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BID-dependent release of mitochondrial SMAC
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Abstract

The X-linked inhibitor of apoptosis protein (XIAP) is a potent caspase
inhibitor, best known for its anti-apoptotic function in cancer.
During apoptosis, XIAP is antagonized by SMAC, which is released
from the mitochondria upon caspase-mediated activation of BID.
Recent studies suggest that XIAP is involved in immune signaling.
Here, we explore XIAP as an important mediator of an immune
response against the enteroinvasive bacterium Shigella flexneri, both
in vitro and in vivo. Our data demonstrate for the first time that
Shigella evades the XIAP-mediated immune response by inducing
the BID-dependent release of SMAC from the mitochondria. Unlike
apoptotic stimuli, Shigella activates the calpain-dependent cleav-
age of BID to trigger the release of SMAC, which antagonizes the
inflammatory action of XIAP without inducing apoptosis. Our
results demonstrate how the cellular death machinery can be
subverted by an invasive pathogen to ensure bacterial colonization.
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Introduction

The X-linked inhibitor of apoptosis protein (XIAP) has been studied

intensely in mammalian cancer on the basis of its anti-apoptotic

function and its frequently elevated expression in malignant cells

(Kashkar, 2010). The anti-apoptotic function of XIAP is regulated by

several mitochondrial IAP binding motif (IBM)-containing proteins,

including second mitochondria-derived activator of caspases

(SMAC, also called DIABLO) and OMI (also called HtrA2), which

are released from the mitochondrial intermembrane space (IMS)

upon mitochondrial outer membrane permeabilization (MOMP)

(Du et al, 2000; Martins et al, 2002). The critical role of XIAP and

its antagonization during death receptor-induced apoptosis has

recently been demonstrated in XIAP-deficient mice. Specifically, the

Caspase-8-mediated proteolytic activation of BID (a BH3-only

member of the BCL2 protein family) and the subsequent release of

mitochondrial SMAC were shown to be crucial for XIAP antagoniza-

tion and the execution of apoptosis upon FAS (also called APO-1 or

CD95) ligation (Jost et al, 2009).

Although XIAP is typically thought of as an antagonist of cell

death pathways, its role in innate immune processes is increasingly

being recognized (reviewed in Gyrd-Hansen & Meier, 2010). In

particular, XIAP has been identified as an essential factor in immune

inflammatory signaling mediated by the nucleotide-binding domain

leucine-rich repeat-containing (NLR) protein family members NOD1

and NOD2 (Krieg et al, 2009), which orchestrate the immune

response to intracellular bacterial infection (Fritz et al, 2006; Elinav

et al, 2011). Mechanistically, XIAP interacts with receptor interacting

protein kinase 2 (RIPK2) via its baculoviral IAP repeat (BIR) 2

domain (Krieg et al, 2009; Damgaard et al, 2013), ubiquitylates

RIPK2 and recruits the linear ubiquitin chain assembly complex

(LUBAC), required for efficient activation of the transcription factor

NF-jB, resulting in the production and secretion of pro-inflamma-

tory cytokines (Damgaard et al, 2012). Importantly, XIAP-deficiency

in patients causes X-linked lymphoproliferative syndrome (XLP type 2)
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—a primary immunodeficiency—that is associated with severe

hemorrhagic colitis (Rigaud et al, 2006; Pachlopnik Schmid et al,

2011; Yang et al, 2012). Although the biochemical interaction of

XIAP with the NOD signaling complex has recently been the

subject of intense investigation (Krieg et al, 2009; Damgaard et al,

2012, 2013), the physiological role of XIAP and its antagonization

during the course of intracellular bacterial infection remain elusive.

We employed Shigella flexneri, an invasive Gram-negative

enteropathogenic bacterium, as an infection model to study the

complex host–pathogen interactions that shape the immune

response of intestinal epithelial cells in response to bacterial infec-

tion. The host response to intracellular Shigella involves NOD1

signaling followed by activation of RIPK2, leading to the activation

of NF-jB and the production and secretion of pro-inflammatory

cytokines such as IL-8 (Girardin et al, 2001). However, Shigella has

evolved a number of strategies to actively down-regulate the host

cell immune response to ensure bacterial survival and propagation

within the human intestinal epithelium. Epithelial colonization by

Shigella results in severe inflammatory colitis known as bacillary

dysentery (or shigellosis) (Ashida et al, 2011; Marteyn et al, 2012).

A better understanding of these mechanisms could open a novel

therapeutic avenue in the fight against bacterial infections.

While we show that XIAP plays a pivotal role in orchestrating

the immune response against bacterial infection, we also demon-

strate how Shigella escapes this immune response by inducing the

BID-dependent release of SMAC from the mitochondria, which in

turn potently disrupts XIAP-mediatedf inflammation. Consequently,

XIAP-deficiency in mice increased the susceptibility toward Shigella

infection, whereas genomic ablation of SMAC or BID conferred

resistance to Shigella, resulting in effective clearance of the bacterial

infection. Our findings unravel a previously unknown strategy of an

enteroinvasive bacterium that involves the BID-dependent release of

SMAC to effectively neutralize XIAP-mediated inflammatory signal-

ing. The targeting of host proteins that are co-opted by bacterial

pathogens emerges as a potential alternative to antibiotics, avoiding

the intense selection pressure, which has led many bacterial strains

to become resistant (Baron, 2010).

Results

XIAP is required for Shigella-induced NF-jB activation

In line with previous reports (Philpott et al, 2000), only the invasive

strain of Shigella flexneri M90T, but not the isogenic non-invasive

Shigella flexneri strain BS176 is capable of inducing NF-jB activa-

tion and the production of the pro-inflammatory cytokine IL-8 in

HeLa cells (Fig 1A). To address whether XIAP is involved in this

process, HeLa cell lines stably expressing a XIAP-specific short

hairpin RNA (HeLa-shXIAP) or a non-targeting control shRNA

(HeLa-shScr) (Supplementary Fig S1A; Seeger et al, 2010) were

infected with the invasive Shigella flexneri strain M90T (in the

following referred to as Shigella). XIAP knockdown resulted in

markedly reduced NF-jB activation and IL-8 production in response

to Shigella infection (Fig 1B and C). Reintroduction of XIAP by stable

overexpression of myc-tagged XIAP (lacking the 30 UTR, that is

targeted by the stably transduced shRNA) in XIAP knockdown HeLa

cells (HeLa-shXIAP-mycXIAP) restored NF-jB activation and IL-8

production in response to Shigella infection (Fig 1B and C). These

data identify XIAP as a potential mediator of the immune inflamma-

tory signaling in response to intracellular Shigella infection. In

contrast, TNF-induced NF-jB activation was not altered in XIAP-

deficient HeLa cells (Fig 1B, lower panel), excluding a general defect

in NF-jB signaling as a result of XIAP-deficiency. Importantly, the

bacterial proliferation rate was not altered upon modification of

XIAP expression as examined by a gentamycin protection assay

(Supplementary Fig S1B), excluding the possibility that variations in

the bacterial load between the cell lines could account for the

observed difference in NF-jB activation. Furthermore, loss of XIAP

expression neither affected cell viability (Fig 1D, Supplementary

Fig S1C and D) nor impacted on MAPK activation (MEK1/2, JNK)

(Supplementary Fig S1E) upon Shigella infection.

