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Summary

Enterohaemorrhagic Escherichia coli (EHEC) O157:H7 infection in
humans can cause acute haemorrhagic colitis and severe haemolytic urae-
mic syndrome. The role of enterohaemolysin (Ehx) in the pathogenesis of
0157:H7-mediated disease in humans remains undefined. Recent studies
have revealed the importance of the inflammatory response in O157:H7
pathogenesis in humans. We previously reported that Ehx markedly
induced interleukin-1f (IL-1p) production in human macrophages. Here,
we investigated the disparity in Ehx-induced IL-1p production between
human and mouse macrophages and explored the underlying mechanism
regarding the activation of NOD-like receptor family, pyrin domain con-
taining 3 (NLRP3) inflammasomes. In contrast to the effects on human
differentiated THP-1 cells and peripheral blood mononuclear cells, Ehx
exerted no effect on IL-1f production in mouse macrophages and spleno-
cytes because of a disparity in pro-IL-1f cleavage into mature IL-1f upon
caspase-1 activation. Additionally, Ehx significantly contributed to O157:
H7-induced ATP release from THP-1 cells, which was not detected in
mouse macrophages. Confocal microscopy demonstrated that Ehx was a
key inducer of cathepsin B release in THP-1 cells but not in mouse IC-21
cells upon O157:H7 challenge. Inhibitor experiments indicated that O157:
H7-induced IL-1f production was largely dependent upon caspase-1 acti-
vation and partially dependent upon ATP signalling and cathepsin B
release, which were both involved in NLRP3 activation. Moreover, inhibi-
tion of K efflux drastically diminished O157:H7-induced IL-1p produc-
tion and cytotoxicity. The findings in this study may shed light on
whether and how the Ehx contributes to the development of haemolytic
uraemic syndrome in human O157:H7 infection.
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Introduction

Enterohaemorrhagic Escherichia coli (EHEC) O157:H7,
one of the most common food-borne pathogens, is widely
distributed in both humans and animals. EHEC O157:H7
infection in humans can cause acute haemorrhagic diar-
rhoea, haemorrhagic colitis and severe haemolytic urae-
mic syndrome (HUS).! The pathogenesis of EHEC O157:
H7-mediated diseases in humans is not fully understood
and a main reason is the lack of an ideal animal model.
There is no single animal model able to recapitulate all of
the features of EHEC O157:H7 infection in humans, sug-
gesting a difference in pathogenesis of EHEC O157:H7
between humans and other species.” Although Shiga toxin
(Stx) is considered a major virulence factor contributing
to the development of HUS, the host inflammatory
response has also been shown to be involved in the path-
ogenesis of Stx-induced vascular lesions in a mouse
model.”  The inflammatory mediator interleukin-1/
(IL-1p) has been found to enhance the expression of the
glycosphingolipid receptor Gb3 on endothelial cells,
which binds to Stx and promotes its cytotoxicity. This
may partially explain the role of IL-1f and the host
inflammatory response in HUS development.* Supportive
clinical data have also shown that the level of inflamma-
tory cytokines in the serum of HUS patients is signifi-
cantly increased compared with non-HUS patients.”® Of
note, mice infected with EHEC do not develop HUS
symptoms. Even the intraperitoneal administration of Stx
fails to induce HUS development in a mouse model,
unless lipopolysaccharide (LPS) is used in combination to
induce the inflammatory response, which contributes to
the pathogenesis of HUS in mice.”®

Interleukin-1f plays a key role in initiating and main-
taining the inflammatory response. Two distinct signals are
required for the secretion of biologically active IL-1p. First,
the 31 000 molecular weight, biologically inactive IL-1f
precursor (pro-IL-1f) is synthesized via nuclear factor-«B
activation, for example, by Toll-like receptors or cytokines.
Second, inactive pro-IL-1f is processed to form a mature
molecule with molecular weight 17 000, and released,
which requires cleavage by cysteine protease caspase-1.’
Caspase-1 is activated by inflammasomes, cytoplasmic
multiprotein complexes that are capable of sensing stress
and danger signals.'” One of the most studied inflamma-
some complexes is NOD-like receptor family, pyrin
domain containing 3 (NLRP3; also known as NALP3,
cryopyrin, or CIAS1). The NLRP3 inflammasome can be
activated in response to a number of diverse stimuli,
including those of microbial, endogenous and exogenous
origins. It has been reported that some bacterial pore-
forming toxins can activate caspase-1 in an NLRP3-depen-
dent manner.""'? However, the common pathway by
which these stimuli converge to activate NLRP3 remains
unclear.

