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Abstract Yersinia outer protein P (YopP) is injected by

Y. enterocolitica into host cells thereby inducing apoptotic

and necrosis-like cell death in dendritic cells (DC). Here

we show the pathways involved in DC death caused by the

catalytic activity of YopP. Infection with Yersinia entero-

colitica, translocating catalytically active YopP into DC,

triggered procaspase-8 cleavage and c-FLIPL degradation.

YopP-dependent caspase-8 activation was, however, not

mediated by tumor necrosis factor (TNF) receptor family

members since the expression of both CD95/Fas/APO-1

and TRAIL-R2 on DC was low, and DC were resistant to

apoptosis induced by agonistic anti-CD95 antibodies or

TNF-related apoptosis-inducing ligand (TRAIL). More-

over, DC from TNF-Rp55–/– mice were not protected

against YopP-induced cell death demonstrating that TNF-

R1 is also not involved in this process. Activation of cas-

pase-8 was further investigated by coimmunoprecitation of

FADD from Yersinia-infected DC. We found that both

cleaved caspase-8 and receptor interacting protein 1 (RIP1)

were associated with the Fas-associated death domain

(FADD) indicating the formation of an atypical death-

inducing signaling complex (DISC). Furthermore, degra-

dation of RIP mediated by the Hsp90 inhibitor geldana-

mycin significantly impaired YopP-induced cell death.

Altogether our findings indicate that Yersinia-induced DC

death is independent of death domain containing receptors,

but mediated by RIP and caspase-8 at the level of DISC.

Keywords Yersinia enterocolitica � YopP � Death

receptors � Caspase-8 � Receptor interacting protein �
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Introduction

The Gram-negative rod Yersinia enterocolitica causes

diarrhoea and occasionally systemic infections in human

and rodents [1]. Yersinia outer proteins (Yops) injected by

a type three secretion system into host cells are essential for

Yersinia-mediated pathogenicity [2]. YopJ of Y. pseudo-

tuberculosis, also called Yersinia outer protein P (YopP) in

Y. enterocolitica, was postulated to have protease activity

toward ubiquitin-like proteins [3] with a presumptive cys-

teine protease catalytic triad His109-Glu128-Cys172 [3–5].

Recently, YopP/J was shown to be an acetyltransferase and

deubiquitinase thereby inhibiting mitogen-activated protein

kinase and nuclear factor (NF)-jB signaling pathways [6,

7]. YopP/J enhances the apoptotic potential of lipopoly-

saccharide (LPS) in antigen presenting cells by targeting

inhibitory jB kinase (IKK)-b and TGF-b-activated kinase-

1 (TAK-1) resulting in impaired activation of the anti-

apoptotic NF-jB and subsequent cell death [8–13]. In
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dendritic cells (DC) YopP causes apoptotic cell death

through caspase cleavage but also triggers at the same time

a caspase-independent necrosis-like cell death [10, 14, 15].

Several studies have proposed an upstream role of cas-

pase-8 in YopP-induced cell death. For example, macro-

phages transfected with dominant negative Fas-associated

death domain (FADD) or the caspase-8 inhibitor crmA were

protected against YopP-induced cell death [12, 16]. In

addition, YopP might activate the mitochondrial apoptosis

pathway by the proteolytic cleavage of the caspase-8 sub-

strate Bid [4, 15]. However, DC overexpressing anti-

apoptotic Bcl-2 were not protected against Yersinia-induced

cell death suggesting that YopP does not induce DC cell

death primarily via the mitochondrial death pathway [15].

The upstream signaling events in YopP-mediated acti-

vation of caspase-8 leading to cell death of antigen pre-

senting cells are largely unknown. Caspase-8 is the initiator

caspase of death domain containing receptors the activation

of which causes cell death via the activation of the caspase

cascade by proteolytic cleavage and activation of the

downstream effector caspases 3, 6 and 7 [17]. This pathway

is typically activated upon binding of the death receptor

ligands tumor necrosis factor (TNF)-alpha, CD95L/FasL/

APO-1L and TRAIL to the death receptors TNF-R1, CD95/

Fas/APO-1 and TRAIL-R, respectively. Binding of the li-

gand to the corresponding death receptor leads to the rapid

recruitment of the adaptor proteins FADD or TNF-R-asso-

ciated death domain (TRADD) which is mediated by the

intracellular death domain (DD) of the death receptors [18,

19]. FADD contains a death effector domain (DED) by

which one of two DEDs within procaspase-8 are bound

inducing the autocatalytic activation of procaspase-8 [20].

The caspase-8 activating complex which consists of the

death receptors CD95 or TRAIL-R1, -R2, the adaptor

protein FADD, and caspase-8 is called death-inducing

signaling complex (DISC) [21–23]. Apoptosis initiated by

death receptors is regulated at the level of DISC by the

cellular Fas-associated death domain-like interleukin-1-b-

converting enzyme (FLICE)-inhibitory protein long form

(c-FLIPL), a potent inhibitor of caspase-8 activation which

interacts with FADD by its two DEDs [24–27]. c-FLIPL is

a catalytically inactive homologue of caspase-8 which

blocks caspase-8 activity within the DISC by forming a

proteolytically inactive heterodimer with caspase-8. FLIPL

is processed by caspase-8 to a p43 cleavage product within

the DISC which specifically interacts with TRAF2 and

subsequently induces activation of the NF-jB signaling

pathway, thereby acting as an anti-apoptotic molecule [28–

31]. Beside FLIPL the receptor interacting protein (RIP)

can be recruited to the DISC by its DED domain triggering

an alternative necrosis-like form of cell death on the one

hand [32, 33] and the activation of NF-jB on the other

hand [34–36].