Corroborating the data obtained in HeLa cell lines, we show

that in mouse embryonic fibroblasts (MEFs) derived from XIAP

knockout mice (Supplementary Fig S1F) NF-jB activation was barely

detectable following Shigella infection (Fig 1E, upper panel). In

contrast, the lack of XIAP expression did not impair TNF-induced

NF-jB activation in these XIAP knockout MEFs (Fig 1E, lower panel).

Together these data clearly establish XIAP as a crucial compo-

nent of the pro-inflammatory signaling cascade in response to intra-

cellular Shigella.

Shigella induces the release of mitochondrial SMAC and inhibits
XIAP-mediated inflammatory signaling

It is well recognized that Shigella has evolved strategies to actively

down-regulate the ‘immediate’ pro-inflammatory response in epithe-

lial cells that is detrimental to the bacteria at early stages of infection

(Ray et al, 2009; Ashida et al, 2011). Indeed, our data show that

NF-jB activity declined significantly 3 h post-infection (p.i.) (Fig 2A,

upper and middle panels). Furthermore, in line with previous data

using synthetic NOD1 ligand (Krieg et al, 2009), our data show

that Shigella infection induced complex formation of XIAP and

RIPK2 within 3 h p.i. and this interaction was disrupted after 6 h

p.i. (Supplementary Fig S1G). XIAP/RIPK2 dissociation was not due

to the cytolytic activity of intracellular Shigella, as cell viability

measurements clearly showed no increase in cell death up to 6 h

p.i. (Fig 1D and Supplementary Fig S1C and D).

Previous biochemical analyses concerning the role of XIAP in

immune inflammatory signaling have shown that small molecule

mimetics of SMAC (SMAC mimetics) can disrupt NOD-mediated

NF-jB activation by antagonizing XIAP (Krieg et al, 2009;

Bertrand et al, 2011; Damgaard et al, 2013). We therefore investi-

gated whether Shigella employed the cellular XIAP antagonists,

SMAC and OMI, to intercept XIAP-mediated NF-jB activation.

Western blot analysis of cytosolic fractions of infected HeLa cells

revealed the cytosolic appearance of SMAC and OMI in a time

frame exactly corresponding to the decline in NF-jB activity upon

infection with Shigella (Fig 2A, lower panel). Furthermore, cyto-

solic SMAC co-precipitated with XIAP (Supplementary Fig S2C)

suggesting that the SMAC disrupts XIAP/RIPK2 interaction by

direct binding to XIAP. Of note, SMAC and OMI were released

only upon infection with the invasive Shigella strain M90T and

not upon infection with the control strain BS176 (Supplementary

Fig S2A). SMAC release was similarly observed in HCT116 cells

following Shigella infection (Supplementary Fig S2B).
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To further explore the role of SMAC in inflammatory signaling

upon Shigella infection, we employed a HeLa cell line with stable

knockdown of SMAC (HeLa-shSMAC, Seeger et al, 2010; Supple-

mentary Fig S2D). As shown in Fig 2B and Supplementary Fig S2E,

NF-jB activity increased within 3 h p.i. and persisted until 6 h p.i.

in cells lacking SMAC but not in the HeLa control cell line (HeLa-

shScr). Correspondingly, increased levels of inflammatory cytokines

including IL-8 and IL-6 were measured in SMAC knockdown cells

6 h and 24 h p.i. (Fig 2C). Likewise, NF-jB activation was more

persistent in SMAC/OMI double knockout MEFs than in wild-type

MEFs (Supplementary Fig S2F). Importantly, no alteration of cell

death could be induced by Shigella infection in SMAC knockdown

cells (Supplementary Fig S2G).

To further demonstrate that the cytosolic appearance of SMAC

was associated with the down-regulation of NOD1-induced NF-jB
activity, we ectopically overexpressed cytosolic mature SMAC lack-

ing the mitochondrial targeting sequence (MTS) by employing the

ubiquitin (Ub) fusion system (Ub-SMACDMTS) (Hunter et al, 2003;

Kashkar et al, 2006). Ub-SMACDMTS expression significantly atten-

uated Tri-DAP (NOD1)-mediated NF-jB activity as well as RIPK2-

induced NF-jB activity in transiently transfected HEK293T cells

(Fig 2D). Consistent with previous reports (Krieg et al, 2009;

Damgaard et al, 2012), NF-jB activity induced by overexpression of

IKKb was not impaired by cytosolic SMAC demonstrating that XIAP

is critical in regulating events upstream of IKKb at the level of the

RIPK2-containing signaling complex (Fig 2D, right panel).
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Figure 1. XIAP is required for Shigella-induced NF-jB activation.

A HeLa cells were left untreated (ctrl) or were infected with non-invasive Shigella strain BS176 or the invasive strain M90T (MOI 30). NF-jB (p65) DNA binding activity
was analyzed by EMSA (upper panel) or ELISA (lower panel) 2 h post-infection (p.i.). IL-8 secretion was measured by ELISA in supernatants of cells 6 h p.i. (lower right
panel). Data are presented as mean � SEM (n = 3).

B HeLa wt, HeLa shScr, HeLa shXIAP and HeLa shXIAP-mycXIAP were left untreated (–) or were infected with Shigella M90T (MOI 30) (upper panel) or stimulated with
TNF (10 ng/ml, 30 min) (lower panel). NF-jB (p65) DNA binding activity was analyzed by EMSA at the indicated time points p.i..

C HeLa wt, HeLa shScr, HeLa shXIAP and HeLa shXIAP-mycXIAP were left untreated (ctrl) or were infected with Shigella M90T (MOI 30). IL-8 secretion was monitored by
ELISA in supernatants of cells 6 h p.i.. A representative experiment of three independent experiments is shown. Data are presented as mean � SEM (n = 3).

D HeLa wt, HeLa shScr, HeLa shXIAP and HeLa shXIAP-mycXIAP were infected with Shigella M90T with MOI 30 (left panel) or the indicated MOI (right panel). Cell death
was determined at the indicated time points p.i. by trypan blue exclusion. Data are presented as mean � SD (n = 3).

E MEFs isolated from wt or XIAP�/� mice were infected with Shigella M90T (MOI 30) (upper panel) or were treated with TNF (10 ng/ml, 30 min) (lower panel). NF-jB
(p65) DNA binding activity was analyzed by EMSA at the indicated time points p.i..
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Intracellular Shigella induces the release of mitochondrial SMAC
without inducing mitochondrial damage

Many enteroinvasive bacterial pathogens interfere with the cellu-

lar death machinery in order to modulate host defense mecha-

nisms and to ensure bacterial survival and propagation

(Lamkanfi & Dixit, 2010). In particular, Shigella-infected epithelial

cells have been shown to remain alive during early stages of

infection (Mantis et al, 1996). In line with these observations,

our data show that Shigella induced the mitochondrial release of

SMAC and OMI without causing significant cytotoxicity for up to

12 h p.i. (Fig 1D and Supplementary Fig S1C and D). Although

similar amounts of cytosolic SMAC were detected in cells infected

with Shigella or after exposure to pro-apoptotic stimuli such as

UV light or staurosporine (STS), no caspase activation was

observed in Shigella-infected cells as demonstrated by the lack of

Caspase-8 and Caspase-9 processing, Caspase-3 activity and PARP

cleavage (Fig 3A and Supplementary Fig S3A and B). Furthermore,

in contrast to apoptotic stimuli, Shigella infection was not associated

with any profound structural alterations in the mitochondria as

shown by the intact mitochondrial membrane potential (DΨm)

(Fig 3B) and electron microscopic analyses of the mitochondrial

ultrastructure (Fig 3C). These images show that the inner mito-

chondrial membrane is preserved after infection with Shigella,

but not after treatment with STS, which led to rupture of the cell

(Fig 3C).
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Figure 2. Shigella induces the release of mitochondrial SMAC and inhibits XIAP-mediated inflammatory signaling.

