
Spontaneous formation of IpaB ion channels in host
cell membranes reveals how Shigella induces
pyroptosis in macrophages
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The Gram-negative bacterium Shigella flexneri invades the colonic epithelium and causes bacillary dysentery. S. flexneri
requires the virulence factor invasion plasmid antigen B (IpaB) to invade host cells, escape from the phagosome and induce
macrophage cell death. The mechanism by which IpaB functions remains unclear. Here, we show that purified IpaB
spontaneously oligomerizes and inserts into the plasma membrane of target cells forming cation selective ion channels.
After internalization, IpaB channels permit potassium influx within endolysosomal compartments inducing vacuolar
destabilization. Endolysosomal leakage is followed by an ICE protease-activating factor-dependent activation of Caspase-1 in
macrophages and cell death. Our results provide a mechanism for how the effector protein IpaB with its ion channel activity
causes phagosomal destabilization and induces macrophage death. These data may explain how S. flexneri uses secreted IpaB
to escape phagosome and kill the host cells during infection and, may be extended to homologs from other medically important
enteropathogenic bacteria.
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Shigella flexneri is a Gram-negative enteroinvasive bacterium
and the main cause of bacillary dysentery with estimated one
million deaths per year, predominantly children under the
age of 5 years.1 S. flexneri invades the colonic epithelium
and induces a severe inflammatory response at the site of
infection.2 Once ingested, S. flexneri reaches the colon and
rectum where it crosses the epithelial barrier via M cells. In the
adjacent mucosal lymphoid tissue, bacteria are phagocytosed
by resident macrophages, quickly escape the phagosome and
cause macrophage cell death.3 Caspase-1 activation and the
death of S. flexneri-infected macrophages release mature
interleukin 1b (IL-1b) and IL-18 and trigger the inflammatory
response and symptoms typical of shigellosis.4 This pathol-
ogy requires the transport of S. flexneri virulence proteins
(effectors) into mammalian cells through a specialized
secretion machinery called the type III secretion system
(TTSS).5

Invasion plasmid antigen B (IpaB) is a 62 kDa protein and
one of the first effectors secreted by S. flexneri. It is stored in
the bacterial cytoplasm bound to its chaperone invasion

plasmid gene C (IpgC), which is released before IpaB
secretion.6,7 IpaB is essential for S. flexneri virulence as
bacteria lacking ipaB fail to invade epithelial cells and to
activate Caspase-1 in macrophages.8,9 The current model of
S. flexneri infection postulates that secreted IpaB, together
with IpaC, forms a translocon that transports bacterial
effectors across the host cell membrane.10 It was also
assumed that S. flexneri requires IpaB to lyse the phagosomal
membrane based on the results showing that IpaB alone can
destabilize model membranes,11 and that strains where ipaB
was deleted do not have contact hemolytic activity.10,12 The
previous data suggest a dual function for IpaB, one in concert
with IpaC facilitating the transport of other Shigella virulence
factors in host cells and the second inducing pyroptosis in
infected cells without binding to IpaC.

During invasion of host cells by different pathogens,
microbial factors such as flagellin or pore forming toxins
(PFTs) activate inflammasomes of distinct compositions.13

Inflammasomes are cytosolic complexes that mediate
maturation of the 45 kDa pro-Caspase-1 into its enzymatically
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active form composed of subunits p10 (10 kDa) and p20
(20 kDa ).14 The active inflammasome is critical to process
and release IL-1b and IL-18.15 Inflammasome containing ICE
protease-activating factor (IPAF) and apoptosis-associated
speck-like protein containing a caspase recruitment domain
(ASC) is formed in response to intracellular pathogens
like Salmonella typhimurium, Legionella pneumophila, Pseu-
domonas aeruginosa and S. flexneri.16–19 IPAF was identified
as a cytosolic sensor of bacterial flagellin.20 Interestingly,
S. flexneri lacks flagellin, making it unclear, which stimulus
triggers the IPAF and inflammasome formation during
infection. Although indirect evidence suggests that bacterial
ipaB expression is required for the activation of the IPAF
inflammasome,9,21 the underlying mechanism of S. flexneri-
induced cytotoxicity remains unclear.

In order to understand the functional mechanism of how
IpaB induces the cell death of macrophages, we developed a
procedure to purify active IpaB and studied its function in the
absence of other S. flexneri effectors. We show that IpaB
inserts into the host plasma membrane after spontaneous
oligomerization and forms channels selective for monovalent
anorganic cations. Internalized IpaB ion channels disturb
the ion homeostasis within endolysosomal compartments.
The subsequent membrane disintegration and endolysoso-
mal leakage are followed by Caspase-1 activation through
an IPAF/ASC inflammasome and macrophage cell death.
Our results may explain how pathogenic bacteria expressing
TTSS employ secreted translocators to escape from phago-
somes and induce cell death in infected cells.

Results

IpaB oligomers permeabilize membranes. S. flexneri
secretes IpaB without contacting host cells.22 To understand
the role of secreted IpaB, we studied the function of the
purified protein. We coexpressed ipaB, together with its
cognate chaperone, ipgC, heterologously in E. coli.23 We
later separated IpaB from affinity bound histidine-tagged
IpgC using the detergent N,N-dimethyldodecylamine-N-oxide
(LDAO) and purified it further by size exclusion chromato-
graphy (SEC) in the presence of LDAO (Supplementary
Figure 1a).