Here we studied the impact of death receptor signaling

via TNF-R1, CD95 and TRAIL-R2 on cell death of DC

induced by the catalytic activity of YopP. We show that

death receptor activation is unlikely to be involved but that

both caspase-8 activation and RIP play an important role in

YopP-induced DC death.

Materials and methods

Bacterial strains and plasmids

The mutant strains of Y. enterocolitica and plasmids used

in this study are listed in Table 1. To prepare bacteria for

the infection, overnight cultures grown at 27�C were di-

luted 1:20 in fresh Luria-Bertani broth supplemented with

the appropriate antibiotics and grown for 1.5–2 h at 37�C.

After washing the bacteria with PBS the bacterial con-

centration was measured densitometrically at 600 nm.

Cell culture and infection of cells

Bone marrow-derived DC were obtained from 6–8 week

old BALB/c, C57BL/6 (Harlan, Borchen, Germany) or

TNF-Rp55–/– mice (The Jackson Laboratory, Bar Habor,

USA) [39] mice as previously described [40]. Briefly,

immature DC were generated from bone marrow-derived

cells by cultivating them in supplemented RPMI medium

(Biochrom, Berlin, Germany) containing 200 U of GM-

CSF/ml for 8–10 days.

After seeding in medium lacking antibiotics, cells were

infected at a multiplicity of infection (MOI) of 10:1 unless

otherwise noted and centrifuged for 5 min at 400 g. One

hour post-infection extracellular bacteria were killed by the

addition of gentamicin (100 lg/ml) (Sigma, Taufkirchen,

Germany). To inhibit caspases and RIP, respectively, cells

were incubated with the pancaspase inhibitor Z-Val-Ala-

Asp-fluoromethyl ketone (zVAD-fmk, 100 lM) (Bachem,

Heidelberg, Germany) and geldanamycin (1 lg/ml) (Sig-

ma), respectively.

Thymocytes were prepared from freshly dissected thy-

mus of BALB/c mice by sieving thymus through a 70 lm-

rated cell strainer (BD Biosciences, Heidelberg, Germany)

and cultivating cells in RPMI 1640 medium supplemented

with 10% FCS, 1% HEPES, 2 mM glutamin, 100 U/ml

penicillin, and 100 lg/ml streptomycin.

Stimulation of cells via death receptors

To stimulate DC and thymocytes via the CD95 receptor

cells were incubated for 10 min with stimulating anti-

CD95 antibodies clone Jo2 (BD Pharmingen, Heidelberg,

Germany) (1–5 lg) in 50 ll PBS on ice. Cells were then
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transferred into medium, shifted to 37�C and further

incubated as indicated in the text. Cross-linking of anti-

CD95 antibodies was performed by incubation with fluo-

rescein (FITC)-conjugated anti-Armenian hamster anti-

bodies (BD Pharmingen, Heidelberg, Germany) (1 lg/ml)

for 20 min. To induce cell death via TRAIL-R2, mouse

recombinant TRAIL (Alexis, Grünberg, Germany) was

added to DC and Jurkat cells, respectively, in a final con-

centration of 500 ng/ml.

TNF-a ELISA

5 · 105 DC were cultivated in 48-well-plates in 250 ll DC

medium lacking antibiotics and infected with Y. entero-

colitica. LPS (4 lg/ml) used as a positive control was from

S. typhimurium (Sigma, Taufkirchen, Germany). At the

indicated time points post-infection, cell culture superna-

tants were taken and TNF-a-ELISA (OptEIA Mouse TNF

ELISA Set from BD Biosciences, Heidelberg, Germany)

was performed as recommended by the manufacturer‘s

instructions.

Assessment of cell death by flow cytometry

The loss of cell membrane integrity was measured by

incubating the cells with propidium iodide (PI) (Calbio-

chem, Bad Soden, Germany) (50 ng/ml) for 10 min on ice.

The mitochondrial transmembrane potential DWm was

determined by incubating cells with tetramethyl-rhodamine

ethyl ester (TMRE, Molecular Probes, Leiden, Nether-

lands) (40 nM) for 15 min at 37�C. Cells were analyzed by

flow cytometry on a FACSCalibur (BD Biosciences, Hei-

delberg, Germany) using WinMDI version 2.8 software (J.

Trotter, The Scripps Institute, La Jolla, CA). To assess the

DNA content of nuclei, cell pellets were resuspended in

lysis buffer containing PI and nuclei were analyzed by flow

cytometry [41].

Expression of death receptors

All antibodies were purchased from BD Pharmingen

(Heidelberg, Germany) unless noted otherwise. To mea-

sure CD95 expression, DC from BALB/c or thymocytes

were incubated with anti-CD95 antibody clone Jo2 (1 lg)

in 50 ll PBS for 30 min on ice and then labeled for

20 min on ice with a secondary fluorescein (FITC)-con-

jugated anti-Armenian hamster antibody. Cells incubated

only with secondary FITC-conjugated antibody were used

as a control for unspecific binding. DR5 antibody (MD5-

1) (abcam, Cambridge, UK) and secondary FITC-conju-

gated anti-Armenian hamster antibody were used to

determine the expression of TRAIL-R2 on DC. PE-cou-

pled HL3 (anti-CD11c) and FITC-conjugated L3T4 (anti-

CD4) antibodies were used to label DC and thymocytes,

respectively. Cells were analyzed by flow cytometry.