A HeLa wt cells were left untreated (�) or were infected with Shigella M90T (MOI 30). NF-jB DNA binding activity was analyzed by EMSA at the indicated time points
p.i. (upper panel). Densitometric quantification of NF-jB DNA binding activity of five independent experiments (middle panel). Data are presented as mean � SEM
(n = 5). Cytosolic fractions from the same experiment were analyzed by Western blotting (lower panel).

B HeLa shScr or HeLa shSMAC cells were left untreated (�) or were infected with Shigella M90T (MOI 30). NF-jB DNA binding activity was analyzed by EMSA (upper
panel) or by ELISA (lower panel) at the indicated time points p.i..

C Cells were treated as in (B). IL-8 and IL-6 secretion was measured by ELISA in supernatants of cells 6 h p.i.. Data are presented as mean � SEM (n = 3).
D HEK293T cells were transiently transfected with expression vectors encoding NOD1, RIP2 or IKKb alone or together with cytosolic SMAC (Ub-SMACDMTS) with the

indicated DNA amounts. NOD1-expressing cells were stimulated with Tri-DAP (10 lg/ml). NF-jB activity was analyzed by luciferase activity. A representative of three
independent experiments is shown. Data are presented as mean � SEM (n = 3). **P < 0.01; ***P < 0.001

Source data are available online for this figure.
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Together, our data show that Shigella infection induced the

release of SMAC and OMI in the absence of profound mitochondrial

damage, to ensure the viability of the infected cells.

Calpain-cleaved BID induces the mitochondrial release of SMAC
in Shigella-infected cells

Whereas intracellular Shigella induced the release of SMAC into the

cytosol, activation of the NOD1 signaling cascade alone, either by

overexpression of NOD1 or by stimulation with Tri-DAP or by over-

expression of RIPK2, failed to induce SMAC release (Supplementary

Fig S4A). Similarly, the specific knockdown of NOD1 had no impact

on the Shigella-induced release of SMAC (Supplementary Fig S4B).

This is in line with our observation, that modification of XIAP

expression does not affect the release of SMAC (Supplementary Fig

S4C), suggesting that Shigella engages more complex cellular mech-

anisms than NOD1 stimulation alone to induce the release of mito-

chondrial SMAC and OMI and to antagonize the XIAP-mediated

inflammatory response.

In apoptotic cells, the release of IMS proteins is regulated by

members of the BCL-2 protein family, comprising three subgroups:

pro- and anti-apoptotic multi BH-domain proteins, which are func-

tionally controlled by a third divergent class of BH3-only proteins

(Youle & Strasser, 2008). In order to investigate the regulation of

Shigella-induced SMAC release, we analyzed the expression and the

mitochondrial association of BCL-2 proteins in Shigella-infected cells.
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Figure 3. Intracellular Shigella induces the release of mitochondrial SMAC without inducing mitochondrial damage.

A HeLa wt cells were left untreated (�), treated with UV light (10 mJ/m2), STS (0.5 lM) or were infected with Shigella M90T (MOI 30). After 4 h SMAC, OMI, Caspase-8
and Caspase-9 were analyzed in the cytosolic fractions by Western blotting. Actin served as a loading control. PARP cleavage was analyzed in nuclear fractions by
Western blotting. Caspase-3 activity was determined fluorimetrically in cytosolic fractions using the substrate Ac-DEVD-AFC. Data are presented as mean � SEM
(n = 3).

B HeLa wt cells were left untreated (ctrl), infected with Shigella M90T (MOI 30) or treated with STS (0.5 lM). DΨm was analyzed after JC-1 or MitoTracker staining at
the indicated time points using FACS (upper panel) or confocal microscopy (lower panel), respectively after 6 h. Control cells were treated with CCCP (50 mM). In
confocal images, Shigella was stained blue by immunofluorescence. Data are presented as mean � SEM (n = 3); *P < 0.05; (scale bar = 8 lm)

C HeLa wt cells were left untreated (ctrl), treated with STS (0.5 lM) or were infected with Shigella M90T (MOI 30). Mitochondrial cristae structure was analyzed 6 h p.i.
by transmission electron microscopy. Arrows indicate mitochondria (M) or Shigella (scale bar: 300 nm (ctrl, S.f.); 1 lm (STS)).

Source data are available online for this figure.
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These experiments revealed that the BH3-only protein BID is

processed in Shigella-infected cells and that the truncated C-terminal

BID fragment accumulates in the mitochondrial fraction (Fig 4A).

To explore if processed BID was required for Shigella-induced SMAC

release, we employed specific siRNAs to knockdown BID expression

(Fig 4B and C). Knockdown of BID, but not of any other member of

the BH3-only protein family, including BAD, BIM or NOXA,

prevented the release of SMAC upon Shigella infection (Fig 4D and

Supplementary Fig S4D). Similarly, SMAC release upon Shigella

infection was impaired in MEFs derived from BID knockout mice

(Fig 4E). Together these data establish BID as an essential mediator

of Shigella-induced SMAC release.

Consequently, specific knockdown of BID, but not of NOXA, was

associated with increased NF-jB activity as shown by ELISA

(Fig 4F). In line with these data, MEFs derived from BID knockout

mice also showed increased NF-jB activity after Shigella infection

(Fig 4G) leading to an increased production of IL-6 compared to

wild-type MEFs (Fig 4H).

