ml). Culture
supernatants (media) were analyzed for secreted soluble Casp-1 p20 (left) and IL-1p (right) by ELISA. Values are expressed as means = SEM from three

independent experiments.

matic activity due to mutations in the A subunit catalytic residue
of each toxin (StxAl™ and StxA2™ ), pentameric StxB1 subunit
(Stx1B-sub), or StxB2 subunit (Stx2B-sub). The results revealed
that only enzymatically active toxins promoted caspase-1 activa-
tion, whereas no activation was observed in cells treated with en-
zymatically deficient mutant toxins or the B subunits (Fig. 5A).
LPS induced the release of active caspase-1 regardless of Stx treat-
ment, and in combination with enzymatically active Stx1, LPS
exerted a substantial synergistic effect on caspase-1 secretion (Fig.
5B). A significant amount of released caspase-1 was observed only
in Stx1-treated cells. Notably, treatment with Stx1, Stx1A™, and
StxB1 subunits, with or without LPS, did not impair the produc-
tion of inactive procaspase-1 and pro-IL-13 (Fig. 5B). Because
active caspase-1 typically is secreted along with cytokines, we mea-
sured the levels of released caspase-1 and IL-1f by ELISA. Com-
pared to wild-type Stx1 treatment, stimulation of D-THP-1 cells
with StxA1™ or StxB1 subunits significantly decreased the release
of active caspase-1 and mature IL-1 into the media (Fig. 5C). We
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observed no significant synergistic effects of LPS priming on the
release of active caspase-1 relative to treatment with wild-type
Stx1 alone (Fig. 5C, left). Collectively, these data indicate that
enzymatically functional Stxs are required for NLRP3 inflam-
masome to release proinflammatory cytokine IL-13 from
D-THP-1 cells in an LPS-independent manner.