Mean fluorescence intensities were determined after gat-

ing on CD11chigh cells (DC) and CD4high cells (thymo-

cytes), respectively.

Caspase activity

For the measurement of caspase-3 activity 5 · 105 DC

were lysed, incubated with the fluorogenic substrate

N-acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin

(DEVD-AMC, 50 lM) (Bachem, Heidelberg, Germany)

and the release of aminomethylcoumarin, which corre-

sponds to the DEVDase activity of caspase-3 in the cell

extracts, was determined by fluorometry as described

recently [14].

Transfection of cells

1 · 107 DC were transfected with AMAXA biosystems

Cell Line Nucleofactor� Kit V (Köln, Germany) as rec-

ommended by the manufacturer’s instructions. 5 lg plasmid

Table 1 Yersinia enterocolitica strains (mutants) and plasmids used in this study

Bacterial strain or

plasmid

Description References or

source

pYV+ Serotype O:8, Y. enterocolitica WA-314 (WA-P), contains virulence plasmid pYV, resistant to nalidixine [37]

YopP– Serotype O:8, yopP-negative mutant, derivative of Y. enterocolitica WA-314, insertional inactivation of

yopP, resistant to nalidixine and chloramphenicol

[9]

P-wt Y. enterocolitica serotype O:9, insertional inactivation of yopP, complemented with plasmid encoding

catalytically active YopP O:8 tagged with FLAG, resistant to nalidixine and chloramphenicol

[11, 38]

P-CA Y. enterocolitica serotype O:9, insertional inactivation of yopP, complemented with plasmid encoding

catalytically inactive YopP serotype O:8, in which cysteine 172 was replaced by alanine, tagged with

FLAG, resistant to nalidixine and chloramphenicol

[11]

P-CA plasmid Eucaryotic expression plasmid encoding FLAG-tagged YopP from Y. enterocolitica serotype O:8 with a

point mutation in the putative cysteine protease motif [FLAG-YopP (C172A)]

[11]

pcDNA3 Empty vector Invitrogen,

Germany
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DNA (control pcDNA3 and P-CA plasmid [11], see

Table 1), respectively, were added and electroporated with

an AMAXA electroporator (programme T-16) (AMAXA

biosystems, Köln, Germany). After addition of 400 ll

medium, cells were incubated for 5 h at 37�C. Efficiency

of transfection was determined by cotransfection with

plasmid DNA encoding the gfp gene. Cell viability was

determined by analysing the amount of PI-negative cells

by flow cytometry.

Immunoblotting

To carry out immunoblots for caspase-8, c-FLIP and RIP 2–

5 · 106 DC were lysed with buffer containing 50 mM Tris

pH7.4, 50 mM NaCl, 1 mM EDTA and 0.5% NP, and protein

concentration was determined by the BCA protein assay

(Pierce, Bonn, Germany). YopP-FLAG was detected intra-

cellularly in cytosolic and mitochondrial fractions obtained

by a method of Samali et al. [42] and modified as described

recently [15]. The separation of cell extracts into mito-

chondrial and cytosolic fractions was controlled by using the

mouse monoclonal antibody to mtHsp70 (mitochondrial heat

shock protein 70 kDa) (Dianova, Dörentrup, Germany) and

mouse monoclonal antibody to GAPDH (Glyseraldehyde-3-

phosphate dehydrogenase) (Biozol, Eching, Germany).

50–100 lg protein of samples and 10 ll of immuno-

precipitate samples, respectively, were separated by SDS-

PAGE and electrotransferred to nitrocellulose membranes

(Schleicher & Schüll, Dassel, Germany). After blocking

with 5% skim milk for 2 h the membranes were incubated

with rat monoclonal antibody to caspase-8 (Alexis, Grün-

berg, Germany), mouse monoclonal antibody to FLAG

(Sigma, Taufkirchen, Germany), rat monoclonal antibody

to FLIP (Dave-2) (Alexis, Grünberg, Germany), rabbit

polyclonal antibody to IKKb (Santa Cruz Biotechnology,

Heidelberg, Germany), mouse monoclonal antibody to

FADD (Immunotech, Hamburg, Germany), or mouse

monoclonal antibody to RIP (BD Transduction Laborato-

ries, Heidelberg, Germany). Immunoreactive bands were

visualized by incubation with peroxidase-conjugated sec-

ondary antibodies (anti-rabbit and anti-mouse from Dako,

Hamburg, Germany, anti-rat from Dianova, Dörentrup,

Germany) using enhanced chemoluminescence reagents

(ECL, Amersham Biosciences, Freiburg, Germany).

Coimmunoprecipitation

1 · 108 DC were infected with Y. enterocolitica (pYV+,

P-wt or P-CA) at MOI of 50:1 for 0.5 h and 1 h, respectively.

Cells were collected, washed with PBS, and lysed with a

buffer containing 0.5% Nonidet-P40, 40 lM DTT, 50 mM

Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 7.5 and

complete protease inhibitor coctail (Roche, Mannheim,

Germany) for 30 min at 4�C. To reduce the unspecific pro-

tein content, lysates were incubated with 2 lg mouse IgG1

negative control (Serotec, Wiesbaden, Germany) for 30 min

and subsequently with 60 ll Protein G Sepharose beads

(Sigma, Taufkirchen, Germany) for 1 h at 4�C. After this

precleaning step, supernatants were incubated with 2 lg

anti-FLAG (IgG1) antibody overnight at 4�C and then with

Protein G Sepharose beads for additional 2 h at 4�C. Beads

were recovered by centrifugation, washed three times with

lysis buffer, resuspended in PBS and transferred into col-

umns of an immunoprecipitation kit (Sigma, Taufkirchen,

Germany). After centrifugation of the columns (12.000 g,

30 s) beads remaining in the columns were resuspended in

40 ll 1· Laemmli buffer and boiled for 5 min at 95�C.