Limited proteolysis with thermolysin yielded a stable IpaB
fragment of 40 kDa both on ice and at room temperature
(Supplementary Figure 1b). Matrix-assisted laser desorption–
ionization mass spectrometry analysis identified the region
between amino acid 116 and 482 as the IpaB stable core
(Supplementary Figure 1c). These data indicate that IpaB is
folded and stable after purification in the presence of LDAO.

IpaB secreted from S. flexneri inserts into membranes10

and can disrupt them.11,12 To test whether IpaB that
we purified induces membrane disintegration, we incubated
the effector with large unilamellar vesicles (LUVs) composed
of typical eukaryotic plasma membrane lipids such as
phosphatidylcholine (PC), phosphatidylserine (PS), phospha-
tidylethanolamine (PE), sphingomyelin (SM) and phosphati-
dylinositol (PI). The LUVs were loaded with calcein, a dye that
quenches itself at high concentrations. Fluorescence
increases when the dye is released from the vesicles,
indicating membrane damage. IpaB, but not LDAO-containing

buffer, disrupted the LUVs within seconds in a dose-
dependent manner (Figure 1a). Next, we examined the
interaction of IpaB with eukaryotic plasma membranes and
incubated sheep red blood cells (RBCs) with purified protein.
We monitored the release of hemoglobin and showed that
IpaB-induced hemolysis is dose-dependent (Figure 1b).
Together, these data show that IpaB permeabilizes eukaryotic
membranes and correlate with previous reports showing that
S. flexneri contact hemolysis requires IpaB.10,12,24

To study IpaB oligomerization, we crosslinked both the
soluble and the membrane-bound protein with 3, 30-Dithio-
bis(sulfosuccinimidyl propionate) (DTSSP), resolved it by
SDS-PAGE and visualized by silver staining. Remarkably,
IpaB formed oligomers of similar sizes in solution and bound
to LUVs (Figure 1c). This oligomerization is reversible and
depends on the LDAO concentration as shown by crosslinking
(Figure 1d) and SEC (Supplementary Figure 1d) analysis.
Indeed, IpaB formed oligomers in solutions below LDAO’s
critical micelle concentration (CMC) that dissociated into
monomers when the detergent concentration was increased
above the CMC. By native PAGE electrophoresis we found
that IpaB formed oligomers of a constant size bigger than
decamers (Supplementary Figure 1e). Noteworthy, mono-
mers were not observed in solution in the absence of
detergent micelles by any of the methods used. Together,
these results demonstrate that purified IpaB spontaneously
oligomerizes in solution and that these oligomers integrate
and permeabilize eukaryotic membranes.

Soluble IpaB kills cells. S. flexneri-induced macrophage
death requires IpaB,9 but it is unclear whether this protein is
sufficient to kill cells. We show that purified IpaB is sufficient
to kill bone marrow-derived macrophages (BMM) and that
this effect is dose-dependent (Figure 2a). Neither the IpaB/
IpgC complex nor purified IpgC, obtained after separating it
from IpaB, induced lactate dehydrogenase (LDH) release,
showing that the observed cytotoxic effect was specific to
IpaB (Figure 2b).

Beside cytotoxicity to BMMs, IpaB efficiently killed human
monocyte-derived macrophages and human monocyte-like
THP-1 cells differentiated with phorbol myristate acetate but
not HeLa cells or HEK293 (Figures 2c and d and
Supplementary Figure 2) in a 2-h vital dye exclusion assay.
We incubated HeLa cells with IpaB and monitored cell death
by membrane permeabilization and Annexin V staining using
live cell imaging. We observed that IpaB was also cytotoxic to
epithelial cells, but only after 3 h of treatment (Supplementary
Movies 1 and 2). IpaB killed BMMs derived from toll-like
receptors 4 and 2 knockout mice as efficiently as wild-type
(Figure 2d and Supplementary Figure 2), ruling out the
possibility of a cytotoxic effect of lipopolysaccharides (LPS)
and lipoproteins contaminating the toxin preparation.

IpaB cytotoxicity requires internalization. We compared
the cellular localization of IpaB in BMMs and HeLa cells by
immunofluorescence microscopy. IpaB was labeled using
monoclonal antibody against IpaB25 (red) and plasma
membrane with fluorescent cholera toxin B (green). In
BMMs, IpaB is internalized within 15 min to vesicular-like
compartments (Figure 3a, upper row). In contrast, in HeLa
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Figure 2 IpaB kills phagocytes but not epithelial cells. (a and b) Cytotoxicity of IpaB was quantified by measuring LDH release from macrophages after 2 h of treatment.
Cells treated with indicated IpaB concentrations (a) or 0.8mM IpaB, IpaB/IpgC or IpgC (b). (c) Kinetics of IpaB cytotoxicity in BMMs and HeLa cells detected by recording
fluorescence of DNA-incorporated Sytox Green (Invitrogen, Darmstadt, Germany) dye at 518 nm for 2 h. (d) Cytotoxicity of IpaB expressed as % of totally lysed cells with Triton
X-100. Cell death was detected as described in (c) and the values present cytotoxicity after 2 h of treatment with IpaB. Values are the average of triplicates±S.D. Results are
representative of at least two independent experiments. See also Supplementary Figure 2