BID is known to be proteolytically processed upon death receptor

ligation by active Caspase-8 (Li et al, 1998; Luo et al, 1998). The

Caspase-8-cleaved BID fragment (BIDcasp8) then translocates to the

mitochondria where it induces MOMP and the subsequent release of

SMAC (Supplementary Fig S5A and B). However, Shigella infection,

despite effectively inducing BID cleavage (Fig 4A and C), does not

lead to caspase activation (Figs 3A and 5A), suggesting that the

proteolytic activation of BID in response to Shigella infection occurs

independently of caspase activity. Several other cellular proteases

besides caspases are known to proteolytically activate BID including

cathepsin, granzyme B and calpain (Billen et al, 2008). Detailed

characterization of the truncated BID in the mitochondrial fractions

of Shigella-infected cells by mass spectrometry indicated that the

truncated C-terminal BID fragment contains the first amino acids

corresponding to the calpain cleavage site, whereas the residues that

would appear upon caspase cleavage were not detectable (Fig 5B

and Supplementary Fig S5C and D). Intriguingly, calpain activation

by the Shigella effector protein VirA has recently been described as

a key step in the formation of the epithelial bacterial niche

(Bergounioux et al, 2012). In line with these findings, we observed

calpain activation upon Shigella infection but not after exposure to

TNF-related apoptosis-inducing ligand (TRAIL), which potently

induces caspase activation (Fig 5A). As reported for caspase-cleaved

BID, calpain-cleaved BID also translocates to the mitochondria and

induces the release of mitochondrial SMAC (Supplementary Fig S5A

and B). To confirm that activated calpain was involved in BID

processing, we inhibited the calpain activity with the calpain inhibi-

tor calpeptin, leading to reduced proteolytic processing of BID upon

Shigella infection (Fig 5C). Importantly, specific calpain inhibition,

either by calpeptin or by a cell-permeable peptide corresponding to

the calpain inhibitory sequence of calpastatin (the specific endoge-

nous calpain inhibitor) potently inhibited the release of SMAC upon

Shigella infection (Fig 5D). Our further analyses showed that ectopic

expression of VirA induced calpain activation and SMAC release

even in the absence of Shigella infection (Fig 5E). Unlike calpain

inhibitors, the pan-caspase inhibitor Z-VAD or the Caspase-8 inhibi-

tor z-IETD did not affect SMAC release following Shigella infection

(Supplementary Fig S5E), although both potently inhibited Caspase-8

activation in response to stimulation with TRAIL (Supplementary

Fig S5F).

Together these data demonstrate that Shigella infection results in

the activation of calpain, which induces the BID-mediated release of

SMAC, which in turn dampens the XIAP-mediated inflammatory

response toward bacterial infection.

XIAP confers immunity against Shigella infection in vivo

To investigate the physiological relevance of our findings

concerning the role of XIAP in the anti-bacterial immune

response toward Shigella, we infected mice intravenously (i.v.)

with Shigella as previously described (Martino et al, 2005). As

expected, only the invasive Shigella strain M90T and not the

isogenic non-invasive control strain BS176 leads to the formation

of liver abscesses and increased mortality at doses beyond

1 × 108 colony forming units (cfu) in wild-type mice (Fig 6A). To

address the impact of XIAP on anti-bacterial immunity, we estab-

lished a XIAP knockout mouse strain (XIAP�/�) (Fig 6B and

Supplementary Fig S6A). Like the previously published XIAP-

deficient mice (Harlin et al, 2001), our XIAP�/� mice do not appear

to have obvious phenotypic defects. However, when compared to

wild-type animals, XIAP knockout mice (XIAP�/�) were more

susceptible to infection with the invasive Shigella strain M90T

(Fig 6C) (but not to infection with the control strain BS176;

Supplementary Fig S6B). Macroscopic as well as histological

examinations of liver sections revealed large and coalescing

necrotic areas in the livers of XIAP�/� mice (Fig 6C, lower panel,

and D). These disseminated necrotic areas, containing a high

bacterial burden (Fig 6D) are clear manifestations of the ineffi-

cient immune resolution of the bacterial infection in XIAP�/�

mice. By contrast, in wild-type animals, liver necrosis was multi-

focal but well confined within a small peripheral margin of

mixed inflammatory cells, barely containing bacteria (Fig 6D).

These data demonstrate for the first time that XIAP�/� mice are

profoundly impaired in their capacity to mount an efficient

immune response toward Shigella, leading to pathological bacte-

rial propagation and tissue damage.

Our data in Figures 1–5 describe the role of XIAP in anti-bacterial

immune signaling within epithelial cells. The systemic infection of

mice with Shigella, however, does not only lead to the colonization

of epithelial cells, but may also affect immune cell effector functions

toward Shigella. To better understand how XIAP-deficiency specifi-

cally in the epithelial compartment affects the host’s capacity to

mount an immune response toward Shigella infection, we estab-

lished a hepatocyte-specific XIAP knockout mouse strain (XIAPDhep;

Fig 6B and Supplementary Fig S6A). For this purpose, loxP-flanked

XIAP (XIAPfl/fl) mice were crossbred with a hepatocyte-specific Cre

transgenic strain (Kellendonk et al, 2000). XIAPDhep mice and the

corresponding control mice (XIAPfl/fl) were infected with Shigella

and liver pathology and bacterial colonization pattern were

analyzed at early and late stages of infection. At early stages of

infection (6 h p.i.), the livers of XIAPDhep mice showed significantly

reduced leukocyte infiltration in comparison to wild-type mice as

shown by histological staining for CD45-positive cells (Fig 6E and F,

and Supplementary Fig S6C). In XIAPDhep mice, the impaired ability

to mount a cell-autonomous immune response in hepatocytes,

results in a significantly increased bacterial burden in the liver

compared with control mice as early as 6 h p.i. (Fig 6G and Supple-

mentary Fig S6D). Reflecting the impaired immune response in the
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Figure 4. BID induces mitochondrial release of SMAC in Shigella-infected cells.

A HeLa wt cells were left untreated (�) or were infected with Shigella M90T (MOI 30). At the indicated time points whole-cell lysates (WL) and isolated mitochondria
(Mito) were analyzed by Western blotting.

B HeLa wt cells were transiently transfected with four different siRNAs against BID (siBID1–4) or non-targeting ctrl (siScr). After 48 h cells were analyzed by Western
blotting.

C HeLa wt cells were transiently transfected with BID-siRNA4. After 48 h cells were left untreated (�) or were infected with Shigella M90T (MOI 30). The mitochondrial
fraction was analyzed 6 h p.i. by Western blotting.

D HeLa wt cells were transiently transfected with four different siRNAs against BID (siBID1–4) or non-targeting ctrl (siScr). After 48 h cells were left untreated (�) or
were infected with Shigella M90T (MOI 30). Cytosolic extracts were analyzed 6 h p.i. by Western blotting.

E MEFs isolated from wt or BID�/� mice were left untreated (�) or infected with Shigella M90T (MOI 50). Cytosolic fractions were analyzed by Western blotting at the
indicated time points p.i..

F HeLa wt cells were transiently transfected with specific siRNAs for BID, NOXA or non-targeting ctrl (siScr). After 48 h cells were infected with Shigella M90T (MOI 30).
NF-jB DNA binding activity was analyzed by ELISA at the indicated time points p.i.. Data are presented as mean � SD (n = 3).

G MEFs were treated as in (E). NF-jB DNA binding activity was analyzed by EMSA at the indicated time points p.i..
H MEFs were treated as in (E). IL-6 secretion was monitored by ELISA in supernatants of the cells 9 h p.i..