Protein samples for analysis by SDS-PAGE and immuno-

blotting were obtained by recentrifugation of columns.

DISC analysis by immunoprecipitation

5 · 107 DC or thymocytes were infected with Y. entero-

colitica (P-wt, P-CA) at MOI of 10:1 for 1 h or incubated

with anti-CD95 antibodies, respectively. Cells were col-

lected, washed with PBS, and lysed with 1 · IP buffer

(immunoprecipitation kit, Sigma, Taufkirchen, Germany)

completed with protease inhibitor cocktail as recom-

mended by the manufacturer’s instructions for 30 min.

After transfer of the supernatants into the colums of the kit,

1 lg of mouse-anti-FADD antibody (IgG1) (Immunotech,

Hamburg, Germany) was added and incubated overnight at

4�C. Subsequently 40 ll Protein G Sepharose beads from

the kit were added and incubated for 2 h at 4�C. Beads

were washed five times with 1 · IP buffer and once with

0.1 · IP buffer by centrifugation of columns at 12.000 g

for 30 s. Beads remaining in the columns were resuspended

in 40 ll 1 · Laemmli buffer and boiled for 5 min at 95�C.

Protein samples for analysis by SDS-PAGE and immuno-

blotting were obtained by recentrifugation of the columns.

Statistical analysis

Values are expressed as means ± SEM. To evaluate the

difference in means between two groups, the two-tailed

Student’s t-test was used. Significance was defined as a p-

value less than 0.05.

Results

Catalytic activity of YopP is essential for the induction

of cell death in mouse DC

To address the role of the YopP catalytic activity in the

induction of DC death, DC were infected with the Yersinia
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wild-type strain (pYV+), the YopP-deficient mutant YopP–,

the catalytically active (P-wt) or the catalytically inactive

Yersinia mutant (P-CA) and cell death was determined by

the uptake of PI via disrupted cellular membranes and the

formation of hypodiploid nuclei.

Figure 1A demonstrates that upon infection with the

Yersinia strains injecting catalytically active YopP, pYV+

(left panel) or P-wt (right panel), the percentage of PI-

positive cells rapidly increased and reached similar levels

4 h post-infection (53% and 54% PI-positive cells,

respectively). YopP-dependent leakage of cellular mem-

branes was observed as early as 90 min after infection. In

contrast, the percentage of PI-positive cells infected with

YopP– or P-CA was similar to that of untreated cells (14%

and 19%, respectively vs. 13% in uninfected cells) after 4 h

indicating that DC death is caused by catalytically active

YopP. The results were confirmed by the investigation of

the nuclear leakage of DNA from DC 24 h post-infection

with Yersinia. Whereas infection with pYV+ or P-wt in-

duced the formation of hypodiploid apoptotic nuclei,

infection with YopP– or P-CA did not (Fig. 1B). These data

indicate that the catalytic activity of YopP is required for

the induction of cell death in murine DC.

Caspase-8 cleavage occurs early upon YopP-induced

death of DC [14, 15]. Moreover, LPS via TLR4 triggers

YopP-dependent caspase-8 activation in the early phase of

infection [14]. A link between the TLR4 pathway and

DISC components like FADD, caspase-8 and RIP via the

TLR4 adaptor molecule TRIF has been identified in mac-

rophages [12, 16, 43]. However, we have demonstrated that

DC from TRIF knock out mice were not protected against

LPS/YopP-induced cell death [14]. Hence, we next inves-

tigated whether death receptors like TNF-R1, CD95 or

TRAIL-R2, which are the classical mediators of caspase-8

activation within the DISC, might contribute to caspase-8

activation and thus to YopP death-inducing activity in DC.

TNF-R1, CD95 or TRAIL-R2 signaling do not

contribute to YopP-induced DC death

TNF-a production by macrophages has been observed as

early as 15 min after the stimulation with LPS [44]. This

pleiotropic cytokine generally triggers inflammatory re-

sponses through NF-jB activation. However, in cells that

are defective in NF-jB, TNF-a stimulation leads to apop-

tosis via TNF-R1 [45, 46]. As YopP impairs NF-jB-acti-

vation in DC and macrophages about 90 min post Yersinia

infection [8–10], we wondered, whether an early, LPS-

mediated autocrine TNF-a production combined with a

delayed YopP-mediated inhibition of NF-jB-activation of

DC, would explain YopP-induced cell death in DC.