Figure 1 IpaB oligomers spontaneously integrate into eukaryotic membranes. (a) LUVs were pre-loaded with calcein and incubated with IpaB at indicated concentrations.
Release of calcein was monitored for 5 min at 518 nm and plotted in percentage of Triton X-100 lysed liposomes. (b) One percent sheep RBCs were incubated with IpaB and
hemolysis was followed by the increase of hemoglobin absorbance at 541 nm and quantified as percentage of Triton X-100 treated/ total lysed cells. In (a) and (b) values are
the average of triplicates±S.D. (c) Oligomers of soluble and liposome-bound IpaB were detected by crosslinking for 1 h with 0, 0.01, 0.1 or 1 mM DTSSP and resolved under
non-reducing conditions by SDS-PAGE gradient (4–15%) and silver-stained. (d) IpaB was incubated for 1 h with crosslinker DTSSP (1 mM), resolved under reducing or
non-reducing conditions by SDS-PAGE gradient (4–15%) and visualized by silver stain. IpaB oligomerization was compared in the presence of: lane I, 0.0005% LDAO, lane II,
LDAO concentration reduced to 0.0005% and then brought back to 0.05% and lane III, 0.05% LDAO. Results are representative of at least three independent experiments.
See also Supplementary Figure 1
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cells, IpaB localized to the cell membrane 1 h after the
treatment (Figure 3b) and was partially internalized after
4 h of incubation (Supplementary Figure 3a). We next
analyzed the subcellular distribution of IpaB upon endo-
cytosis in macrophages. Notably, by immunoelectron micro-
scopy, we showed that in BMMs IpaB is found mostly in
endosome-like compartments and to a lesser extent at the
cell surface after 10 min or 30 min of incubation (Figure 3c,
Supplementary Figure 3b and c).

Interestingly, blocking internalization of IpaB in BMMs
(Figure 3a, lower row) using Dynasore, an inhibitor of the
small GTPase dynamin required for endocytosis,26 also
abolished its cytotoxicity (Figure 3d and Supplementary
Figure 3d). This indicates that endocytosis of IpaB is required
to cause rapid cell death.

IpaB induces leakage of lysosomes. We followed the
fate of IpaB-containing vacuoles in BMMs loaded with the pH
sensitive fluorescent dye acridine orange (AO) by live cell
imaging. AO accumulates in acidic compartments such as
late endosomes and lysosomes, and fluoresces in red.
Dilution of the dye or an increase in pH decreases the red
fluorescence and indicates endolysosomal permeabilization.
In BMMs exposed to IpaB, red fluorescence of AO

decreased gradually over 10 min (upper row in Figure 4a
and Supplementary Movie 3). Control cells, incubated with
buffer alone, did not show a change in AO-fluorescence over
the same time (Figure 4a, lower row and Supplementary
Movie 4).

We quantified endolysosomal leakage in AO-labeled BMMs
by flow cytometry. We counted cells with decreased fluor-
escent emission at 670 nm (Figure 4b, gate M) and demon-
strated that 30 min after treatment IpaB caused
endolysosomal rupture in 40% of the cells (Figure 4c).

We also tested vacuolar damage in BMMs using the
fluorescently labeled fluid-phase endolysosomal marker
Dextran with a molecular weight of 10 kDa (Figure 4d). BMMs
showed a punctate, green staining due to accumulation of
Dextran inside endolysosomal compartments. Cells incu-
bated with IpaB for 15 min showed a similar distribution of
fluorescence due to the presence of intact endolysosomes.
Thirty minutes after the treatment with IpaB, however,
cells displayed a diffuse cytosolic staining indicating endoly-
sosomal rupture and release of fluorescent Dextran into the
cytosol.

These observations indicate that internalized IpaB causes
permeabilization and subsequent disruption of endolyso-
somes in affected cells.