Source data are available online for this figure.
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XIAPDhep mice compared with control animals, the inflammatory

cytokines IL-6 and IL-1a were significantly reduced 6 h p.i.,

measured by RT-PCR analysis (Fig 6H). Of note, the basal cytokine

and NF-jB levels did not differ between control and XIAPDhep mice

(Supplementary Fig S6E and F). At later stages, the unrestrained

bacterial proliferation in the livers of XIAPDhep mice was associated

with an increase in the size and frequency of necrotic liver areas

(Fig 6E), elevated levels of CD45-positive cells compared to control

mice (Fig 6F and Supplementary Fig S6C) and a high bacterial

burden (Fig 6G and Supplementary Fig S6D). XIAPDhep mice therefore

recapitulate the disseminated liver damage observed in the whole-

body XIAP knockout mice (XIAP�/�). The similar pathology observed

in both, whole-body and hepatocyte-specific XIAP knockout mice,

highlights the important function of XIAP in orchestrating an effi-

cient cell-autonomous anti-bacterial immune defense in epithelial

cells. However, this does not formally exclude additional effects

associated with XIAP function in other effector cells including

myeloid cells.

Genetic ablation of BID or SMAC restores immunity against
Shigella infection

Our in vitro data demonstrate that XIAP-mediated immune signaling

is efficiently antagonized through the BID-mediated release of SMAC

(Figs 2–5). Accordingly, the lack of SMAC or BID should restore the

XIAP-mediated immune response toward Shigella infection. Indeed,

SMAC�/�/OMI+/� mice survived Shigella infection for significantly

longer periods compared to wild-type animals (Fig 7A). Correspond-

ingly, infected SMAC�/�/OMI+/� knockout mice showed signifi-

cantly fewer liver abscesses on macroscopic or microscopic

examination, consistent with an increased clearing efficiency of the

anti-bacterial immune response in these animals (Fig 7B). Similarly,

BID knockout mice (BID�/�) were highly resistant to Shigella infec-

tion (Fig 7C). SMAC�/�/OMI+/� mice, like BID�/� mice, survived

bacterial infection and did not suffer from liver damage upon

Shigella infection in sharp contrast to the corresponding wild-type

mice (Fig 7D). While the basal NF-jB levels in SMAC�/�/OMI+/�

and BID�/� mice compared to the corresponding wild-type animals

were similar (Supplementary Fig S7B), NF-jB activity was increased

in the livers of BID�/� mice compared to the corresponding wild-

type animals 6 h p.i., consistent with a more efficient immune

response toward Shigella (Supplementary Fig S7C). Importantly, the

lack of XIAP, SMAC or BID expression had no effect on either

Shigella-induced cell death in primary hepatocytes derived from the

corresponding mice (Figs 6I, 7E and 7F) or on caspase activation in

lysates of infected livers (Supplementary Figs S6G and S7A). In

conclusion, these data highlight the central role played by XIAP

antagonists in regulating the efficient immune inflammatory

response toward invasive Shigella.

Discussion

Accumulating biochemical evidence has identified XIAP as a compo-

nent of the NOD signaling cascade, implicating XIAP in immune

inflammatory signaling (Krieg et al, 2009; Damgaard et al, 2012).

However, the use of minimal peptidoglycan fragments to stimulate

intracellular NOD signaling in these studies cannot fully account for

the complexity of a bacterial infection. Our data now clearly impli-

cate XIAP in NOD1-mediated NF-jB signaling upon infection with

the Gram-negative enteropathogenic bacterium Shigella, both in vivo

and in vitro. Notably, our preliminary analyses in cIAP1- or cIAP2-

deficient cells showed no evidence for an involvement of other IAP

members in Shigella-induced NF-jB activity (data not shown).

Therefore, we here focused on the role of XIAP in the NOD-

mediated response to Shigella infection and its antagonization by

SMAC. However, since cytosolic SMAC indiscriminately targets

cIAPs (Supplementary Fig S2H), we cannot formally exclude the

possibility that cIAPs indirectly contribute to the observed

phenotypes, for example, through their role in controlling the TNF

superfamily signaling cascade (Vandenabeele & Bertrand, 2012).

That XIAP plays a pivotal role in the immune response to bacte-

rial pathogens in mice was first demonstrated by the increased

sensitivity of XIAP�/� mice to Listeria monocytogenes (Bauler et al,

2008) and Chlamydophila pneumonia infections (Prakash et al,

2010). These data indicated that XIAP plays a critical role in regulat-

ing the innate immune response provided by macrophages. In line

with these observations, we here demonstrate that XIAP�/� mice

infected with Shigella show a reduced survival rate compared with

wild-type animals (Fig 6C). In view of the fact that XIAP�/� mice

were not susceptible to the non-invasive Shigella strain BS176

(Supplementary Fig S6B), our data indicate the pivotal role of XIAP

in orchestrating immunity against enteroinvasive pathogens.

Notwithstanding the role of XIAP in myeloid cells, our findings in a

newly established hepatocyte-specific XIAP knockout mouse model

(XIAPDhep) further demonstrate a specific function of XIAP in

orchestrating the inflammatory response to bacterial infection in

non-myeloid cells (Fig 6E–H).

The capacity of a host organism to mount an immediate early

immune response toward infection is critical for its survival and the

subversion of the cellular immune responses is one of the central

strategies of enteroinvasive bacterial pathogens to ensure bacterial

survival and colonization (Lamkanfi & Dixit, 2010). It is well

established that Shigella has evolved various strategies to actively

down-regulate intracellular pro-inflammatory responses (Ashida

et al, 2011, 2013; Sanada et al, 2012; Kobayashi et al, 2013).

Mitochondrial IBM-containing proteins including SMAC have been

identified as potent antagonists of XIAP upon their release into the

cytosol. Our data illustrate the critical role of XIAP antagonization

by BID-mediated SMAC release (Figs 2–4), which is induced by

intracellular bacteria to safeguard bacterial colonization.

Numerous studies have contributed to the current view that in

response to systemic stress the release of mitochondrial proteins

from the IMS is coincident with mitochondrial damage and cell

death (Rehm et al, 2003; Munoz-Pinedo et al, 2006). We here shed

light on this process by demonstrating that the release of SMAC

upon Shigella infection is mechanistically controlled by BID and

results in dampening of the XIAP-mediated immune response but

not cell death, which in turn ensures bacterial propagation

(Figs 4–7). Intriguingly, Shigella infection is known to activate

calpain (Fig 5) which is recognized as an important step in ensuring

bacterial propagation in epithelial cells (Bergounioux et al, 2012).

The capacity of calpain to proteolytically process BID has already

been demonstrated (Chen et al, 2001). Nevertheless, the physiological

relevance of this activity and in particular its involvement in

cell death remains controversial (Chen et al, 2001). Our data
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summarized in Fig 5 identify a novel physiological role for calpain-

cleaved BID during the cell-autonomous immune response against

intracellular bacterial infection.

In conclusion, our data highlight a previously unrecognized

mode of intracellular host–pathogen crosstalk involving the mito-

chondria. We propose a model in which Shigella induces the

release of SMAC to specifically inactivate intracellular immune

signaling and thereby contributing to an immunosuppressive envi-

ronment that supports effective bacterial propagation (Fig 7G). Our

findings show how the non-apoptotic antagonization of XIAP by

BID-mediated release of mitochondrial SMAC can control the deli-

cate interaction between intracellular microbial pathogens and

their hosts.