Stx-mediated upregulation of NLRP3 and ASC expression is
required for inflammasome activation. An intrinsic inflam-
masome-activating state in macrophages is characterized by an
elevated basal level of NLRP3 and ASC (50, 51). Therefore, we
evaluated the expression of NLRP3 and ASC in Stx-sensitive D-
THP-1 cells. Based on our finding that Stxs dominantly activate
NLRP3 inflammasome to induce IL-1p3 production, we utilized
quantitative real-time PCR and Western blotting to measure
changes in mRNA and protein levels of NLRP3 and ASC after
treatment of D-THP-1 cells with Stx1 or Stx2 for 0 to 4 h. Signif-
icant upregulation of ASC and NLRP3 was observed at transcrip-
tional (Fig. 6A) and translational levels (Fig. 6B and C), relative to
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FIG 6 Stxs upregulate the expression of NLRP3 and ASC to activate the inflammasome. (A) NLRP3 and ASC mRNA levels in THP-1 cells following intoxication
with Stx1 or Stx2. Cells were stimulated with Stx1 (400 ng/ml) or Stx2 (10 ng/ml) for the indicated times. Total RNA was isolated and treated with DNase, and
c¢DNA was synthesized. Quantitative real-time PCR was performed with primers specific for human NLRP3, ASC, and B-actin. Relative mRNA expression was
calculated by using the delta threshold cycle (AC;) method. Data represent mean fold induction = SEM from three independent experiments. Statistical
significance was calculated by two-way ANOVA (*, P < 0.01 compared to results at 0 h). (B) Protein levels of NLRP3 and ASC expressed in D-THP-1 cells
intoxicated with Stx1 or Stx2. Cells were treated with Stx1 or Stx2 for the indicated times. Whole-cell lysates (50 jg) were subjected to SDS-PAGE on 4 to 15%
gels, blotted, and probed with specific antibodies against human NLRP3, ASC, and actin (used as a loading control). The blot shown is representative of three
independent experiments. (C) Quantitative analysis (means = SEM) of NLRP3 (left) or ASC (right) production from three independent experiments. (D and E)
mRNA levels of ASC (left) and NLRP3 (right) expressed in wild-type D-THP-1 (D-THP-1°°"), D-THP-1 cells with stable knockdown of ASC expression
(D-THP-145°KP) and D-THP-1 cells with stable knockdown of NLRP3 mRNA expression (D-THP-1N"RFP3XP) after exposure to Stx1 and/or LPS. (F) Stx1- or
Stx2-mediated caspase-1 activation and IL-1 secretion require NLRP3 inflammasome function. Pro-caspase-1 (Pro-casp-1), activated caspase-1 (Casp-1 p20),
mature soluble IL-13 (IL-1B p17), and B-actin (loading control) levels were measured by Western blotting of lysates or cell-free supernatants (media) prepared
from wild-type D-THP-1 cells (D-THP-1°°"), D-THP-1 cells with stable knockdown of ASC expression (D-THP-1*5“*P), or D-THP-1 cells with stable
knockdown of NLRP3 expression (D-THP-1N"R"3KP) after exposure to Stx1 or Stx]1A™ in the presence or absence of LPS. (G) Measurement of mature IL-1§
(IL-1B p17) levels by ELISA in cell-free supernatants from D-THP-1<°", D-THP-145“¥P and D-THP-1™"83KP cells stimulated with Stx1 (10 or 400 ng/ml) for
24 h in the presence or absence of LPS. Standards provided with the ELISA kits were used to calculate amounts of cytokine protein. Values are expressed as
means = SEM from two independent experiments performed in triplicate. Asterisks indicate a statistically significant difference relative to D-THP-1<°"" values
(P < 0.01). (H) Analysis of active Casp-1 p20 and IL-1p p17 secreted from cells treated with Stx2 (10 ng/ml). (I) Measurement of IL-1f released from cells
exposed to Stx2 (10 ng/ml) for 24 h, as determined by ELISA. Results are means = SEM from two independent experiments performed in triplicate. Asterisks
indicate a statistically significant difference relative to results for D-THP-1 (P < 0.01).
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results for untreated control cells, after 4 h treatment with the
toxins. Purified Stx1 or Stx2 reproducibly increased total levels of
NLRP3 or ASC protein relative to those at 0 h (Fig. 6C, bar graph).
These results suggest that Stxs induce the upregulation of NLRP3
and ASC, which are necessary to facilitate inflammasome assem-
bly and activation.

Using D-THP-1 cells in which NLRP3 or ASC were stably
knocked down, we expanded our understanding of NLRP3 in-
flammasome-mediated production of IL-1 in response to Stxs.
Consistent with the deficiency of NLRP3 or ASC in these knock-
down cells, we observed no induction of NLRP3 or ASC at the
transcriptional level following LPS or Stx1 treatment (Fig. 6D and
E). To ensure that the Casp-1 p20 and IL-1f3 release observed
upon Stx1 intoxication resulted from NLRP3 inflammasome ac-
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tivation, we exposed D-THP-1 cells with stable deficiencies in
NLRP3 (D-THP-1NRP3ED) o ASC (D-THP-145KP) to the toxin
and compared their responses to those of wild-type D-THP-1 cells
(D-THP-1°°™). The active caspase-1 and IL-1[ secretion in su-
pernatants from D-THP-1 cells were detected following Stx1 treat-
ment, as well as after LPS-primed-Stx1 and StxA1™ treatment. How-
ever, all treatments failed to trigger caspase-1 autoprocessing and
IL-1B secretion in cells lacking ASC or NLRP3 (Fig. 6F). Concentra-
tions of IL-1B secreted into culture supernatants from D-THP-1<"™
cells treated with Stx1 alone, as well as LPS-primed Stx1-treated cells,
were significantly elevated, whereas greatly reduced secretion of
IL-1B was observed from the D-THP-145“¥" and D-THP-1V-RP3KD
cells that received the same treatments as wild-type cells (Fig. 6G).
Comparable results were obtained from Stx2-treated cells (Fig. 6H
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FIG 7 NLRP3 inflammasome deficiency increases toxin resistance. (A) Effect of Stx1 on cell viability. Wild-type D-THP-1 (D-THP-1<°""), D-THP-145“P and
D-THP-1N"RPKD cells were seeded in 96-well microtiter plates and incubated alone (Cont) or with Stx1 (10 or 400 ng/ml) for 24 h. Cell viability was measured
by colorimetric assay using MTS dye. Data are expressed as percent viability relative to that of untreated control cells at each time point. Results shown are
means + SEM from two independent experiments using triplicate samples. (B) Effect of Stx1 on apoptosis. D-THP-1<°", D-THP-14%“*P and D-THP-1NRF?KD
cells were treated with Stx1 (400 ng/ml) for 24 h. Cells were fixed, permeabilized, and incubated with TUNEL reaction solution. Representative TUNEL-positive
cells visualized by fluorescence microscopy are shown. Ten different fields (magnification, X20) for each treatment were selected to count total numbers of
TUNEL-positive cells. Total numbers of cells per field (magnification, X20) also were counted, and the percentage of apoptotic cells (above the value for
untreated controls) was calculated as described in Materials and Methods. (C) Quantitative data showing the percentage of apoptosis (means = SEM from at least
two independent experiments for each treatment condition). #, significant difference (P < 0.001) for D-THP-1 cells treated with Stx1 versus untreated cells; *,