© 2015 John Wiley & Sons Ltd, Immunology, 145, 258-267
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Enterohaemolysin (Ehx) is a repeat in toxin (RTX)
cytotoxin encoded by a 93-kb plasmid (pO157) in EHEC
O157:H7. It has been described as a pore-forming toxin
with lytic and toxic effects on mammalian host cells.
Along with the IL-1f level in the serum, the level of anti-
Ehx in HUS patients is also significantly increased, indi-
cating that Ehx may play a significant role in HUS caused
by EHEC O157:H7. It has been reported that EHEC acti-
vates the NLRP3 inflammasome to induce IL-1f produc-
tion."” Our previous study further demonstrated that Ehx
contributes to EHEC O157:H7-induced cytotoxicity and
IL-18 production in human macrophages and that
NLRP3 inflammasome activation is required for IL-1f
production in response to EHEC O157:H7 infection."*
However, the sensors that are used may be specific to
infectious agents and host species. For example, mouse
and human cells infected with Francisella tularensis differ
in their inflammatory response.'> Of note, pyrin is an
important component in caspase-1 activation and IL-1f
release in human cells challenged with Francisella novicida
but plays no role in mouse macrophages.'®'” To confirm
whether Ehx induces an inflammatory response to a simi-
lar extent in different hosts, we investigated the disparity
in Ehx-induced cytotoxicity and IL-1f release in macro-
phages between human and mouse cells and explored the
possible mechanisms involving the NLRP3 activation.

Materials and methods

Bacterial strains

The wild-type (WT) EHEC O157:H7 reference strain
EDL933 was purchased from the American Type Culture
Collection (ATCC 43895; Manassas, VA). The EDL933
ehxA deletion mutant (AehxA) and the strain with the
ehxA gene complement (AehxA/pehxA) have been
described previously.'* The commensal E. coli K-12 strain
HB101 was purchased from ATCC (33694) and served as
a comparison strain. All strains were confirmed by PCR.

Mice

C57BL/6 WT mice were obtained from Beijing Vital River
Laboratory Animal Technology Co. Ltd (Beijing, China).
All mice were housed in a specific pathogen-free facility
in the China CDC Animal Centre. All animal studies were
performed following the protocols approved by the
Welfare & Ethical Inspection in Animal Experimentation
Committee at China CDC.

Human cell culture, differentiation of monocytes to mac-
rophages and PBMC isolation

The human monocyte cell line THP-1 was purchased
from the ATCC (TIB-202). The cells were cultured in
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RPMI-1640 containing 10% heat-inactivated fetal bovine
serum (FBS) (Life Technologies, Grand Island, NY) and
seeded in 24-well culture plates, with 5 x 10° cells per
well. The THP-1 cells were allowed to adhere for 48 hr
with 1 nm PMA (Sigma-Aldrich, St Louis, MO), washed
three times with PBS and cultured for one more day
before infection. Human peripheral blood mononuclear
cells (PBMCs) were isolated from whole blood obtained
from the Beijing Red Cross Blood Centre (Beijing, China)
using lymphocyte separation medium (MP Biomedicals,
Santa Ana, CA), as previously described.'® The cells were
cultured in RPMI-1640 containing 5% FBS and seeded in
24-well culture plates at 1 x 10° cells/ml.

Mouse cell culture, preparation of mouse macrophages
and spleen cells

The mouse macrophage cell line IC-21 was purchased
from the ATCC (TIB-186). Mouse bone marrow-derived
macrophages (BMMs) were prepared from femurs and
tibias of C57BL/6 mice and cultured for 6 days in 10%
FBS/RPMI-1640 containing recombinant macrophage col-
ony-stimulating factor (20 ng/ml; R&D Systems, Minne-
apolis, MN). The cell culture medium was replenished on
day 3 and then the cells were harvested to be seeded in
24-well culture plates at 1 x 10° cells/ml on day 6.
Mouse peritoneal exudate cells (PMs) were obtained by
peritoneal lavage and enriched for macrophages using the
method of Kumagai et al.'” Peritoneal macrophages pre-
pared in this manner were at least 90% pure, as assessed
by expression of F4/80 using flow cytometry. The macro-
phages were seeded in 24-well culture plates at
1 x 10° cells/ml. Single splenocytes were prepared using
a cell strainer, and red blood cells were lysed using Gey’s
reagent. The splenocytes were washed and then cultured
in RPMI-1640 medium supplemented with 5% FBS,
25 mmol/l HEPES, 2 mmol/l glutamine, 100 KU/l peni-
cillin and 100 mg/l streptomycin (all from Gibco Invitro-
gen, Carlsbad, CA). The splenocytes were seeded in
24-well culture plates at 4 x 10° cells/ml and incubated
at 37° in a 5% CO, atmosphere. Animal handling and
experimental procedures were approved by the Chinese
Centre for Disease Control and Prevention Ethics
Committee for the use of laboratory animals.