Figure 3 IpaB uptake is essential for its cytotoxic function. (a) Immunofluorescence microscopy of IpaB (0.8mM) treated BMMs at indicated time points. IpaB was labeled
using monoclonal antibody (H16) (red) and membrane is labeled using Cholera toxin subunit-B coupled to Alexa Fluor 488 (green). Upper row shows cells treated with IpaB
and the lower row presents cells pre-incubated for 1 h with 80 mM Dynasore and then treated with IpaB for indicated time intervals. Scale bar, 10 mm. (b) Immunofluorescence
microscopy of HeLa cells after 1 h incubation with IpaB (0.8mM). IpaB is shown in red and plasma membrane in green. Labeling was performed as in (a). Scale bar, 10mm.
(c) Cryo-Immunogold Electron Microscopy of BMM after 10 min of treatment. IpaB specifically labeled with monoclonal antibody (H16) and a gold-conjugated secondary
antibody showed endosomal localization. Scale bar, 1 mm in the overview and 500 nm in the detailed insert. (d) LDH release from macrophages treated with 0.8mM IpaB
without or with pre-incubation with 80 mM Dynasore. Values are the average of triplicates±S.D. Results are representative of at least two independent experiments. See also
Supplementary Figure 3
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IpaB forms cation selective channels within endosomes.
To understand how IpaB breaks vacuoles and induces cell
death we next characterized the properties of membrane-
bound IpaB by applying a two-electrode voltage clamp
(TEVC) on Xenopus laevis oocytes in the presence of
purified protein. After incubation of the oocytes with IpaB we
applied 25 mV voltage steps ranging from � 150 to þ 75 and
measured the resulting electrical currents at each step. We
observed increased electrical current in cells with incorpo-
rated IpaB compared with untreated cells in all membrane
potentials applied (Figure 5a and Supplementary
Information, Supplementary Figure 4). The current recorded
from cells exposed to IpaB showed a simple, almost linear,
I/V relation, suggesting that the effector forms a channel that
is not voltage gated. The slope of the I/V lines indicate a
conductance value of B6.2 mS in treated and B1.5 mS in
untreated oocytes resulting in a net conductivity of B4.7mS
for IpaB channels.

We performed TEVC experiments with IpaB-treated
oocytes and showed that lowering the extracellular pH from
9.0 to 4.0 resulted in an increase of the inward-directed
current measured at � 100 mV (Figure 5b). The current
amplitudes in untreated cells did not differ in this pH range

(Figure 5b), indicating that the ion flux measured is
characteristic of IpaB.

To test the ion selectivity of the IpaB channels, we
performed TEVC recordings at neutral pH in the presence of
specific alkali metal ions and compared current amplitudes at
–100 mV. Flux of monovalent cations like Liþ , Naþ , Kþ or
Rbþ resulted in currents with similar amplitudes (Figure 5c).
No current was observed for the divalent ions Mg2þ and Ca2þ

or larger single-charged ions like tetraethyl ammonium
(TEAþ ) or N-methylglucamine (NMGþ ). Moreover, sodium
chloride and sodium aspartate display similar amplitudes,
indicating that the IpaB channel does not allow the passage of
negatively charged ions, such as chloride (Figure 5c). These
results demonstrate that IpaB forms ion channels inside
eukaryotic membranes with a pH- dependent conductivity
and a preference for small monovalent anorganic cations and
protons.

We examined the effect of internalized IpaB ion channels on
distribution of anorganic ions inside macrophages with
quantitative electron probe X-ray microanalysis (EPXMA).27

To stimulate endocytosis, we treated BMMs with IpaB or
buffer in the presence of 10 kDa Dextran for 10 min and
measured Naþ , Kþ , Mgþ 2, Caþ 2 and Cl� concentrations

Figure 4 IpaB induces lysosomal rupture. (a) Confocal Microscopy of BMMs labeled with AO (1mg/ml) (excitation at 488 nm; emission at 650–690 nm) and incubated with
0.8mM IpaB (upper row) or buffer (lower row). Images are taken at indicated time points from live cell imaging included in Supplementary Information (see Movie S1 and S2).
AO accumulated in lysosomes is labeled red and bound to DNA or RNA in the cytosol is labeled green. Scale bar, 10 mm. (b) Flow cytometry of BMM stained with AO (1 mg/ml)
and then treated for 5, 10, 20 and 30 min with IpaB (0.8mM) or left untreated (buffer). AO was detected in the FL3 channel (X-axis). Histograms in red show fluorescence of
cells treated with IpaB; histogram in black for untreated cells. Endolysosomal leakage was monitored by the reduction in the fluorescence of cells gated in M. The Y-axis
presents the cells counts. (c) Quantification of cells gated in M incubated with IpaB or left untreated during 30 min as described in (b). Gated BMMs showed the endolysosomal
leakage. (d) Confocal microscopy of BMMs loaded with Dextran-Alexa Fluor 488 (0.1 mg/ml) for 15 min (green) and subsequently treated with 0.8mM IpaB or buffer for
indicated times. Scale bar, 10 mm. See also Supplementary Movies 1 and 2
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inside the vacuoles and in the cytoplasm of cryofixed
cells (Supplementary Figures 5a and b). Cells treated with
IpaB contained significantly higher Kþ and lower Mgþ 2

concentrations inside the vacuoles than the control cells. The
contents of other ions tested inside vacuoles remained
unchanged (Figure 5d). Concurrently in the cytosol no Kþ

or Mgþ 2 fluxes were observed, whereas Naþ and Cl�

concentrations significantly decreased (Supplementary
Figure 5c).

These results show that IpaB forms ion channels that
promote Kþ flux in endosomes.