Analysis of TNF-a-levels by ELISA in supernatants of

Yersinia-infected DC (Fig. 2A) indicated that TNF-a was

produced as early as 45 min after P-CA infection and its

production increased up to 240 min post-infection

(>2,000 pg/ml). DC treated with LPS produced similar

amounts of TNF-a, whereas uninfected DC did not. By

contrast, TNF-a production was significantly reduced upon

infection with the YopP-wt mutant suggesting that secre-

tion of TNF-a does not contribute to YopP-induced cell

death. To confirm these results, DC deficient in TNF-R1

(TNF-Rp55–/–) were infected with Yersinia P-wt or P-CA

and cell death rates were determined by PI-uptake and

analysis by flow cytometry. As shown in Fig. 2B, DC from

Medium
P-CA

P-wt

0

20

40

60

80

Medium
YopP-

pYV+

0 30 60 90 120 150 180 240 min
0

20

40

60

80

0 30 60 90 120 150 180

sllec
evitis

o
p-I

P
%(

)

sllec
evi tis

o
p-I

P
%(

)A

B

0

20

40

60

80
p<0.002

Med pYV+

H
y

d
o

p
pi

di
ol

u
n

cl
ei

%(
) p<0.0002

**

**

***

**

*
***

240 min

YopP- P-wt P-CA

Fig. 1 Yersinia-induced cell

death is mediated by

catalytically active YopP. DC

were infected with the Yersinia
wild-type strain (pYV+), the

YopP-deficient (YopP–), the

catalytically active (P-wt) and

the catalytically inactive (P-CA)

mutant strains, respectively. (A)

Flow cytometric analysis of DC

stained with propidium iodide

(PI) 0–240 min after infection.

(B) Flow cytometric analysis of

nuclei 24 h after infection.

Medium (Med) = untreated

cells. Data are mean

values ± SEM from three

individual experiments.

*p < 0.05, **p < 0.025,

***p < 0.002 compared to

YopP– and P-CA mutant,

respectively
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TNF-R1-deficient mice were as sensitive to P-wt-induced

cell death as DC from wild-type mice (C57BL/6) (47% vs.

50% PI-positive DC) indicating that TNF-R1 signaling is

not involved in the process.

Since bacterial pathogens may induce apoptosis in

mammalian cells by upregulation of CD95 expression upon

infection [47], we investigated the expression of CD95

after Yersinia infection. As shown in Fig. 2C, the expres-

sion of CD95 on surface of both uninfected and Yersinia-

infected DC was low indicating that CD95 is not essential

for YopP-induced cell death in DC. Likewise, DC were

resistant to apoptosis induction by agonistic anti-CD95

antibodies, even when cross-linked by secondary antibod-

ies (data not shown). In contrast, thymocytes freshly iso-

lated from mice expressed significant amounts of CD95

(81.8%) and were highly sensitive to CD95-induced cell

death indicated by the percentage of cells with low inner

transmembrane mitochondrial potential after staining with

TMRE (data not shown). These data suggest that mouse

DC are largely resistant to CD95-induced apoptosis.

Beside TNF or CD95L, TRAIL also activates caspase-8

when triggering apoptosis. To elucidate a potential role of

the TRAIL system in YopP-induced cell death, expression

of TRAIL-R2 on DC was determined. As shown in

Fig. 2C, expression of TRAIL-R2 was low on DC which

were kept in medium for 4 h (6.4%). DC infection with

either Yersinia P-wt or P-CA increased by twofold the

expression of TRAIL-R2 (about 15%). However, this in-

crease in TRAIL-R2 expression is most likely due to

Yersinia LPS since similar results were obtained when DC

were incubated with heat-killed Yersinia (data not shown).

Moreover, both uninfected DC and infected DC (P-wt,

P-CA) were resistant to TRAIL-induced apoptosis indi-

cated by the percentage of cells with low inner trans-

membrane mitochondrial potential after staining with

TMRE (data not shown) suggesting that TRAIL-R2

signaling is not involved in YopP-induced cell death.

YopP causes cleavage of FLIP and activation

of caspases

To analyse the mechanisms by which catalytically active

YopP causes caspase activation independently of death

receptors, DC were infected with Yersinia P-wt and P-CA,

respectively, and immunoblots for caspase-8 and c-FLIP

from cell extracts were performed. As shown in Fig. 3A, a

18 kDa caspase-8 fragment was detected 60 min post-

infection with P-wt, whereas procaspase-8 was not cleaved

upon P-CA infection. These data indicate that the catalytic

activity of YopP is essential for caspase-8 activation in DC.

Accordingly, c-FLIPL was rapidly cleaved to its p43

fragment by 30 min and completely degraded 120 min

post-infection with P-wt (Fig. 3A). By contrast, in cells

Fig. 2 YopP-dependent suppression of TNF-a secretion and expres-

sion of death receptors during Yersinia infection. DC were infected

with Yersinia (P-wt, P-CA). (A) TNFa levels in the cell culture

supernatants of DC from C57BL/6 mice 15–240 min post-infection

determined by ELISA. LPS (4 lg/ml) was used as a positive control.

Data are mean values from two individual experiments performed in

duplicates. (B) Flow cytometric analysis of DC from TNF-Rp55-

deficient mice (TNF-Rp55–/–) and wild-type mice (C57BL/6) stained

with propidium iodide (PI) 6 h post-infection. Data are mean

values ± SEM from three individual experiments. Medium = untreated

cells. (C) Expression of CD95 and TRAIL-R2, respectively, on

DC analyzed by flow cytometry 6 h after infection with Yersinia
(P-wt, P-CA) and staining with anti-CD95 or anti-TRAIL-R2

antibodies and FITC-labelled secondary antibodies (gray). Given

percentage values result from gating on CD11chigh/CD95high cells

(upper panel) or CD11chigh/TRAIL-R2high cells (lower panel) after

subtraction of the correspondent percentage values resulting from

cells stained only with secondary antibodies (white). Data are

representative of 3 independent experiments

1818 Apoptosis (2007) 12:1813–1825

123



infected with the proteolytic inactive mutant, P-CA, the

uncleaved p55 full length c-FLIPL was detected up to

240 min post-infection, which suggests that YopP-depen-

dent cleavage of c-FLIPL depends on caspase-8 activation

in Yersinia-infected DC. The 43 kDa c-FLIPL fragment

detectable also in P-CA-infected cells seems to be the re-

sult of a LPS-mediated processing of c-FLIPL, as we have

observed this fragment in DC treated with LPS (data not

shown). Hence, LPS by activation of NF-jB might enhance

the expression levels of c- FLIPL and thereby cause

spontaneous processing of c-FLIPL [31, 48].