Bacterial infection

Bacteria were grown to the logarithmic growth phase in
Luria—Bertoni broth at 37° with continuous shaking at
200 rpm. After being washed twice with PBS, bacteria
were added in triplicate to the cell monolayer at a multi-
plicity of infection of 10 and incubated with reduced
serum medium (GIBCO, Carlsbad, CA) at 37° in a 5%
CO, atmosphere. The human cells (PBMCs and THP-1
cells) and mouse cells (splenocytes, IC-21 cells, PMs and
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BMMs) were infected with the bacteria for 4 hr in the
absence or presence of LPS (1 pg/ml). The LPS-primed
cells treated with 5 mm ATP for 1 hr served as positive
controls for mouse cells and LPS-stimulated PBMCs or
THP-1 cells served as positive controls for human cells
as mouse macrophages require two steps of activation to
induce IL-1f. Commensal E. coli HB101 infection served
as a comparison to EDL933. In some experiments, the
human differentiated THP-1 cells were pre-incubated for
2 hr with 10 mm CA-074 Me (Calbiochem, San Diego,
CA), 10 mm Z-YVAD-FMK (Alexis Biochemicals,
Lorrach, Germany), 500 nm oATP (Merck, Darmstadt,
Germany) and incubation with these chemicals was
continued during infection. The reagents used had no
effect on the bacterial growth or cell viability (data not
shown).

Potassium (K") efflux

We blocked K" efflux by replacing normal culture med-
ium with cell culture medium containing a high concen-
tration of extracellular KCl (130 mm) at 2 hr before
infection with the EDL933 strain.

Determination of IL-1f5, ATP and lactate dehydrogenase
levels

At the indicated time-points, the supernatants of the cell
cultures were collected. Human or murine IL-1f concen-
trations in the cell-free supernatants were measured using
commercially available sandwich ELISA kits (BD Bio-
sciences, San Jose, CA; eBioscience, San Diego, CA). Lac-
tate dehydrogenase release was quantified using a
Cytotox96 Kit (Promega, Madison, WI) according to the
manufacturer’s instructions. The relative level of cytotox-
icity was expressed as described previously,'* and ATP
release from the cells into the supernatant was monitored
using a bioluminescence assay kit (Molecular Probes,
Eugene, OR).

Immunoblot analysis

Cell-free supernatants were concentrated using Amicon
Ultra-4 10K Centrifugal Filter Devices (Millipore, Bed-
ford, MA). Cell extracts and concentrated supernatants
were separated using SDS-PAGE and then blotted. The
membranes were first exposed to antibodies specific for
IL-18 (no. sc-52012; Santa Cruz, CA), caspase-1 (no.
sc-56036) or GAPDH (no. sc-137179; Santa Cruz, CA).
The membranes were then incubated with secondary anti-
bodies (IRDye 800-labelled anti-mouse IgG or anti-rabbit
IgG; no. 610-132-121 and 611-132-002, respectively;
Rockland, Gilbertsville, PA), and the proteins were
detected using an Odyssey Infrared Imaging System
(LI-COR, Lincoln, NE).

© 2015 John Wiley & Sons Ltd, Immunology, 145, 258-267



Confocal laser scanning microscopy

Human differentiated THP-1 cells and mouse IC-21 cells
were left untreated or infected with bacteria. After 2 hr,
the extracellular bacteria were removed by washing with
PBS, and the cells were fixed with 3% paraformaldehyde
(Sigma-Aldrich). The cells were permeabilized with 1%
Triton X-100 (Sigma-Aldrich) and blocked with 5% goat
serum (Invitrogen). Cathepsin B was stained by exposing
cells to a specific antibody (ab58802; Abcam, Cambridge,
UK), followed by incubation with AF546-conjugated anti-
mouse IgG (Invitrogen). Host-cell actin was stained with
phalloidin AF488 (Invitrogen), and confocal laser scan-
ning microscopy was conducted using an LSM5 Pascal
microscope (Zeiss, Oberkochen, Germany).