IpaB-mediated Kþ flux activates Caspase-1 through the
IPAF inflammasome. Caspase-1 activation and induction
of cell death in S. flexneri-infected macrophages requires
IpaB secretion.9,28 Purified IpaB activated Caspase-1 in a
dose-dependent manner in LPS-primed primary macro-
phages as indicated by the presence of the active p10
subunit in western Blot analysis (Figure 6a). In agreement
with this observation, purified IpaB induced the release of
mature IL-1b to the supernatants in wild-type but not in
Caspase-1-deficient macrophages (Figure 6b). Importantly,
IpaB bound to its chaperone IpgC, as well as IpgC alone, did
not cause IL-1b secretion (Figure 6c). In addition, removal of
the endotoxin contaminations by EndoTrap Red Affinity
column (Profos AG, Regensburg, Germany) from purified
IpaB did not affect Caspase-1 activation (data not shown).
Caspase-1 activation, together with LDH release data,
showed that IpaB induces an inflammatory cell death in host
cells. After 2 h treatment with IpaB about 25% BMMs were

terminal deoxynucleotidyl transferase dUTP nick end labeling
positive (Supplementary Figure 6) confirming that the host
cells were indeed undergoing pyroptosis.

We stimulated immortalized macrophage cell lines from
wild-type, NALP3 (NACHT, LRR and PYD domains-contain-
ing protein 3)-, IPAF- or ASC- deficient mice with IpaB and
found that similar to S. flexneri infections18 the release of IL-1b
from IpaB-treated macrophages required IPAF and ASC,
but not NALP3 (Figure 6d). These results demonstrate that
IpaB is required and is sufficient to activate the IPAF
inflammasome, leading to Caspase-1 activation and secretion
of mature IL-1b in macrophages.

Next, we tested whether IpaB-mediated Kþ flux is required
to trigger Caspase-1 activation in macrophages. As predicted,
the presence of high Kþ concentration in the extracellular
medium and consequently inside endosomes significantly
decreased IL-1b secretion compared with IpaB-treated
cells incubated with physiological Kþ concentration
(Figure 6e). Importantly, raised Kþ concentration in the
medium also inhibited IL-1b secretion in M90T-infected
macrophages (Figure 6f). We confirmed these results by
blocking Kþ flux with the ATP-sensitive Kþ -channel inhibitor
glibenclamide, which completely abolished IL-1b release in
both IpaB treated and S. flexneri-infected macrophages
(Supplementary Figure 7). Extracellular ATP was used as a
positive control as Caspase-1 activation with this stimulus
depends on potassium flux.

Together these results demonstrate that during S. flexneri
infection IpaB ion channels permit Kþ flux in endosomes,
which is required for Caspase-1 activation and IL-1b release.

Figure 5 Characterization of the IpaB ion channels. (a) Two-electrode voltage-clamp recording presented as current-voltage relationship of X. laevis oocytes incubated
with 1.6mM IpaB for 4 h. Cells incubated with buffer containing LDAO were used as control. (b) pH dependence of IpaB-mediated ion conductance measured at � 100 mV.
Background control as in (a). (c) Current amplitudes in oocytes treated with IpaB recorded at � 100 mV in the presence of different ions. Current values were normalized
comparing with the value obtained for NaCl. The values shown are an average of 4–6 recorded cells±S.D. (d) Determination of ion contents with EPXMA in cryofixed BMMs
after 10 min. Treatment with 0.8mM IpaB or buffer containing LDAO. An example TEM image of a cryosectioned control cell (left panel) is shown together with a typical EPXMA
spectrum used for quantification of anorganic ions (middle panel). Single measurements, indicated as red dots, were performed inside electron-light vacuole and the
surrounding cytosol. The peak of emission for each anorganic ion is indicated with the element’s symbol. Ion concentrations measured in the vacuoles of treated BMMs
(right panel). Values are an average of 26–30 measured vacuoles±S.E.M. (asterisks, Po0.05 using Student’s t-test). See also Supplementary Figures 4 and 5
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Discussion

The Shigella effector IpaB is an essential virulence factor with
homologs in several other Gram-negative bacteria of medical
importance causing typhoid fever, the plague, pneumonia or
melioidosis.29 This virulence factor allows S. flexneri to invade
host cells, to escape from phagosomes and to activate the
inflammasome. The mechanism by which IpaB can fulfill all
these functions is still unclear.

Although bacteria use TTSS to sense the host and to inject
the effectors in the host cell,5 many of these proteins including
IpaB are also secreted in the extracellular medium,22 in
the bacteria-containing phagosome21 or within the host
cytoplasm.30 In order to understand the function of secreted
IpaB, we developed a purification procedure, which yielded a
sufficient amount of folded protein for in vitro mechanistic
assays. We found that purified IpaB spontaneously forms
oligomers in solution. This oligomerization requires