significant difference (P < 0.001) for control cells treated with Stx1 versus ASC- or NLRP3-deficient cells treated with Stx1. Cont, untreated cells.

andI). Collectively, these data further suggest that caspase-1 autopro-
cessing and IL-1f3 secretion following Stx intoxication rely critically
on NLRP3 and ASC for inflammasome activation.

Stx-mediated NLRP3 inflammasome signaling induces both
pyroptosis and apoptosis in parallel. NLRP3 and AIM2 inflam-
masomes may induce pyroptosis and apoptosis in association with
the processing of caspase-8/3 (52). It is also important to note that
many cell types appear to be particularly sensitive to the induction
of apoptosis via ribotoxic stress responses activated by Stxs in the
context of sublethal protein synthesis inhibition (17). To deter-
mine whether Stx1 can promote NLRP3 inflammasome-depen-
dent cell death, we exposed wild-type D-THP-1°°™, D-THP-145°KP,
and D-THP-1N"RP3KP cells to the toxin for 0 to 24 h and assessed
cell viability. D-THP-1“°"" cells treated with Stx1 (400 ng ml™")
for 24 h were 53% viable, whereas toxin-treated D-THP-145°KP
and D-THP-1NMRPED cells were 94% and 80% viable, respec-
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tively, at 24 h (Fig. 7A), implying that a deficiency in NLRP3 in-
flammasome-driven IL-1@ production protects cells from Stx1
cytotoxicity. To further evaluate NLRP3 inflammasome-depen-
dent cell death triggered by Stx1, we explored apoptosis induction
by subjecting cells to TUNEL staining after 24 h of toxin exposure.
TUNEL fluorescence intensity in toxin-treated cells was decreased
by the depletion of NLRP3 and ASC (Fig. 7B). Statistical analysis
of TUNEL-positive cells in Stxl-treated D-THP-1“*P and
D-THP-1"""P?XD cells revealed that the frequency of apoptotic
cell death was significantly reduced relative to that in toxin-treated
D-THP-1°°"" cells (Fig. 7C). These data suggest that NLRP3 in-
flammasome signaling is involved in the apoptotic death pathway
in Stx1-treated macrophage-like cells. Accordingly, we reasoned
that if D-THP-1*5%P or D-THP-1""""*)P cells are protected
against Stx1, caspase-8/3 activation should be decreased by
NLRP3 or ASC depletion. To evaluate the role of caspase activa-
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FIG 8 Stxs activate apoptotic caspases in an ASC- and NLRP3-dependent manner. (A) D-THP-1¢°", D-THP-15°P and D-THP- 1"V"RP3KP cells were treated
with Stx2 (10 ng/ml) for 0 to 12 h. Cells were collected, washed with PBS, and lysed. Total protein concentrations were determined, and equal amounts of total
protein (50 wg) were separated by SDS-PAGE on 12% Tris-glycine gels. Cleavages of caspase-3 and caspase-8 were detected using caspase-specific antibodies.
3-Actin was used as a control for equal protein loading. The immunoblots are representative of three independent experiments. (B) Effect of Stx1 on caspase
activation in D-THP-19°", D-THP-145°KP and D-THP-1N"RP3KD cells, Cells were treated with Stx1 for 4 h. Cells were collected, washed with PBS, and lysed with
CHAPS modified lysis buffer supplemented with protease and phosphatase inhibitors. Total protein concentrations were determined, and equal amounts of total
protein (50 pg) were separated by 12% Tris-glycine SDS-PAGE. Cleavages of caspase-3 and caspase-8 were detected by Western blotting using caspase-specific
antibodies. B-Actin was used as a control for equal protein loading. Immunoblots are representative of three independent experiments. Pro-casp-3, procaspase-3;
Casp-3 p17/19, active form of caspase-3; Pro-casp-8, procaspase-8; Casp-8 p18, active form of caspase-8. (C) Measurement of caspase-3/7 activity in D-THP-
1990 D-THP-145<%P, and D-THP-1MR¥3KP cells in the presence of Stx1 (400 ng/ml; left) or Stx2 (10 ng/ml; right) relative to the control group (0 h). Data
presented are means = SEM from at least three independent experiments. P < 0.001 (*) was considered to indicate statistical significance in comparisons of Stx1
or Stx2-treated D-THP-1 °* cells to the D-THP-145¥" and D-THP-1""R**XP cells at each time point.