Statistical analysis

Statistical analysis was performed using one-way analysis
of variance with Newman—Keuls post-testing. The correla-
tion between the ATP level and IL-1f concentration in
the supernatants of THP-1 cells infected with EHEC
O157:H7 was assessed using Pearson’s test and linear
regression. Values of P < 0-05 were considered signifi-
cant.

Results

Ehx-induced IL-1f production differs between human
and mouse macrophages

Human PBMCs and differentiated THP-1 cells infected
with EDL933 WT or AehxA/pehxA produced high levels
of mature (p17) IL-1f at 4 hr post-infection (Fig. la,b).
EDL933 lacking ehxA (AehxA) induced a markedly lower
IL-18 release (Fig. la) compared with the WT and
AehxA/pehxA. In contrast, there was no detectable IL-1f
release from mouse splenocytes, IC-21, PMs, BMMs 4 hr
after infection with EDL933 in the absence of LPS-prim-
ing. In the presence of LPS, all the above-mentioned

Figure 1. Effects of enterohaemorrhagic Escherichia coli (EHEC)
0157:H7 enterohaemolysin on the production of interleukin-1§ (IL-1p).
Human peripheral blood mononuclear cells (PBMCs), differentiated
human THP-1 cells, and lipopolysaccharide (LPS) -primed (1 pg/ml,
2 hr) mouse splenocytes, peritoneal exudate cells (PMs), bone mar-
row-derived macrophages (BMMs) and IC-21 cells were infected
with EDL933 wild-type (WT), AehxA or AehxA/pehxA for 4 hr. LPS-
primed mouse cells treated with ATP (5 mm, 1 hr) served as positive
controls. The commensal E. coli HB101 served as a comparison
strain. (a) The concentration of IL-1f in the supernatants was deter-
mined by ELISA. (b) The amount of IL-1§ p17 and p31 in cell
extracts (CX) and supernatants (SN) were visualized by Western
blotting. (a) The results represent the mean £ SD of at least three
independent experiments. Significant differences (**P < 0-01) are
indicated. n.s., not significant (P > 0-05).

© 2015 John Wiley & Sons Ltd, Immunology, 145, 258-267
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mouse cells produced a similarly small amount of IL-1f
after challenge with EDL933 WT or its mutants (Fig. 1a),
indicating that Ehx has no effect on IL-1f production in
these mouse cells. As a comparison, HB101 only induced
low levels of IL-1f release in both human cells and
LPS-primed mouse cells.

To confirm the difference in Ehx-induced IL-1f
production between human and mouse macrophages, we
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further examined the production of pro-IL-1f (p31) in
differentiated THP-1 cells and mouse PM lysates and
mature IL-1f (p17) in both supernatants using immuno-
blotting after the cells were infected with the different
bacterial strains. We found that all of these strains
induced similar levels of pro-IL-1f production in the
mouse PMs and human differentiated THP-1 cell lysates
(Fig. 1b). However, significantly higher levels of mature
IL-1f8 were observed only in the supernatants from differ-
entiated THP-1 cells but not in those from mouse PMs
after infection with the ehxA-positive strains (Fig. 1b).
This indicates that Ehx may affect activation of mature
IL-1f production in human THP-1-derived macrophages
but not mouse macrophages.

Ehx-induced cytotoxicity differs between human and
mouse macrophages

Lactate dehydrogenase release from human PBMCs and
differentiated THP-1 cells infected with AehxA was signif-
icantly lower than that from the cells infected with the

n.s. n.s.
7 *x 16 *x
2 6 * 3 14
o5 o 12
© © 10
24
T T
3 3 a
- )
5 2 5
® 1 R
0+ o N %
s g
& & & & S
% v R 0
&
W