In agreement with caspase-8 processing and activation,

caspase-3 activation occurred early between 30 and 45 min

post-infection with P-wt, and further increased 60 min

post-infection (Fig. 3B). By contrast, in uninfected DC or

in cells infected with the catalytically inactive Yersinia

mutant P-CA, caspase-3 activity was much lower, indi-

cating that full caspase activation requires YopP catalytic

activity in DC.

YopP triggers the formation of a caspase-8-FADD-RIP

complex without interacting with caspase-8

To identify possible targets of YopP mediating caspase

activation in DC, we analyzed the subcellular location of

YopP. For this purpose, DC were transfected with plasmid

DNA encoding the FLAG-tagged, catalytically inactive

YopP (P-CA). The YopP-CA mutant was chosen to avoid

toxicity caused by active YopP and electroporation. The

efficiency of transfection after 5 h was 34% as indicated by

the cotransfection with a GFP-plasmid (data not shown).

Cytosolic and mitochondrial fractions were then used for

immunoblotting. As shown in Fig. 4A, YopP-FLAG was

detected in the cytosolic, but not in the mitochondrial

fraction.

To investigate whether cytosolic YopP directly interacts

with caspase-8, DC were infected with Yersinia P-wt and

P-CA (MOI 50, line 1–4 + 6), respectively, and YopP-

FLAG was precipitated from DC lysates and subjected to

immunoblotting. As shown in Fig. 4B, YopP-FLAG was

detected in immunoprecipitates from P-wt and from P-CA-

infected DC (line 3–4 + 6) as well as in lysates of infected

DC (MOI 10, line 5 + 7), but not in immunoprecipitates

from Yersinia pYV+-infected cells carrying YopP without

FLAG-tag (line 1 + 2). By contrast, caspase-8 was only

detected in DC lysates (line 5 and 7), but not in immuno-

precipitates (line 1–4 and 6), suggesting that YopP does not

form a complex with caspase-8. IKKb was present in ly-

sates of infected cells as well as in immunoprecipitates

from P-CA and P-wt infected DC (line 3–7) confirming

that catalytically active as well as catalytically inactive

YopP bind to IKKb as reported previously [49].

As YopP did not directly bind to caspase-8, we inves-

tigated whether YopP by its catalytic activity might cause a

formation of the DISC independently of death receptors

and thereby promote caspase-8 activation. To investigate

DISC formation, cells were infected with Yersinia P-wt and

P-CA, respectively, and the adaptor protein FADD was

immunoprecipitated. As shown in Fig. 4C, FADD

(26 kDa) was detected by immunoblotting in immunopre-

cipitates as well as in lysates of infected DC. Cleaved

caspase-8 (p41/43) colocalised with FADD in P-wt-in-

fected DC indicating the formation of a DISC. Further-

more, these results are concordant with recent reports

showing that cells transfected with dominant negative

FADD were resistant to YopP-induced apoptosis [12, 16].

However, full processing of caspase-8 to the p18 cleavage

product was not detected. As a control, mouse thymocytes,

which are known to trigger DISC formation upon agonistic

anti-Fas antibody Jo2 stimulation [50], were treated with or
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without anti-CD95 antibody Jo2. After immunoprecipita-

tion of FADD, cleaved caspase-8 (p41/43) was detected as

a component of CD95 DISC in thymocytes stimulated with

anti-CD95 (Fig. 4D).

Nevertheless, since YopP can trigger the formation of a

caspase-8-FADD complex and involves both caspase-

dependent and -independent signaling events [15], we

wondered whether the death domain-containg kinase RIP

plays a role in this process. Immunoblotting analysis of

immunoprecipitated FADD revealed that cleaved RIP (p34

and p39) colocalises with FADD and cleaved caspase-8 in

P-wt infected DC (Fig. 4C) indicating that YopP induces

caspase-8 and RIP cleavage at the DISC level. The bands

arising at about 25 kDa and 50 kDa in all IP-conditions

(line 1–9) most likely attribute to heavy and light chains of

the anti-FADD-antibodies used for immunoprecipitation.

Suppression of RIP protects against YopP-induced DC

death

RIP is stabilized by the heat shock protein Hsp90. Gel-

danamycin disrupts this binding and consequently leads to

RIP degradation. We therefore analyzed the effect of gel-

danamycin on YopP-induced cell death in DC. Preincu-

-
P

w
t( 

l
tasy
es

)

P-CA

FADD

50
40

30
25
20

IP: anti-FADD

*

8-esa
psac :

BI
D

D
A

F  :
BI

-
P

C
A

( 
l

t asy
e

) s

p18

50
40

30
25
20

50
40

30
25
20

80
90

PI
R :

BI

p76

30 45

Medium P-wt

kDa min 15 30 45 15 30 45 15

70
80
90

*

p55

p41/ 43

70
80
90

70

p39
p34

1 2 3 4 5 6 7 8 9 10 11

40

30

25

20

p41/ 43

kDa

-itna
C

59
D

40

30

25

20

70
60

FADD
*

IP: anti-FADD

e
M

id
asy l(  

mu
te

s)