tion in NLRP3 inflammasome-dependent apoptosis, wild-type damage in alocalized manner, such as in in the case of glomerular
D-THP-19", D-THP-1*°“", and D-THP-1""*"**" cells were  microvascular endothelial cells (55). One of the key challenges in
treated with Stx2 for 0 to 12 h. The knockdown of ASC or NLRP3  understanding the pathogenesis of Stx-mediated disease is deci-
significantly reduced caspase-8/3 cleavage in response to Stx2 (Fig.  phering the mechanisms underlying the dysregulation of pro- and
8A). We also observed that deficiency in ‘the NLRP3 inflam- anti-inflammatory responses in toxin-resistant and toxin-sensi-
masome alm.ost completel.y abroggted Stxl.-mdu‘ced caspase-3/7  tiye host cells. Stxs regulate cytokine expression at the transcrip-
activation (Fig. 8B). By using specific colorimetric substrates, we  tjona] stage through the transcription factors NF-kB, AP-1, and
Fonswtently observed mgn;ﬁcantly increased Ccoztstpase—?:/ 7 activities  por 1 (25,26, 41), as well at the posttranscriptional stage through
in Stxl- or Stx2—treitsicll<]\3/v ild-type D—THE;&PB&KDcells (Fl.g' §C). In phosphorylation of eukaryotic translational initiation factors
contrast, D-THP-1 and D-THP-1 cells did not ex- . . . . .

R . : (56). Stxs trigger a ribotoxic stress response leading to the activa-
hibit significant caspase-3/7 activities in response to the toxins . . . .

. . . tion of three major MAPK signaling pathways (JNK, p38, and
(Fig. 8C). These results suggest that NLRP3 inflammasome signal- . . . .
Se . . . . ERK), which in turn regulate cytokine and chemokine expression
ing in Stx-intoxicated cells activates caspase-8/3 processing and | .