Figure 6 Purified IpaB causes Caspase-1 activation and IL-1b release. (a) Immunoblot analysis of the Caspase-1 maturation to the active p10 subunit in 3 h LPS-primed
macrophages treated with IpaB at the indicated concentrations for 2 h. Treatment with ATP or Shigella were used as positive controls. Cells incubated with buffer were used as
negative control and a-Tubulin is used as loading control. (b, c and d) ELISA of IL-1b secretion by primary macrophages treated as described in (a). Wild-type (WT) and
Caspase-1-deficient macrophages treated with IpaB at the indicated concentrations. Controls were used as in the previous panel (b). Macrophages treated with 0.8mM IpaB
were compared with cells treated with the same concentrations of IpaB/IpgC and IpgC (c). IL-1b secretion of IpaB treated WT BMM and Caspase-1 knockout cells (Casp1-KO)
is shown in (b) and (c). Treatment of WT macrophages compared with ASC-, IPAF- and NALP3-defficient cells with IpaB at indicated concentrations. ATP or Shigella stimuli
were used as positive controls and buffer as negative control (d). ELISA of IL-1b secretion by 3 h LPS-primed macrophages macrophages treated with IpaB for 2 h (e) or
infected with S. flexneri for 1 h (f) in the presence of different extracellular KCl concentrations. Treatment with buffer containing LDAO and ATP were used as controls. Values
are an average of triplicates±S.D. Results are representative of at least three independent experiments
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hydrophobic interaction between IpaB molecules, as the
process can be reversed by detergent micelles.

Consistent with a previous report,11 we show that IpaB
oligomers permeabilize host membranes. Importantly, TEVC
measurements of IpaB in Xenopus oocyte membranes
showed that it forms channels specifically transporting
monovalent cations and protons. These channels are
constitutively open and not voltage gated and, remarkably,
transport cations most effectively at an acidic pH.

We show that IpaB channels must be internalized by
endocytosis to kill macrophages. Endocytosis and the
increasing cationic flux at acidic pH suggested that IpaB
works in phagocytic compartments. By measuring the ion
contents within the endosomes with EPXMA after the
treatment of cells with IpaB, we showed that IpaB channels
permit a flux of potassium ions in the vacuole according to
the established gradients across vacuolar membranes.
We assume that the Mg2þ flux in endosomes was the
consequence of an ion imbalance and was not conducted
through IpaB ion channels, as our TEVC measurements
showed that IpaB does not transport magnesium ions. We
speculate that the observed decrease in Naþ and Cl�

concentrations inside the cytoplasm is most likely a response
of BMMs to IpaB treatment, as these ions are transported
against the concentration gradient. As shown earlier these
could be an early event in pyroptosis.31

The integrity of endocytic vacuoles depends on tightly
regulated osmotic homeostasis, which is maintained by
limited permeability for ions and protons. Potassium home-
ostasis has important role in preserving lysosomal integrity
and uncontrolled Kþ influx due to low temperature, loss of
membrane cholesterol or lysosomal membrane oxidation and
that can lead to increased osmotic pressure and rupture
of the vacuoles.32–34 Therefore, constitutively open IpaB
channels, disturbing the ionic homeostasis of acidified
vacuoles, may affect endolysosomal integrity. Vacuolar
damage is supported by experiments presented here showing
that IpaB-containing vacuoles release fluorescent
markers. Whether IpaB channel formation affects the ionic
balance and integrity of other compartments remains to be
determined.

Some bacterial pathogens evolved a mechanism to disrupt
the integrity of bacterium-containing phagosome by secreted
bacterial PFTs assembling large pores in host cell mem-
branes.35,36 Lysteriolysin, a PFT secreted by Listeria mono-
cytogenes, disrupts an ion gradient across vacuolar
membranes leading to a delayed maturation and finally the
disintegration of bacterium-containing vacuoles.36 Similarly,
IpaB secreted from phagocytosed bacteria was suggested to
cause vacuolar membrane destabilization in macrophages
and epithelial cells allowing S. flexneri to escape from the
phagosome.12 Hume et al.37 suggested that S. flexneri may
require an additional bacterial factor for phagosomal mem-
brane lysis as they did not observe liposome or erythrocyte
lysis with purified IpaB. Notably, their purification strategy did
not include detergents and raises the questions whether IpaB
purified by these authors was properly folded and fully
functional. Our results are, however, consistent with earlier
results11 and show that IpaB alone is sufficient to cause
vacuolar rupture in host cells.

Stimuli like PFTs, silica and uric acid crystals, are known to
permeabilize the lysosomal membrane.35 Membrane desta-
bilization and the release of lysosomal proteases, for example
Cathepsins, into the cytosol are thought to promote cell
death.36,38 We propose that the vacuolar damage induced
by IpaB channels, either endocytosed from extracellular
S. flexneri supernatant or released in phagolysosomal
membranes, might trigger macrophage death.

We show that Caspase-1 activation induced by purified
IpaB requires the IPAF/ASC inflammasome, but not NALP3
inflammasome. Our results demonstrate that potassium flux is
required for Caspase-1 activation and suggest this could be
the unknown signal for IPAF inflammasome activation.
Interesting questions remain whether the potassium flux in
the vacuole is sensed by the IPAF inflammasome or the
downstream effects are required for its activation.

Supplementary Figure 8 shows a model consistent with our
data describing uptake and killing of phagocytic cells by IpaB.
IpaB released from Shigella in the vicinity of a targeted cell can
oligomerize spontaneously (I) before it may integrate in host
membranes (II). IpaB channels, specific for small monovalent
cations, are internalized in a dynamin-dependent process (III).
Lysosomes or phagolysosomes, destabilized by membrane-
bound IpaB, may release their content, most likely due to
potassium influx and the impaired ionic homeostasis (IV).
Lysosomal contents released from collapsing vacuoles or
potassium flux by itself may induce the formation of IPAF/
ASC-inflammasomes and finally death of the infected cell (V).