% of LDH release
O =N whHhou o
% of LDH release
O =N Whuo N

o) N
\909 é}\.\?‘ é}\.\?’ %\Q Y’SQ
o VR N
v"}& ¥

% of LDH release
O—=MNWwhoo N
% of LDH release
O=NWwWpPpooON®

] \s \a 3
\9‘5 é}\.\. §+ %\Q X&Q
S v .\YXQ A F
& N
>
Mouse PMs

262

Mouse 1C-21

WT and AehxA/pehxA strains at 4 hr post infection, indi-
cating that Ehx causes cytotoxicity in human PBMCs and
THP-1-derived macrophages. In contrast, no significant
difference in lactate dehydrogenase release was observed
in mouse splenocytes, IC-21, PMs or BMMs infected with
the three bacterial strains (Fig. 2). These results suggest
that there may be a difference in Ehx-induced cytotoxicity
between macrophages of human and mouse origin.

Disparity in Ehx-induced caspase-1 activation between
human differentiated THP-1 cells and mouse
macrophages

Our previous study showed that NLRP3 inflammasome
activation is required for IL-1f production in response to
EHEC O157:H7 infection. To determine if the caspase-1
and inflammasome pathway is involved in the difference
in Ehx-induced IL-1f production between human and
mouse cells, the activation of caspase-1 in infected differ-
entiated THP-1 cells and mouse PMs was assessed by
immunoblot analysis of the cleavage of caspase-1 to its

Figure 2. Cytotoxicity of enterohaemorrhagic
Escherichia coli (EHEC) O157:H7 enterohaem-
olysin, as indicated by the release of lactate
dehydrogenase (LDH). Human peripheral
blood mononuclear cells (PBMCs), differenti-
ated human THP-1 cells, mouse splenocytes,
peritoneal macrophages (PMs), bone marrow-
derived macrophages (BMMs) and IC-21 cells
were infected with EDL933, AehxA or AehxA/
pehxA. The commensal E. coli HB101 served
as a comparison strain. The release of LDH
was assessed at 4 hr post-infection. The results
represent the mean 4 SD of at least three
independent experiments. Significant
differences (**P < 0-01) are indicated. n.s., not
significant (P > 0-05).
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active p10 subunit. The production of active pl10 in dif-
ferentiated THP-1 cells infected with WT or AehxA/pe-
hxA was significantly higher than that in cells infected
with the AehxA strain (Fig. 3a), indicating the critical role
of Ehx in triggering caspase-1 activation in differentiated
THP-1 cells. Moreover, a caspase-1 inhibitor strongly
diminished Ehx-induced IL-1f production, suggesting
that Ehx triggers the release of IL-1f in differentiated
THP-1 cells in a caspase-1-dependent way (Fig. 3b).
However, active pl0 was undetectable in mouse macro-
phages infected with various strains (Fig. 3a), suggesting
that Ehx may play different roles in triggering caspase-1
activation in human and mouse cells, which in turn leads
to differences in IL-1f production.
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Figure 3. The role for caspase-1 in enterohaemorrhagic Escherichia
coli (EHEC) O157:H7 enterohaemolysin-induced interleukin-1/
(IL-1p) production. Differentiated human THP-1 cells and mouse
peritoneal macrophages (PMs) were infected with EDL933, AehxA or
AehxA/pehxA for 4 hr. (a) Lysates from the cells were analysed by
immunoblotting directed against active caspase-1 pl0. (b) The
THP-1 cells were treated with 10 pm of the caspase-1 inhibitor
Z-YVAD-FMK for 1 hr before infection with EHEC O157:H7. The
IL-1f concentration in the supernatant was determined at 4 hr post-
infection by ELISA. (b) The results represent the mean + SD of
three independent experiments. Significant differences (**P < 0-01)
are indicated. n.s., not significant (P > 0-05).
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Disparity in Ehx-induced ATP release between human
differentiated THP-1 cells and mouse macrophages

Extracellular ATP has been shown to trigger NLRP3
activation via the ATP receptor P2X7. We next sought
to determine whether the Ehx-induced ATP release in
differentiated THP-1 cells differed from that of mouse
macrophages. As shown in Fig. 4(a), WT and AehxA/pe-
hxA infection induced significantly higher ATP release
into the culture supernatant of differentiated THP-1 cells
compared with the AehxA strain, suggesting that ATP
release into the supernatant may be involved in Ehx-
induced IL-1f secretion in differentiated THP-1 cells.
However, the ATP concentration in the supernatant of
mouse PMs treated with each of the strains was unde-
tectable, implying that the similar, low level of IL-1f
production may partially be the result of the lack of
ATP release by mouse macrophages treated with each
strain.