.o, . .. C in macrophage-like THP-1 cells (42, 56). Furthermore, Stx1 alters
initiates apoptosis, in addition to initiating the caspase-1-depen- . . . A
dent pyroptotic cell death pathway. the phosp.hor?llatlon status. of MAPKs, leffldmg to d}fferen?lal
MAPK activation and cytokine and chemokine expression by in-
DISCUSSION duction of the dual-specificity phosphatase DUSP1 in D-THP-1
Dysregulation of cytokine expression contributes to the develop- ~ cells (42). . .
ment of chronic inflammatory diseases such as rheumatoid arthri- Here, we show that Stxs induce the processing of pro-IL-18 to
tis (53) and serious acute complications of infection such as septic ~ mature IL-1{ in an NLRP3 inflammasome-dependent manner in
shock (54). Stxs are major virulence factors that contribute to the —human macrophage-like cells, further supporting recent studies
ability of STEC to intoxicate and injure host cells, and Stx-medi-  showing that the suppression of ribosomal function by a variety of
ated proinflammatory responses may potentiate cell or tissue protein synthesis inhibitors (including ricin, cycloheximide, pu-
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romycin, pactamycin, and anisomycin) leads to IL-13-dependent
inflammation via activation of the NLRP3 inflammasome (31,
38). To intoxicate and thereby promote a proinflammatory re-
sponse in multiple Gb3-expressing cell types, Stxs must bind the
toxin receptor, become internalized, and then be routed via early/
recycling endosomes to the trans-Golgi network to reach the ER
lumen (48, 57-59). In epithelial cells, Stxs produced by E. coli
induce apoptosis only in Gb3-expressing cells via a mechanism
involving regulation by members of the Bcl-2 protein family (60).
Apoptosis through this mechanism was not induced in Gb3-defi-
cient T84 cells (60), although in this cell type, the existence of an
alternative receptor for Stxs or nucleolar trafficking of the toxin
via a carrier-dependent process has been proposed (61). Follow-
ing similar logic, we hypothesized that the inhibition of Gb3 syn-
thesis in Gb3-expressing D-THP-1 cells would result in decreased
NLRP3 inflammasome activation following intoxication by Stxs.
Procaspase-1 activation and subsequent processing of IL-1[3 were
markedly suppressed in the presence of the Gb3 inhibitor PDMP
(Fig. 4). Harrison et al. suggested that the presence of the intact A
subunit of Stx1 is necessary for the induction of IL-1 protein in
D-THP-1 cells (62). Consistent with this, toxin preparations lack-
ing enzymatic activity (Stx A subunit toxoids or purified B sub-
units) failed to trigger procaspase-1 activation or soluble IL-1[3
production (Fig. 5). Taken together, these studies suggest that
toxin binding to Gb3, retrograde transport, retrotranslocation of
the processed Stx Al-fragments across the ER membrane, and
enzymatic action on the 28 rRNA all are required for NLRP3 in-
flammasome-mediated induction of caspase-1 activation and
subsequent IL-1B secretion. Furthermore, we showed that treat-
ment of D-THP-1 cells with LPS or Stx1 alone activated pro-
caspase-1 (Fig. 5). However, optimal activation of procaspase-1
occurred in cells treated with both LPS and Stx1 (Fig. 5B and C),
suggesting that the presence of LPS in the bloodstream, which may
occur after structural or functional damage to the colon associated
with S. dysenteriae serotype 1 or STEC infections, augments pro-
inflammatory cytokine production, leading to increased localized
vascular damage.

Among numerous inflammasome activators, the NLRP3 in-
flammasome is strongly activated by a large number of bacterial
toxins (63—66). One important conceptual question that remains
to be addressed is whether receptor-mediated internalization of
Stxs or the retrotranslocation of functional StxAl fragments
across the ER membrane could be recognized by cytosolic recep-
tors such as NLR inflammasome sensors. In this study, we show
that transient silencing of NLRP3 and ASC expression by siRNAs
dramatically reduced Stx1-mediated inflammasome activation, as
reflected by procaspase-1 processing and soluble IL-1f produc-
tion (Fig. 1). In contrast, Stx1 treatment of cells following silenc-
ing of NLRC4 or AIM2 expression resulted in levels of caspase and
IL-1f processing comparable to those in cells treated with non-
targeting siRNA (Fig. 1). We verified these results in THP-1 cells
with stable deficiencies in NLRP3 and ASC expression (Fig. 6F to
I). Together, these data suggest that Stx-mediated inflammasome
activation leading to IL-1f3 production is restricted to NLRP3 in-
flammasomes in macrophage-like THP-1 cells, although experi-
ments examining the role of inflammasomes in activating the pro-
duction of a wider panel of cytokines/chemokines are clearly
warranted.