IpaB homologs from S. typhimurium,39 Burkholderia pseu-
domallei,40 P. aeruginosa41 and Yersinia enterocolitica42 also
activate Caspase-1 and induce host cell death. Potassium
efflux is important to trigger IPAF inflammasome activation
both in P. aeruginosa and S. typhimurium41 but the mechan-
ism of activation remains unknown. Considering the sequence
similarity and related functions, the model suggested here
could be relevant for orthologous translocator proteins from
other enteropathogenic bacteria using TTSS for infection.

In summary, we show that IpaB forms ion channels in
eukaryotic membranes that are selective for monovalent
cations. Internalization of the IpaB channels and potassium
influx is followed by endolysosomal leakage, Caspase-1
activation, and macrophage cell death. It is interesting to
speculate that IpaB and its functional homologs in other
pathogenic enterobacteria represent a new class of cation
channels essential for bacterial virulence. This finding should
enable mechanistic and structural studies to explore how
translocator proteins could conduct ions, and how we can
block ion transport and inhibit bacterial infections dependent
on TTSS.

Materials and Methods
Cell culture. HeLa cells, THP-1 and HEK293 were from Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH.

Peripheral blood mononuclear cells (PBMC) were isolated from venous blood of
healthy adult volunteers by Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden)
density gradient centrifugation as recommended by the manufacturer. Monocytes
were isolated from PBMC by Magnetic Activated Cell Sorting method with the
Monocyte Isolation Kit II (Miltenyi Biotec, Bergisch-Gladbach, Germany). Isolated
monocytes were differentiated in macrophages for 6 days in RPMI1640 medium
containing 5% human serum, 10 mM L-glutamine, and 5 ng/ml of macrophage-
colony stimulating factor.
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Peritoneal macrophages were elicited using 4% (w/v) thioglycolate solution, collected
by peritoneal lavage 4 days later43 and prepared as described earlier.44 Bone marrow-
derived macrophages were prepared as described.45 Immortalized macrophage cell
lines from wild-type, NALP3-, IPAF- or ASC- deficient mice were kindly provided by
Eicke Latz (University of Massachusetts Medical School, Worcester).

Caspase-1 activity assay. Macrophages were primed for 3–5 h with LPS
from S. typhimurium (Alexis, New York, NY, USA) (2mg/ml), stimulated for 2 h with
purified proteins, 2 mM ATP (Roche, Mannheim, Germany) or 1 h with S. flexneri
and IL-1b levels were measured in supernatants with ELISA kit from BD
Biosciences (Heidelberg, Germany) according to the manufacturer’s instructions.
For experiments involving manipulations of extracellular potassium concentrations,
priming was performed in OptiMEM medium and Kþ concentrations were
increased 30 min before IpaB treatment or S. flexneri infection.

Cell death assays. LDH release assay was performed as previously
described39 using the CytoTox 96 kit (Promega, Mannheim, Germany) following
the manufacturer’s instructions.

Kinetics of cytotoxicity was detected by measuring increase of fluorescence of
SYTOX Green Nucleic Acid Stain (Molecular probes, Invitrogen, Darmstadt,
Germany) after incorporation into DNA at 518 nm using Fluoroskan Ascent FL,
Thermo Labsystems, Waltham, MA, USA.

Hemolysis. One percent sheep RBCs in phosphate buffer saline (PBS) (Labor
Dr Merk & Kollegen GMBH) were treated at 371C for 1 h. Absorbance of released
hemoglobin was measured at 540 nm.

Flow cytometry. BMMs were incubated for 15 min with AO (Molecular
Probes, Invitrogen) (1 mg/ml), washed three times and then stimulated with IpaB.
Lysosomal rupture was assessed as loss of emission at 600–650 nm
by FACSCalibur (BD Biosciences). Data were acquired and analyzed by BD
CellQuest Pro Software (BD Biosciences).

Liposome leakage assay. Mixture containing 40% L-a-PC (from egg yolk),
10% L-a-PS (from porcine brain), 25% L-a-PE (from porcine brain), 15% SM (from
porcine brain) and 10% L-a-PI (from bovine liver) (Avanti Polar Lipids Inc.,
Alabaster, AL, USA) (w/w) was dissolved in chloroform and was dried under a
stream of nitrogen followed by overnight vacuum drying. LUVs with a diameter of
0.4mm were prepared using an extruder (Avestin Europe GmbH., Mannheim,
Germany) according to Hope et al.46 Accordingly, LUVs containing 50 mM calcein
(Molecular Probes, Invitrogen) were prepared. The non-encapsulated dye was
removed from the liposome suspension by ultracentrifugation. The osmolarity of
the solution (calcein and buffer) was measured with an Osmomat 030, Gonotec
GmbH (Berlin, Germany).