-it na
C

D
5 9

(  
l

asy

e
M

i d
m u

8-es a
ps ac :

B I
D

D
A

F :
BI

s)et

*50

70

60

p5550

p18

C

D

BControl
vector

P-CA Control
vector

P-CA

mitochondria cytosol

1 2 3 4

YopP-Flag

Hsp70

GAPDH
IB: Caspase-8

-
P

C
A

( 
l

ta sy

e
M

id
 h 1 

mu

V
Yp

+
h 1

.0 
A

C-
P

5 h  1 
A

C-
P

 1 t
w-

P
h

-
P

w
t( 

l
t a sy

50

40

30
25
20

15

70
p55

p18

kDa

p41/ 43

70
80
100

IB: IKKβ

e
)s

IP: anti-FLAG

es
)

h

50 IB: YopP-FLAGp43
40

p87

1 2 3 4 5 6 7

A

Fig. 4 Subcellular localization of YopP, analysis of interaction

between YopP and caspase-8 and DISC formation upon Yersinia
infection. (A) DC from BALB/c mice were transfected with plasmid

DNA encoding P-CA-FLAG or control vector plasmid. 5 h post-
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DC from BALB/c mice were infected with Yersinia (P-wt, P-CA) and

FADD was immunoprecipitated (IP) to carry out immunoblots (IB)

for FADD, caspase-8, and RIP. Lysates of DC infected for 1 h with

Yersinia P-wt and P-CA (MOI 10:1) were used as controls. (D) Left

panel: Mouse thymocytes were treated for 1 h with or without anti-

CD95 antibodies Jo2 (5 lg) and FADD was immunoprecipitated as

described in (C). Right panel: Lysates of thymocytes treated with or

without anti-CD95 antibodies Jo2 (5 lg) for 120 min were used as a
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bation of DC with geldanamycin reduced RIP protein

expression level to 50–70% (Fig. 5A) and significantly

protected DC from P-wt-induced cell death, while spon-

taneous cell death observed in P-CA-infected DC or

incubated with medium alone was not affected (Fig. 5B).

Preincubation of DC with geldanamycin slightly increases

cell death in P-CA-infected DC. This effect might be

caused by LPS of bacteria. Inhibition of caspase-dependent

signaling by use of the pancaspase inhibitor zVAD-fmk

even increased geldanamycin-induced protection towards

Yersinia P-wt-induced cell death, highlighting the crucial

involvement of caspases in YopP-induced cell death. The

slower migrating form of RIP, indicated by an asterisk in

Fig. 5A, could correspond to the autophosphorylated RIP

proposed to initiate RIP signaling [51].

Discussion

DC have a unique function as antigen presenting cells to

capture antigen, undergo terminal differentiation called

maturation and migrate to lymph nodes which leads to the

initiation of T cell responses [52]. Yersinia outer protein P

mediates apoptotic and necrosis-like cell death in DC,

thereby evading DC functions [10, 14, 15]. Several studies

have proposed an upstream role of caspase-8 in YopP-

induced cell death of DC and macrophages [4, 12, 14–16].

However, the mechanisms of YopP-mediated caspase-8

activation remained largely unknown, in particular, the

possible involvement of death receptor signaling pathways.

In this study we have analyzed the impact of the YopP

catalytic activity on the induction of cell death in DC.

Infection of DC with catalytically active or inactive Yer-

sinia mutant strains showed that the catalytic activity of

YopP is essential for the initiation of DC death similarly to

that described for macrophages [4].

It has been reported that autocrine production of TNF-a
in macrophages after the stimulation with LPS rapidly in-

duced apoptotic cell death (3–6 h) [44]. In accordance to

this, we observed that DC secreted large amounts of TNF-a
into the supernatants already 45 min after the treatment

with LPS. This was also observed when DC were infected

with the catalytically inactive Yersinia mutant P-CA. In

contrast, TNF-a secretion by DC infected with the cell

death-inducing Yersinia mutant P-wt was significantly

diminished, in particular at early time points (45–60 min)

post-infection indicating that autocrine TNF-a secretion

does not account for cell death in DC. There are two

possible explanations for the suppression of TNF-a secre-

tion upon infection with Yersinia P-wt. First, Yersinia

YopP-mediated inhibition of NF-jB activation could lead

to impaired production of TNF-a [8–10]. Second, DC death

occurs already 90 min post-infection with Yersinia P-wt

and thus prevents LPS-induced TNF-a secretion. In

agreement with the above-mentioned results, DC from

TNF-Rp55–/– mice failed to resist YopP-induced cell death,

although it was reported that these mice were less sus-

ceptible to Y. enterocolitica infection as observed by a

lower percentage of apoptotic splenocytes compared to

wild-type mice [53].

In cells deficient of NF-jB activity, i.e., Yersinia-in-

fected cells [9, 10], TNF-a induces apoptosis via complex

II formation [45, 46]. This complex is built after internal-

ization of TNF-R1, dissociation of RIP and TRAF2, and

recruitment of FADD and caspase-8 via TRADD protein

[45, 46, 54]. However, complex II is unlikely to be caus-

ative for YopP-induced DC death since we have demon-

strated that DC from TNF-Rp55–/– mice were as sensitive

as their wild-type counterpart to YopP-induced cell death.