Materials and Methods

Antibodies and reagents

Primary antibodies

Polyclonal rabbit anti-Caspase-9, monoclonal mouse anti-Caspase-8

(clone 1C12), monoclonal rabbit anti-Caspase-3 (clone 8G10), poly-

clonal rabbit anti-Caspase-3, polyclonal mouse anti-SMAC, monoclonal

mouse anti-BIM (C34C5), monoclonal rabbit anti-BAD (D24A9), poly-

clonal rabbit anti-BID antibody, polyclonal rabbit anti-phospho-JNK,

polyclonal rabbit anti-JNK, polyclonal rabbit anti-phospho-MEK1/2

and polyclonal rabbit anti-MEK1/2 were obtained from Cell

Signaling. Monoclonal mouse anti-b-Actin and anti-Flag (M2) were

obtained from Sigma. Monoclonal mouse anti-BCL-2 (clone 7),

monoclonal mouse anti-PARP (clone C2C10), polyclonal rabbit anti-

BID, monoclonal rat anti-CD45 and monoclonal mouse anti-XIAP

(clone 48) were obtained from BD Biosciences. Monoclonal mouse

anti-Complex II (clone 2E3GC12FB2AE2) was obtained from Invitro-

gen. Polyclonal rabbit anti-OMI, monoclonal mouse anti-cIAP1

(clone 681732) and polyclonal goat anti-cIAP2 were obtained from

R&D Systems. Monoclonal rabbit anti-SMAC (Y12) and monoclonal

mouse anti-NOXA (114C307) were obtained from Millipore. Mono-

clonal rabbit anti-IjBa (clone C21) was obtained from Santa Cruz.

Polyclonal rabbit anti-Shigella serotype 5a LPS was a kind gift of

P. Sansonetti.

Secondary antibodies

HRP-conjugated anti-rabbit IgG and anti-mouse IgG were obtained

from Cell Signaling. HRP-conjugated anti-goat IgG was obtained

from Sigma.

Reagents

Staurosporine and z-VAD-FMK were obtained from Alexis Biochemi-

cals, mTNF-a from Genentech. Carbonyl cyanide m-chloro-

phenylhydrazone (CCCP) was obtained from Merck. Tri-DAP was

obtained from Invivogen. SuperKillerTRAILTM and z-IETD-FMK were

obtained from Enzo Life Sciences. Calpeptin was obtained from

Calbiochem. Calpastatin was obtained from Merck Millipore.

PD98059 (MEK1/2 inhibitor) was obtained from Cell Signaling.

DNA constructs

Ub-SMAC and SMACDMTS were previously described (Kashkar

et al, 2006). pUNO-IKKb was from Invivogen (Toulouse, France).

RIP2-VSV was a kind gift from Margot Thome (Lausanne, Switzer-

land). pcDNA3.1-NOD1 was a kind gift from Gabriel Nuñez (Ann

Arbor, MI, USA). FLAG-NOD1 was previously described (Kufer

et al, 2006). For construction of BID-GFP-fusion proteins, open read-

ing frames (ORF) encoding human BID were amplified by PCR

producing BIDcasp8 (f: 50-ccccccaagcttatgggcaa ccgcagcagccactccc-30)
and BIDcalpain (f: 50-ccccccaagcttatgagaatagaggcagattctgaaag-30; r: 50-
ccccccggatcctcagtccatcccatttctggctaagc-30). Both constructs were

cloned into the pEGFP-C3 vector (Clontech). pKindling-Red mito

was obtained from Evrogen. GFP-VirA was amplified by PCR from

isolated Shigella DNA (f: 50-gcggcgaagcttatgcagacatcaaacataactaacc-
30; r: 50-ggccctcgagttaaacatcaggagatatgatggc-30) and cloned into a

pEGFP-C3 vector.

Bacterial infection

Bacterial infection of the indicated cell lines was performed using

the Shigella flexneri strain M90T afaE as described previously

(Philpott et al, 2000). The invasion plasmid-cured strain

Shigella flexneri BS176 was used as non-invasive control. Prior to

infection, cells were starved in DMEM without FCS for 1 h followed

by incubation with Shigella (MOI = 30) for 15 min at RT and

Figure 6. XIAP confers immunity against Shigella infection in vivo.

A Wt mice were i.v. infected with invasive Shigella M90T or non-invasive Shigella BS176 with the indicated cfu. Survival was monitored for 48 h. Macroscopic inspection
of representative livers (5 × 108 cfu, lower panel) (n = 5 in each group).

B Spleen and liver of wt, XIAP�/�, XIAPfl/fl and XIAPDhep mice were analyzed for XIAP expression by Western blotting.
C Kaplan–Meier curve of wt and XIAP�/� mice infected with Shigella M90T (1 × 107 cfu). Mice were sacrificed 48 h p.i. and livers were inspected macroscopically

(wt: n = 9; XIAP�/�: n = 9).
D Liver sections from mice treated as in (C) were analyzed microscopically after staining with hematoxylin & eosin and a Shigella-specific LPS 5a-antibody.
E XIAPfl/fl and XIAPDhep mice were infected and treated as in (C). Liver sections were analyzed microscopically at the indicated time points as in (D) (scale bar = 50 lm).
F Quantification of leukocytes (CD45+ cells) was performed independently by two experienced pathologists. Immunostained slides for CD45 were evaluated and the

number of CD45+ cells was counted per square millimeter in the hepatic parenchyma, with care taken to avoid areas of necrosis. Counts were expressed as numbers
per square millimeter based on twenty 40× HP-field cells.

G XIAPfl/fl and XIAPDhep mice were infected with Shigella M90T and sacrificed at the indicated time points p.i.. Bacterial load in the liver was determined. Each point
represents log10 cfu per 1 g liver per individual animal.

H XIAPfl/fl and XIAPDhep mice were infected with Shigella M90T and sacrificed 6 h p.i.. Relative mRNA expression was determined by RT-PCR and normalized to
uninfected control mice.

I Primary hepatocytes isolated from XIAPfl/fl and XIAPDhep mice were infected with Shigella M90T (MOI 50). Cell death was measured at the indicated time points by
trypan blue exclusion. Data are presented as mean � SD (n = 3).

Source data are available online for this figure.
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transferred to 37°C for 30 min (time point zero). Plates were then

transferred into fresh DMEM containing 10% FCS and 50 lg/ml

gentamycin to kill extracellular bacteria.

Gentamycin protection assay

Uptake of Shigella in different cell lines was analyzed by lysis of

pellets of infected cells in 0.5% SDS/H2O. Serial dilutions of cell

lysates were plated onto trypticase soy broth bacto agar plates with-

out antibiotics and incubated at 37°C for 24 h. Colonies were

counted and the recovery was determined as colony forming units

(cfu).

NF-jB activity

Electrophoretic mobility shift assays (EMSAs) were performed as

described previously (Haubert et al, 2007) using the NF-jB-specific
oligonucleotides (Applied Biosystems) end-labeled with c-32P-ATP
(Amersham Corp.).

ELISAs were performed after nuclear extraction using the Trans-

AM Nuclear Extract Kit and the TransAM NF-jB p65 Kit (Active

motif) according to the instructions of the manufacturer. Read-out

was performed on an ELISA reader (Anthos HT2) at a wavelength of

450 nm/620 nm (Brinkmann et al, 2014).