Liposome leakage assay was performed in 96-well plate with 30 nmol LUV
suspension added per well and calcein release was recorded by measuring the
fluorescence at excitation and emission wavelengths of 485 and 518 nm,
respectively at 371C using Fluoroskan Ascent FL, Thermo Labsystems. The
percentage of fluorescence Ft at time t is defined as: % Ft¼ (It� I0/If� I0)� 100
where I0 is the initial fluorescence obtained after the dilution of the vesicles in the
appropriate buffer, If is the total fluorescence observed after addition of Triton
X-100, and It is the fluorescence at time t corrected for the dilution.

Chemical crosslinking. Liposomes containing PC and PS (PC/PS¼ 8/2)
(Avanti Polar Lipids, Inc.) (w/w) were produced. IpaB was incubated with
liposomes in PBS buffer (pH¼ 7.4) for 30 min and non-incorporated protein
removed by ultracentrifugation. Soluble IpaB or lipid-bound protein was
crosslinked with 1 mM DTSSP (Pierce Biotechnology, Rockford, IL, USA) at
room temperature for 1 h. Reaction was quenched with 50 mM Tris pH 7.5 for
30 min.

Electrophysiology. Oocytes from Xenopus laevis were obtained from
Ecocyte Bioscience (Castrop-Rauxel, Germany) and stored at 4 1C in ORI
solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM
MOPS-NaOH, pH 7.5) in the presence of 5 mM Na-pyruvate, 50 mg/ml gentamicin.
TEVC measurements on oocytes were performed by using a GeneClamp 500
amplifier (Axon Instruments, Union City, CA, USA) or a Turbo Tec-05X (NPI
Electronic, Tamm, Germany) controlled with pCLAMP software via DigiData
1322A or 1440A interfaces (Molecular devices, Sunnyvale, CA, USA).

pH-dependency of IpaB channels was measured in solutions containing 100 mM
NaCl, 1 mM MgCl2 and 0.1 mM CaCl2 buffered with 5 mM glycine (pH 9.0), 5 mM
Mops-NaOH (pH 7.5) or 5 mM citrate (pH 4.0). For testing cation selectivity of the
channel bath solution contained 100 mM LiCl, 100 mM NaCl, 100 mM KCl, 70 mM
MgCl2, 70 mM CaCl2, 100 mM TEACl or 100 mM NMGCl respectively, with
1 mM MgCl2, 0.1 mM CaCl2 and 5 mM Mops-NaOH (pH 7.5). Conductivity of Cl�

was examined after replacement of 100 mM NaCl with 100 mM NaAspartate
(NaAsp) in the presence of 1 mM MgCl2, 0.1 mM CaCl2 and 5 mM 3-(N-morpholino)
propanesulfonic acid (Mops)-NaOH (pH 7.5).

Electron probe X-ray microanalysis. Ion concentrations inside endo-
somes and cytoplasm were measured by X-ray microanalysis on snap-frozen,
freeze-dried cells. BMMs were incubated with IpaB or buffer and 10 kDa Dextran-
Alexa Fluor 565 (Molecular Probes, Invitrogen) for 10 min; drops of the thick cell
pellet were collected on a piece of Millipore filter paper and cryofixed by plunging
them into liquid propane. The cryofixed pellets were stored under liquid nitrogen.
EPXMA, spectra processing and quantification were performed as described.31

Higher absolute sodium values could be influenced by continuum estimation in the
quantification routine.47

Statistical evaluation. Data are presented as the mean±S.E.M. Student’s
t-test was used to evaluate the statistical significance of the differences between
means; a value of Po0.05 was considered statistically significant.

Fluorescence microscopy. BMMs and HeLa cells were grown on
coverslips and treated with IpaB for indicated time. Following fixation with 4%
paraformaldehyde, membrane was labeled with Cholera Toxin subunit-B coupled
with Alexa Fluor 488 (Invitrogen), permeabilized with 0.1% Triton X-100, and
labeled with primary anti-IpaB monoclonal antibody (H16) followed by Cy5-labeled
secondary antibodies (GE Healthcare, München, Germany). To follow endocytosis
and endolysosomal damage, cells were coincubated with Alexa Fluor 647–
conjugated dextran as described elsewhere.38 The samples were analyzed on a
Leica SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).

Electron microscopy. Macrophages were fixed with 1% paraformaldehyde
and 0.5% glutaraldehyde in stabilising buffer (1 mM EGTA, 4% PEG 6000 (8000),
100 mM PIPES pH 6.9), and embedded in 10% gelatine/PBS. Small blocks of the
samples were infiltrated overnight in 2.3 M sucrose/0.1 M Na-phosphate buffer.
Ultrathin sections were reacted with the anti-IpaB monoclonal antibody (H16) and
secondary antibodies coupled with 12 nm gold particles.

Immunoblot analysis. Macrophages were lysed in buffer containing 1%
Nonidet-P40 supplemented with complete protease inhibitor ‘cocktail’ (Roche).
The protein concentration was measured with BCA protein assay reagent (Pierce)
and lysates were adjusted accordingly. Lysates were boiled 5 min with
SDS sample buffer under reducing conditions, resolved by SDS-PAGE and
transferred to nitrocellulose membranes by electroblotting. Active Caspase-1
was visualized using rabbit antibody to mouse Caspase-1 (sc-514, Santa Cruz
Biotechnology, Santa Cruz, CA, USA).
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