In addition, using recombinant ligands of the TNF family,

neither CD95 nor TRAIL-R2 were involved in the cytolytic

activity of YopP. Accordingly, although mouse bone-

marrow derived DC express the death receptor CD95, they

were resistant to Fas-mediated killing by the agonistic
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mAb, Jo-2 as described elsewhere [55, 56]. The expression

of CD95 on DC is dependent on DC maturation as it was

shown that 14% of mouse BMDC expressed CD95 at day 8

of cultivation [57] which is in accordance with the CD95

expression (13%) of DC used in this study.

The TNF-related apoptosis-inducing ligand (TRAIL)

mainly induces apoptosis in transformed (tumor) cells [58,

59] sparing healthy, non-transformed cells [60–62]. How-

ever, some reports indicate that TRAIL may also trigger

cell death in primary cells, i.e., mouse thymocytes [63, 64].

Cells normally resistant to TRAIL-induced apoptosis

underwent apoptosis after infection with respiratory syn-

cytial or influenza viruses [65, 66]. Mouse DC express low

amounts of TRAIL-R2 [67]. But its expression can be

upregulated in some mouse cancer cell lines by LPS-

stimulation [68], as well as in mouse DC upon infection

with Y. enterocolitica (our study). The increase in TRAIL-

R2 expression on DC was not sufficient to trigger TRAIL-

induced cell death in these cells, and thus it appears that the

TRAIL pathway is unlikely involved in YopP-induced cell

death.

Nevertheless, our data point to a critical role of caspase-

8 in triggering the YopP-induced apoptosis. Previous

publications indicate that overexpression of a dominant

negative version of FADD or the caspase-8 inhibitor crmA

protects macrophages from YopP-induced cell death [12,

16]. Accordingly, we have demonstrated here that the

catalytic activity of YopP is essential for the activation of

procaspase-8 and -3. Together with the observation that

both caspase-3 activation and c-FLIPL (p55) disappearance

occur early in the infection, it is likely that caspase-8

activation is an upstream event in the cell death process

upon infection with the catalytically active Yersinia YopP.

How the FADD-caspase-8 platform occurs in P-wt-infected

DC for the activation of caspase-8 remains to be deter-

mined.

It has been reported that the Chlamydia protein associ-

ating with death receptors (CADD) directly interacts with

death receptors [69]. However, YopP does not interact

directly with FADD in macrophages [4] nor with caspase-8

in DC (this study). Nevertheless, receptor independent

signaling platforms could contribute to the control of

YopP-induced cell death which may explain our findings

that both caspase-8 and RIP are required for YopP-induced

cell death. Indeed, it has recently been shown that caspase-

8 is not only required for macrophage differentiation and

for the control of NF-jB activation, but also that its acti-

vation and regulation involves a multimolecular platform

composed of FADD, caspase-8 and RIP that was shown to

be independent of the classical death receptors such as Fas,

TNF-R or TRAIL receptors [70]. Interestingly, YopP

injection triggers the formation of a caspase-8-FADD-RIP

complex. Moreover, both caspase-8 and RIP cleavage

products were detected within this complex indicating

activation of caspase-8 and cleavage of RIP within this

complex is dependent on the catalytic activity of YopP.

RIP cleavage is an important process in TNF-induced

apoptosis since the 39 kDa C-terminal cleavage product of

RIP enhances the interaction between TRADD and FADD

and attenuates NF-jB-activation and thereby amplifies the

activation of caspase-8 [71–73]. Hence, it is conceivable

that YopP-dependent DC death is augmented by cleavage

of RIP at the level of DISC, since LPS was reported to

trigger cleavage of RIP in macrophages when activation of

NF-jB is inhibited [43].

DED-containing proteins have been implicated in death

receptor-mediated necrotic cell death [74]. In the absence

of caspase activity these pathways require the kinase

activity of RIP, and therefore use phosphorylation rather

than proteolysis as the primary mode of cell death trigger

[33]. We found that RIP obviously mediates YopP-

dependent DC death, in particular caspase-independent DC

death as we observed that geldanamycin-mediated RIP

degradation rescued DC from YopP induced cell death

both in cells treated without and with the pancaspase

inhibitor zVAD-fmk. This result is in agreement with the

increasing evidence that caspase inhibition occasionally

turns programmed cell death from apoptosis into necrosis

[75]. Since RIP deficient mice die within the early post-

natal period [76], we were not able to use DC from these

mice to determine the exact role of RIP in Yersinia-induced

DC death.

Altogether, we provide a strong evidence that DC death

induced by catalytically active YopP is not mediated by

death receptors but involves caspase-8 for the triggering of

apoptosis as well as RIP for caspase-independent DC death

at the level of DISC. YopP/J by its catalytic triad His109-

Glu128-Cys172 catalyzes serine/threonin acetylation [6, 7]

thereby mediating the inactivation of mitogen-activated

protein (MAP) kinase kinases (MKK). Given that YopP-

mediated inhibition of MAP kinases promoted cell death of

DC (own unpublished data), it is conceivable, that acety-

lation of MKK by YopP mediates DISC formation in DC.

This hypothesis is supported by a study of Yeh et al.

showing that MKK1 antagonizes FADD-mediated apop-

tosis by the induced expression of FLIP [77].

Conclusion

Yersinia outer protein P by its catalytic activity induces the

formation of an atypical death receptor induced signaling

complex (DISC) independently of death receptors in pri-

mary DC. This complex allows apoptosis triggering

through caspase-8 activation and necrosis via receptor-

interacting protein (RIP). Our results strongly support
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former findings demonstrating that YopP-induced cell

death is impaired by dominant negative FADD expression,

and provide a molecular explanation on how apoptotic and

necrosis-like features arise in YopP-induced DC death.
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