Bauernfeind et al. demonstrated that NF-kB activation is nec-
essary for the expression of NLRP3, and the NLRP3 inflam-
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masome is activated in an NLRP3 level-dependent manner in con-
junction with a second stimulus, such as ATP or crystals (67).
Importantly in this regard, Stxs capable of inhibiting protein syn-
thesis activate the transcription factors AP-1, NF-kB, and Egr-1
(25, 26, 68). Using a combination of immunoblotting and quan-
titative RT-PCR analyses, we demonstrated that the amounts of
ASC and NLRP3 at both the mRNA and protein levels were ele-
vated in macrophage-like THP-1 cells following Stx1 or Stx2 treat-
ment (Fig. 6A to C). These data suggest that transcription of the
genes encoding the inflammasome components NLRP3 and ASC
is not impaired during intoxication, and indeed, within 4 h of
toxin treatment, their transcript levels were significantly elevated;
however, transcription and translation did not appear to be di-
rectly correlated. Although both Stx1 and Stx2 appeared capable
of inducing NLRP3 and ASC transcripts, Stx1 was a better inducer
of NLRP3 and ASC production than Stx2. Differences between the
effects of these toxins on NLRP3 and ASC production correlated
with differences in the soluble IL-1( level induced by Stx1 and
Stx2 (compare Fig. 6G to I). Epidemiological studies have sug-
gested that infections with STEC expressing Stx2 are associated
with the development of the majority of life-threatening extraint-
estinal complications, such as HUS (4, 69), and a comparative
study of toxicities using mice revealed that purified Stx2 is a more
potent toxin than Stx1 (5). However, in the baboon, an animal
model that most closely reproduces the disease seen in humans,
Stx1 challenge revealed a stronger proinflammatory response,
while the proinflammatory response elicited by Stx2 was gradual
and delayed (70). The reason for the differences in proinflamma-
tory responses between Stx1 and Stx2 in animal models remains to
be clarified.

The role of the inflammasome in activating apoptotic cell
death has been largely overlooked due to the rapid induction of
pyroptosis by other stimuli. Recently, Pierini et al. showed that
apoptotic responses triggered through AIM?2 inflammasome acti-
vation may be involved in macrophage cell death induced by Fran-
cisella tularensis (71). Another study demonstrated that in murine
macrophages, NLRC4- and ASC-dependent cleavage of pro-
caspase-3 generates functional executioner caspase-3 in response
to Legionella pneumophila infection (72). Furthermore, Sagulenko
et al. suggested that the activation of AIM2 and NLRP3 inflam-
masomes induces both apoptotic and pyroptotic cell death path-
ways, leading to the activation of the executioner caspases,
caspase-8 and caspase-3 (52). We showed here that Stx1 induces
cell death in D-THP-1 cells. This cell death was mediated by apop-
tosis, as indicated by the elevated numbers of TUNEL-positive
cells following toxin treatment (Fig. 7). The induction of the
apoptotic response by Stx1 may be regulated by the NLR adaptor
proteins ASC and NLRP3, as evidenced by the resistance of
D-THP-14%¥P and D-THP-1N"*P*XP cells to the cytotoxic action
of Stxl and the reduced cleavage of procaspase-3 and pro-
caspase-8 in toxin-treated D-THP-1*5“*P and D-THP-1""RP?KP
cells (Fig. 8).