Next, the analysis of correlation between ATP concen-
tration and IL-1f production in the supernatants of dif-
ferentiated THP-1 cells infected with each strain at 2, 4
and 6 hr post-infection was conducted to better under-
stand the relationship between ATP release and IL-1f
production induced by Ehx. A significant positive correla-
tion was confirmed between IL-1f production and ATP
release in differentiated THP-1 cells (Fig. 4b).

To study whether the effect of Ehx is mediated through
ATP release and purinergic signalling, we inhibited ATP
signalling using the purinergic receptor antagonist oxi-
dized ATP (0ATP). As demonstrated in Fig. 3(c), oATP
significantly reduced Ehx-induced IL-1f release, suggest-
ing that ATP action is involved in the EhX-induced
inflammasome activation.

Role of cathepsin B in Ehx-induced IL-1f production
in human differentiated THP-1 cells

It has been demonstrated that the NLRP3 inflammasome
is activated either by lysosomal damage induced by
phagocytosis or the subsequent release of cathepsin B.
To determine whether cathepsin B plays a role in Ehx-
induced IL-1f release, we determined cathepsin B in
both differentiated THP-1 cells and mouse IC-21 cells
using immunofluorescence staining and confocal micros-
copy. Using an anti-cathepsin B antibody, we found
splotchy staining in both unchallenged THP-1 macro-
phages and IC-21 cells. In infected differentiated THP-1
cells, obviously diminished, punctate cathepsin B staining
in cells infected with WT or AehxA/pehxA was observed
compared with AehxA-infected cells (Fig. 5a), which
strongly suggests that Ehx leads to cathepsin B release
from phagoendosomes into the cytosol and consequent
activation in human macrophages. However, no differ-
ence was found in cathepsin B staining among the IC-21
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Figure 4. Role of ATP release and the purinergic signalling pathway
in enterohaemorrhagic Escherichia coli (EHEC) O157:H7 entero-
haemolysin-induced interleukin-1f (IL-1f) production by THP-1
cells. Differentiated human THP-1 cells were infected with EDL933,
AehxA or AehxA/pehxA. (a) ATP release from the differentiated
THP-1 cells at 4 hr post-infection. (b) Positive correlation between
ATP release and IL-1f production in the supernatant of THP-1 cells
infected with EHEC O157:H7. (¢) The differentiated THP-1 cells
were treated with 500 nm of the ATP inhibitor oATP for 2 hr before
infection. The IL-1f concentration in the supernatant was deter-
mined at 4 hr post-infection by ELISA. (a, ¢) The results represent
the mean £ SD of three independent experiments. Significant differ-
ences (*P < 0-05, **P < 0-01) are indicated. n.s., not significant
(P> 0-05).

cells infected with the three stains, indicating that Ehx
has no effect on cathepsin B release in mouse macro-
phages.
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Furthermore, we sought to assess the role of cathepsin
B in activating IL-1f production of human THP-1 cells
in response to EHEC O157:H7. As shown in Fig. 5(b),
blockade of cathepsin B activity with the inhibitor
CA-074 significantly attenuated IL-1f production in dif-
ferentiated THP-1 cells infected with WT or AehxA/pe-
hxA but not AehxA, suggesting that cathepsin B is
involved in the IL-1f secretion pathway in human mac-
rophages in response to Ehx stimulation.

Role of potassium (K") efflux in Ehx-induced
cytotoxicity and IL-1 production in human
differentiated THP-1 cells

Previous studies have demonstrated that high extracellular
K" blocks IL-1f release. To investigate the role of K"
efflux in Ehx-induced cytotoxicity and IL-1f production
in human differentiated THP-1 cells, we blocked K" efflux
by replacing normal culture medium with cell culture
medium containing high concentrations of KCl before
infection with EDL933 strains, and found that blocking
K" efflux almost completely inhibited IL-18 production
(Fig. 6a) and reduced the cytotoxicity induced by EHEC
0157:H7 (Fig. 6b). These results demonstrated that K*
efflux plays a key role in EHEC O157:H7-induced cyto-
toxicity and IL-1f production in differentiated THP-1
cells.