Microscopy

Infected or treated HeLa cells were stained with MitoTracker

(Invitrogen) and fixed with 3% paraformaldehyde at the indicated

time points. Shigella was stained with anti-Shigella flexneri serotype

5a LPS antibody and nuclei were stained with DAPI. Imaging was

performed on an inverted microscope (Olympus IX81 equipped with

Cell^R Imaging Software; Tokyo, Japan) using a 60×/1.45 numerical

aperture Plan Apo oil objective.

For transmission electron microscopy analyses, cells were

washed in phosphate buffer, fixed in glutaraldehyde and collected

as cell pellets after centrifugation. Cell pellets were then postfixed

with osmium tetroxide and embedded in Epon (Fluka, Buchs, Swit-

zerland). Ultrathin sections were cut using a Leica Ultracut EM UC6

and micrographs were obtained using a Philips CM 10 transmission

electron microscopy.

For phase-contrast imaging, HeLa cells were seeded onto cover

slips and infected with Shigella at MOI 30. After infection, cells were

fixed with 3% paraformaldehyde and cover slips were mounted on

microscope slides using Mowiol mounting medium. Imaging was

performed on an Axioplan II fluorescence microscope (Zeiss, Jena,

Germany).

Cell viability and cell death

HeLa cells were incubated in 96-well plates at 37°C in complete

medium and infected with the indicated MOI of Shigella and further

indicated incubation time. Cell viability was assessed by the Cell

Proliferation Kit II (XTT) (Roche Applied Sciences, Mannheim,

Germany) according to the instructions of the manufacturer. Cell

death was assessed by trypan blue exclusion using an automated

cell counter (CountessTM, Invitrogen, Karlsruhe, Germany)

(Brinkmann et al, 2013).

LDH release was assessed with the Cytotoxicity Detection Kit

(LDH) from Roche according to the instructions of the manufac-

turer.

Caspase-3 activity

Caspase-3 activity was performed as previously described (Kashkar

et al, 2003).

Cell fractionation and Western blotting

Cellular and cytosolic extracts were prepared as previously

described (Kashkar et al, 2003). Mitochondria were isolated with

the Mitochondrial Isolation Kit from Miltenyi Biotec according to the

instructions of the manufacturer. For Western blotting, equal

amounts of protein were resolved by SDS-PAGE and transferred

onto nitrocellulose membrane followed by incubation with the

appropriate primary and secondary antibodies. Immunoprecipitation

of myc-tagged XIAP was performed with cytosolic extracts by

magnetic epitope labeling and separation using lMACS Epitope Tag

Protein Isolation Kit from Miltenyi Biotec according to the instruc-

tions of the manufacturer.

RNAi interference

For siRNA-mediated knockdown, HeLa cells were transfected using

LipofectamineTM RNAiMAX (Invitrogen) with specific siRNAs for

BID (siRNA1–3: BID Trilencer-27 human siRNA from Origene

(SR300435); siRNA4: 50-cuugcuccgugaugucuuutt-3), BAD (50-guac
uucccucaggccuau-30), BIM (50-ccucccuacagacagagcctt-30) and NOXA

(50-ggugcacguuucaucaauu-30). Cells were incubated for 48 h prior to

infection with Shigella.

Figure 7. Genetic ablation of BID and SMAC restores immunity against Shigella infection.

A Kaplan–Meier curve of wt and SMAC�/�/OMI+/� mice infected with Shigella M90T (1 × 108 cfu) (upper panel) (wt: n = 12; SMAC�/�/OMI+/�: n = 14).
B Macroscopic and microscopic analysis of the liver from mice treated as in (A) (scale bar = 100 lm).
C Kaplan–Meier curve of wt and BID�/� mice infected with Shigella M90T (1 × 108 cfu) (wt: n = 10; BID�/�: n = 9).
D Macroscopic and microscopic analysis of the liver from mice treated as in (C).
E Primary hepatocytes isolated from wt and SMAC�/�/OMI+/� mice were infected with Shigella M90T (MOI 50). Cell death was measured at the indicated time points

by trypan blue exclusion. Data are presented as mean � SD (n = 3).
F Primary hepatocytes isolated from wt and BID�/� mice were infected with Shigella M90T (MOI 50). Cell death was measured at the indicated time points by trypan

blue exclusion. Data are presented as mean � SD (n = 3).
G Upon cytosolic appearance of Shigella, NOD1-signaling, involving RIPK2 and XIAP, is activated and promotes an inflammatory response (activation of NF-jB and IL-8

production) aiming at resolution of the bacteria. However, Shigella evolved a strategy to escape the innate immune defense by orchestrating a calpain-mediated
BID-activation, which in turn potentiates the release of mitochondrial SMAC to neutralize XIAP-mediated anti-bacterial inflammatory signaling.

◀

ª 2014 The Authors The EMBO Journal Vol 33 | No 19 | 2014

Maria Andree et al SMAC blocks XIAP-mediated immunity toward Shigella The EMBO Journal

2183



Mitochondrial membrane potential

For analysis of mitochondrial membrane potential, HeLa cells were

stained with 10 lM JC-1 (Invitrogen) for 30 min at 37°C and

analyzed by flow cytometry. For the analysis by confocal micros-

copy, HeLa cells were seeded on cover slips and stained with 25 nM

MitoTracker Red CMXRos (Invitrogen) in culture media at 37°C for

30 min (Coutelle et al, 2014).

Mass spectrometry

Tryptic in-gel digestion

Following electrophoresis the gel was washed thoroughly in water.

The area of interest was cut out and minced using a scalpel. The gel

pieces were destained with 50% 10 mM NH4HCO3/50% ACN at

55°C. After dehydration in 100%, ACN proteins were reduced with

10 mM DTT and carbamidomethylated in the dark using 50 mM

iodoacetamide. Dehydrated gel pieces were equilibrated with

10 mM NH4HCO3 containing porcine trypsin (12.5 ng/ll; Promega)

on ice for 2 h. Excess trypsin solution was removed and tryptic

hydrolysis was performed overnight at 37°C in 10 mM NH4HCO3.

The supernatant was collected and the peptides were further

extracted. After acidification with 5%, TFA gel pieces were extracted

twice with 1% TFA and then with 60% ACN/40% H2O/0.1% TFA

followed by a subsequent two-step treatment using 100% ACN. The

supernatant and the extractions were combined and concentrated

using a SpeedVac concentrator (Christ). Prior to nano-LC-MS/MS

analysis, the peptides were desalted using STAGE Tip C18 spin

columns (Proxeon/Thermo Scientific) as described in (Rappsilber

et al, 2007). Eluted peptides were concentrated in vacuo and then

re-suspended in 0.5% acetic acid in water to a final volume of 10 ll.