Taken together, the data presented here support a model of
Stx-induced IL-1B production and cell death signaling through
caspase activation, as outlined in Fig. 9. Our data support a model
in which the Stx Al fragments are retrotranslocated into the cyto-
plasm, perhaps leading to ribotoxic stress resulting in the assembly
of functional NLRP3 inflammasome. This, in turn, activates exe-
cutioner caspases involved in processing of IL-1[3 as well as induc-
tion of apoptosis. Based on the observations that the variants
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FIG 9 Model of Stx-mediated NLRP3 inflammasome activation leading to promotion of apoptotic and pyroptotic cell death. Stxs binding to Gb3 receptor on
the surface of susceptible host cells undergo endocytosis, ER retrograde transport, processing of the A subunit to the enzymatically active Al fragment, and
translocation of this fragment into the cytosol, leading to ribotoxic stress. The resultant ribotoxic stress triggers the assembly of the NLRP3 inflammasome and
activation of caspase-1, which is involved in the processing of IL-1(3, as well as the apoptosis-inducing caspase-8 and caspase-3. These events promote apoptotic

and pyroptotic cell death in parallel.

(StxAl™ and StxA2") lacking enzymatic activity could not acti-
vate procaspase-1 and pro-IL-1B processing whereas their active
counterparts could activate NLRP3 inflammasome-mediated
procaspase-1 and pro-IL-1f3 processing (Fig. 5), Stx-induced ri-
botoxic stress responses may trigger NLRP3 inflammasome acti-
vation. In their original characterization of the mutant StxAl~
with deficiency in N-glycosidase activity, Ohmura et al. showed
that the mutant possessed approximately 1/300,000 of the cyto-
toxic activity of the active holotoxin in Vero cells (32). In addition,
Smith et al. demonstrated that the Stx1 A subunit mutant lacking
N-glycosidase activity was unable to activate p38MAPK and JNK
in human intestinal epithelial cells through the ribotoxic stress
mechanism, indicating that the enzymatic activity of the toxin is
required to induce ribotoxic stress responses (73). A number of
additional studies are necessary to fully characterize the cellular
response to the toxins. For example, the upstream signaling events
necessary for activation of the NLRP3 inflammasome machinery
remain to be fully described. In addition, it remains unclear
whether StxAl fragment cytosolic unfolding and folding events,
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binding to the ribosome or ribosomal stalk, or enzymatic action at
the ribosomal a-sarcin/ricin loop constitute the initial signal for
inflammasome function. On the other hand, a recent study
showed that Stx, a major virulence factor required for enterohe-
morrhagic E. coli (EHEC)-induced intestinal and renal disease,
does not contribute to IL-13 production in murine bone marrow-
derived macrophages (74). This study reported that EHEC-spe-
cific virulence factors, including Stx, are unessential for NLRP3
activation, while bacterial nucleic acids such as RNA-DNA hy-
brids and RNA mediate inflammasome-dependent responses
(74), suggesting that the mouse BMDM used in this study is not
sensitive to EHEC-specific virulence factors, including Stx.
Children and the elderly are at increased risk for developing
life-threatening extraintestinal complications following the inges-
tion of Stx-producing bacteria. The current first-line medical
therapy for treating bloody diarrhea, acute renal failure, and cen-
tral nervous system complications caused by Stxs is entirely sup-
portive, e.g., peritoneal dialysis or hemodialysis to support renal
function in HUS. However, no vaccines exist to prevent these
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diseases, and no available therapeutic regimens have been demon-
strated to prevent or interrupt disease progression. An improved
understanding of host cell signaling responses activated by Stxs
will be necessary to identify novel targets for intervention in
pathogenesis. Inhibition of Stx-mediated NLRP3-inflammasome
signaling represents a novel strategy for preventing cell death and
reducing proinflammatory cytokine production. The develop-
ment and clinical testing of such approaches may ameliorate the
major public health consequences of infections by S. dysenteriae
serotype 1 and STEC.
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