Discussion

Information on the pathogenesis of EHEC O157:H7
infection is very limited, largely because of the lack of
ideal animal models capable of recapitulating all the fea-
tures of EHEC O157:H7 infection in humans. It is well
known that naturally infected mice are not a good model
with which to mimic the various pathological changes in
human EHEC infection.”® Though some mouse models
have been developed for EHEC O157:H7 infection includ-
ing axenic mouse (no indigenous intestinal flora) or
streptomycin-treated mouse (reduced normal flora),”’ no
naturally occurring HUS-like diseases have been described
in mice.

Recent studies demonstrated that EHEC-infected mice
treated with inflammatory cytokines showed systemic dis-
ease, neurological manifestations and glomerular lesions,
suggesting that an inflammatory response is essential for
HUS development in O157:H7 infection.”* It has been
suggested that IL-1f may play an important role in HUS
through increased expression of Gb3, the receptor for Stx
on endothelial cells, and allowing increased binding of
Stx.” In this study, we found that EHEC O157:H7 Ehx
played a critical role in inducing cytotoxicity and IL-1f
production in human macrophages but not in C57BL/6
mouse macrophages, suggesting that the effect of EHEC
0157:H7 Ehx on macrophages is species specific. Hence,
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Figure 6. The role of K" efflux in enterohaemorrhagic Escherichia
coli (EHEC) O157:H7 enterohaemolysin-induced interleukin-1§ (IL-
13) production and cytotoxicity in THP-1 cells. Human THP-1 cells
were infected with EHEC O157:H7 for 4 hr in the presence of
140 mm K*. (a) The IL-1f concentration in the supernatants was
determined 4 hr post-infection by ELISA. (b) Cytotoxicity was evalu-
ated by the release of lactate dehydrogenase (LDH) from the THP-1
cells, which was assayed after 4 hr of exposure to EHEC O157:H7.
The results represent the mean + SD of three independent experi-
ments. Significant differences (**P < 0-01) are indicated. n.s., not
significant (P > 0-05).

Figure 5. The role of cathepsin B in enterohaemorrhagic Escherichia
coli (EHEC) O157:H7 enterohaemolysin-induced interleukin-1f (IL-
13) production by human THP-1 cells and mouse IC-21 cells. Cells
were left untreated or were infected with EDL933, AehxA or AehxA/
pehxA for 2 hr. Cathepsin B was visualized by confocal laser scan-
ning microscopy after staining with a specific antibody. Actin was
stained with phalloidin AF488. (a) Cathepsin B in human THP-1
cells. (b) Cathepsin B in mouse IC-21 cells. (c) The THP-1 cells were
treated with 10 pm of the cathepsin B inhibitor CA-074Me for 1 hr
before infection with EHEC O157:H7. The IL-1ff concentration in
the supernatant was determined 4 hr post-infection by ELISA. (c)
The results represent the mean £ SD of three independent experi-
ments. Significant differences (*P < 0-05) are indicated. n.s., not
significant (P > 0-05).
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the fact that human macrophages are more sensitive to
Ehx than mouse macrophages may at least in part
account for why the conventional C57BL/6 mouse is not
a good model for HUS of EHEC infection. Taken
together, we postulate that the difference in the pathoge-
nicity of O157:H7 infection between humans and mice
may be partially due to the disparity between the two
species in effect of Ehx on IL-1f production.

Our previous study confirmed that NLRP3/apoptosis-
associated speck-like protein containing a caspase recruit-
ment domain/caspase-1 is required for EHEC O157:H7-
induced IL-1§ production in differentiated THP-1 cells."*
In this study, we found that Ehx contributed to caspase-1
activation in differentiated THP-1 cells, whereas no effect
was observed in mouse macrophages. We postulated that
the difference in Ehx-driven NLRP3 activation between
human and mouse cells might account for the disparity
in macrophage IL-1f production between the two species.
A recent study reported that EHEC EDL933 induced
higher levels of IL-1f production in LPS-primed mouse
macrophages than ours using a higher challenge dose
(multiplicities of infection 25 versus 5) and longer chal-
lenge time (8 versus 4 hr). Although the study identified
that EHEC nucleic acids mediated NLRP3 inflamma-
some-dependent responses, it also demonstrated that
EHEC-specific virulence factors including Ehx were dis-
pensable for NLRP3 activation, which is consistent with
our findings.** We propose that mouse macrophages are
much less sensitive than human macrophages in terms of
NLRP3 activation in response to EHEC infection because
of the differential response of human and mouse macro-
phages to Ehx. There is an increasing body of evidence
showing a difference between the human and mouse
genes related to inflammasome activation. For example,
CARDS is present in the human genome and seems to be
part of the NLRP3 inflammasome but is not found in the
mouse genome.”’