Nano-LC ESI-MS/MS

Analyses using reversed-phase liquid chromatography coupled to

nano-flow electrospray tandem mass spectrometry were carried out

using an EASY nLC II nano-LC (Proxeon/Thermo Scientific) with a

150-mm C18 column (internal diameter 75 lm, Dr. Maisch GmbH)

coupled to a LTQ Orbitrap mass spectrometer (LTQ Orbitrap

Discovery, Thermo Scientific). Peptide separation using 8 ll of sample

was performed at a flow rate of 250 nl/min over 120 min (10–40%

acetonitrile, buffer A: 0.1% formic acid in H2O; buffer B: 0.1%

formic acid in acetonitrile). Survey full scan MS spectra (m/z 350–

2,000) of intact peptides were acquired in the Orbitrap at a resolution

of 30,000 using m/z 445.12,003 as a lock mass. The mass spec-

trometer acquired spectra in ‘data dependent mode’ and automatically

switched between MS and MS/MS acquisition. Signals with unknown

charge state and + 1 were excluded from fragmentation. The ten

most intense peaks were isolated and automatically fragmented in

the linear ion trap using collision-induced dissociation (CID).

Mascot as implemented in the Proteome Discoverer 1.3 software

(Thermo Scientific) was used for protein identification by searching

the UniProt database of Homo sapiens using carbamidomethylation

at cysteine residues as fixed modification. Oxidation at methionine

residues was used as variable modification. Mass tolerance for

intact peptide masses was 10 ppm for Orbitrap data and 0.8 Da for

fragment ions detected the linear trap. Search results were filtered to

contain only rank 1 peptides of high confidence (false discovery rate

≤ 1%) with a score of ≥ 20 and a mass accuracy of ≤ 5 ppm.

Mouse strains

XIAP-deficient mice (frozen embryos, Xiap/ICS/IR2785b/E114/

2785c) were obtained from EUCOMM (The European Conditional

Mouse Mutagenesis Program, ICS, Illkirch, France). For the genera-

tion of XIAP knockout mice (XIAP�/�, referring to both female and

male KO mice), an L1L2-Bact-P cassette was inserted at position

39451542 of chromosome X upstream of exon 5 (corresponds to

coding exon 3). The cassette is composed of an FRT site followed by

a lacZ sequence and a loxP site. This first loxP site is followed by

neomycin under the control of the human actin promoter, SV40

polyA, a second FRT site and a second loxP site. A third loxP site is

inserted downstream of the targeted exon (exon 5) at position

39452298. Exon 5 is thus flanked by loxP sites. A ‘conditional ready’

(XIAPfl/fl) allele was created by crossbreeding with Flp deleter mice

(Flp recombinase-expressing mice) (Dymecki, 1996). Subsequent

crossbreeding with AFP-Cre mice (Kellendonk et al, 2000) resulted

in a hepatocyte-specific knockout mouse (XIAPDhep). Like the

conventional XIAP knockout mouse (Harlin et al, 2001) our XIAP

knockout (XIAP�/�) and hepatocyte-specific XIAP knockout mice do

not have obvious phenotypic defects. SMAC/OMI knockout mice

(C57BL/6J background; Martins et al, 2004) and BID knockout mice

(C57BL/6J background; Kaufmann et al, 2007) were described

previously.

Ethics statement

All animal procedures were performed in accordance with the

German and Swiss animal protection legislations.

Infection of mice with Shigella

Mice received food and water ad libitum. Overnight cultures of

Shigella strains M90T or BS176 were prepared as described and resus-

pended in sterile PBS to obtain the indicated concentrations. Mice were

challenged by injection of the bacterial suspension into the lateral tail

vein. Mice were inspected every 2 h and deaths were recorded for

three consecutive days. For pathological analyses, the animals were

sacrificed by cervical dislocation at the indicated time points. The liver

was removed, photographed with a SC 100 digital color camera

(Olympus) or prepared for immunohistochemical staining.

Bacterial counts

For determination of viable bacteria, the liver of infected mice was

homogenized with the gentleMACSTM Dissociator (Miltenyi Biotech).

The number of bacteria was determined by plating 10-fold serial

dilutions of the homogenate on soy bean agar plates.

Tissue immunohistochemistry

Livers from infected mice were fixed in 4% paraformaldehyde over

night. Whole livers were processed using an ASP300 S Tissue

Processor (Leica). Embedded samples were cut using a sliding

microtome HM 400 (Thermo Scientific, Fisher Scientific GmbH) to

produce 5-lm-thick sections. Staining with hematoxylin/eosin

(Thermo Scientific, Fisher Scientific GmbH), anti-Shigella flexneri

serotype 5a LPS antibody, anti-Caspase-3 or anti-CD45 with the
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corresponding secondary antibody (DCS Super Vision2 Single

Species 2-step-Polymersystem rabbit HRP) was performed.

Mouse cytokine antibody array proteome profiling

Mouse livers were homogenized with the gentleMACS Dissociator

(Miltenyi Biotec). Cytokine expression was determined by the prote-

ome profiler array (mouse cytokine array panel A, ARY006, R&D

Systems). Signals were recorded on an electronic imaging system

(LAS4000, Fujifilm). Signal intensity was determined with ImageJ

software (NIH, Bethesda, MD). Cytokine levels are expressed as the

average signal intensity of duplicate spots subtracted from signal

background.

Gene expression analysis

Quantitative gene expression analysis was performed as previously

described (Pal et al, 2013). Total cellular RNA from liver tissue of

control and infected mice was isolated using a Qiagen RNeasy Kit

(Qiagen, Germany). RNA was reversely transcribed with High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems)

and amplified by using TaqMan Gene Expression Master Mix

(Applied Biosystems). Relative expression of target mRNAs IL-6

(Mm00446190_m1), IL-1a (Mm00439620_m1) and Rantes

(Mm01302428_m1) was determined using standard curves based

on cDNA derived from liver tissue, and samples were adjusted

for total RNA content by Tbp (Mm00446971_m1) quantitative

PCR. Calculations were performed by a comparative method

(2CT). Assays were linear over 4 orders of magnitude. Quantita-

tive PCR was performed on an ABI Prism 7900 sequence detector

(Applied Biosystems).

Down-regulation of NOD1 was analyzed by RT-PCR as described

in (Neerincx et al, 2012) with primer specific for NOD1 (f:

TCCAAAGCCAAACAGAAACTC; r:CAGCATCCAGATGAACGTG).

Primary hepatocyte culture

Primary hepatocytes were isolated from control, XIAP�/�, SMAC�/�/
OMI+/� and BID–/� mice as previously described (Wunderlich et al,

2012). Mouse livers were perfused via the vena carva with solution I

(EBSS without Ca2+ and Mg2+ (Gibco), 0,5 mM EGTA) followed by

perfusion with 50 ml of collagenase solution (EBSS with Ca2+ and Mg2+,

10 mM HEPES, 4,650 U collagenase type 4 (Worthington) and 2 mg

Trypsin inhibitor (Sigma)). Hepatocytes were brushed through a

70-lm nylon mesh (BD Biosciences) and washed twice in high

glucose DMEM (5% FCS) (Gibco). 2.5 × 105 cells were seeded on

collagen-coated 6-well plates (BD BioCoat) and after 4 h the

medium was renewed. The next day, hepatocytes were infected with

the invasive Shigella strain M90T and analyzed for cell death and

LDH release.

Statistical analysis

Data are presented as means of at least three independent experi-

ments. Standard deviations were calculated as indicated in the

figure legends. Two-tailed student’s t-test was applied for statistical

analyses. P-values for the Kaplan–Meier survival curves were calcu-

lated using chi-square statistics.

Supplementary information for this article is available online:

http://emboj.embopress.org
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