At least three distinct pathways including potassium
(K") efflux, lysosomal destabilization and release of cathep-
sin B, and generation of reactive oxygen species have been
proposed to be involved in NLRP3 activation.*®

Pioneering studies have proposed that K' efflux is
responsible for the maturation of pro-IL-1.**® In this
study, when we inhibited K' efflux with a high concen-
tration of extracellular K*, IL-1 production by differenti-
ated THP-1 cells in response to EHEC O157:H7 infection
was largely blocked, suggesting that K* efflux may play a
key role in Ehx-induced IL-1f production. Extracellular
ATP stimulates the purogenic P2X7 ATP-gated ion chan-
nel leading to K efflux, which is necessary for inflamma-
some activation. Cellular stimulation triggers ATP release
and subsequent activation of purinergic receptors at the
cell surface.”” Some studies indicated that certain non-
nucleotide inflammasome activators may interact directly
with purinergic receptors, which excludes the role of ATP
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release in a one-step model of inflammasome activa-
tion.>®*! However, in the present study Ehx was found to
contribute to endogenous ATP release and inhibition of
ATP signalling partially suppressed/impaired IL-1f pro-
duction in differentiated THP-1 cells. Our results suggest
that Ehx-induced ATP release may be involved in regulat-
ing IL-1f production but not the only pathway mediating
NLRP3 activation triggered by Ehx in differentiated THP-
1 cells. In contrast, Ehx did not have the same effect on
ATP release in mouse macrophages as it did in THP-1
cells. In addition, some studies revealed that K' is
involved in the activation of NLRP3 inflammasome by an
array of stimuli. For example, some bacterial pore-form-
ing toxins were reported to cause K* efflux by permeabi-
lizing the plasma membrane, forming pores and
activating NLRP3 independently of P2X7R.***’ Hence,
we propose that the ATP signalling activation induced by
Ehx and the pores formed directly by Ehx may contribute
to K efflux from THP-1 cells and result in the conse-
quent activation of NLRP3. Another interesting finding is
that a high concentration of extracellular K* also sup-
presses EHEC-induced cytotoxicity. One possible mecha-
nism is that prevention of K" efflux contributes to
maintaining the physiological environment and reducing
NLRP3 inflammasome activation, which leads to a less
inflammatory pathological response with less cytotoxicity.

It has also been reported that cathepsin B-induced lyso-
somal damage acts as a trigger of the NLRP3 inflamma-
some and cathepsin B inhibitors prevent the activation of
caspase-1 and IL-1f secretion induced by certain
microbes.>*>° In this study, different effects of Ehx on
cathepsin B release were found in human and mouse mac-
rophages. We demonstrated that NLRP3-mediated IL-1/
production induced by EHEC was partially attributable to
Ehx-mediated cathepsin B release in THP-1 cells. How-
ever, we cannot conclude a direct role of Ehx in activating
cathepsin B release. First, the membrane pores that are
formed by Ehx may also allow other extracellular particu-
late structures to access the lysosome. Second, Ehx might
mediate phagosomal destabilization, which is a possible
activator triggering cathepsin B release.”’

In this study, we did not measure reactive oxygen spe-
cies production in human cells. However, the difference
in Ehx-induced cytotoxicity between human and mouse
cells may cause a disparity in reactive oxygen species gen-
eration between species which is known to affect NLRP3
activation.

In summary, in this study we have demonstrated the
disparity between human and mouse macrophages in
NLRP3-driven IL-1f production in response to EHEC
0157:H7 Ehx. In human cells, Ehx may induce IL-1f
production by affecting NLRP3 activation, which is medi-
ated through altered K* efflux and cathepsin B release.
This difference may provide mechanistic insight helping
to understand the differential response to EHEC O157:H7
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infection between humans and mice. However, it cannot
be ruled out that other mechanisms might be involved.
For example, Vibrio vulnificus hemolysin-induced NLRP3
activation has been shown to require nuclear factor-xB
activation via Toll-like receptors.”® Further study is
required to investigate the recognition mechanism of
macrophage membrane receptors that underlies the
Ehx-induced species-specific activation of NLRP3.
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