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In an initial period (=4 h) Toll-like receptor 4 (TLR4) signaling is required for Yersinia enterocolitica
YopP-induced dendritic cell (DC) death. Later (>4 h), DC die independent of TLR4 signaling. In TLR4-
deficient DC caspase 8 cleavage is delayed, indicating that TLR4 signaling accelerates caspase 8 activation,

leading to DC death.

Yersinia enterocolitica outer protein P (YopP) is encoded by
the pYV plasmid of Y. enterocolitica and is injected into the
cytosol of host cells by a type III secretion system. By induction
of cell death in macrophages and dendritic cells (DC) YopP
impairs the immune response of the host (4, 13, 15). For
macrophages it was hypothesized that by inhibiting NF-«B
activation YopP (YopJ in Y. pseudotuberculosis) potentiates
lipopolysaccharide (LPS)-induced apoptosis (7, 15, 16, 21) via
Toll-like receptor 4 (TLR4) signaling (6, 20). Alternatively,
YopP might directly cause cell death by proteolytic cleavage of
Bid, a substrate of caspase 8 (3). Here, we demonstrate that in
DC YopP mediates cleavage of caspase 8. Furthermore, we
show that DC death is accelerated by TLR4 signaling in the
early phase of infection.

The Y. enterocolitica strains used were a wild-type strain
(PYV™) (8) and a yopP-negative mutant (YopP ) (16). Over-
night cultures grown at 27°C were diluted 1:20 in fresh Luria-
Bertani broth and grown for 1.5 h at 37°C. The bacterial con-
centration was measured densitometrically at 600 nm.

Immature bone marrow-derived DC were obtained from
C57BL/6 (Harlan Winkelmann, Borchen, Germany) from
C57BL/6 X 129Sv, TLR2™/~, TLR4 /", and TLR2™/~ X
TLR4 ™/~ mice (all obtained from the C57BL/6 X 129Sv back-
ground and kindly provided by Carsten J Kirschning) and from
MyD88 '~ (1) and TRIF“P**Ps2 mjce (both obtained from
the C57BL/6 background; the latter kindly provided by Bruce
Beutler) as previously described (4, 12). Briefly, immature DC
were generated from bone marrow-derived cells by cultivating
them for 8 to 10 days with medium containing 200 U of gran-
ulocyte-macrophage colony-stimulating factor/ml. One hour
postinfection at a multiplicity of infection of 10:1 bacteria were
killed by addition of gentamicin (100 pg/ml; Sigma,
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Taufkirchen, Germany). To inhibit caspase activation, DC
were incubated with the pancaspase inhibitor zZVAD-fmk (100
wM; Bachem, Heidelberg, Germany) 1 h prior to infection.

Cell death was measured by using uptake of propidium
iodide (PI) (50 ng/ml; Calbiochem, Bad Soden, Germany). The
leakage of DNA from nuclei was assessed by the method of
Nicoletti et al. (14). All analyses were performed with a
FACSCalibur (BD Biosciences, Heidelberg, Germany) using
the WinMDI version 2.8 software (J. Trotter, The Scripps
Institute, La Jolla, CA). Student’s ¢ test was used to evaluate
the difference between means for two groups.

For immunoblotting 40 g protein was loaded, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
electrotransferred to nitrocellulose membranes (Schleicher &
Schiill, Dassel, Germany). The membranes were incubated with
antibodies to caspase 8 (Alexis, Griinberg, Germany) or caspase
3 (New England Biolabs, Frankfurt, Germany). Immunoreactive
bands were visualized with peroxidase-conjugated secondary an-
tibodies using enhanced chemoluminescence reagents (ECL;
Amersham Biosciences, Freiburg, Germany). For measurement
of caspase 3 activity 4 X 10° DC were lysed in 110 pl buffer
containing 0.5% NP-40, 84 mM KCI, 10 mM MgCl,, 0.2 mM
EDTA, 0.2 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1
mM dithiothreitol, 1 pg/ml leupeptin, 1 pg/ml pepstatin, and 5
pg/ml aprotinin in 20 mM HEPES (pH 7.4). Caspase 3 activities
were determined by incubation of 50 pl of cell lysate with 150 .l
reaction buffer containing the fluorogenic substrate N-acetyl-
Asp-Glu-Val-Asp-amido-methylcoumarin (Ac-DEVD-AMC)
(Bachem, Heidelberg, Germany) at a concentration of 66.66 uM
(resulting in a final concentration of Ac-DEVD-AMC of 50 uM),
100 mM NaCl, 10% sucrose, 0.1% 3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate (CHAPS), and 13.35 mM
dithiothreitol in 50 mM HEPES (pH 7.3). The release of amino-
methylcoumarin was measured by fluorometry using an exci-
tation wavelength of 360 nm and an emission wavelength of
460 nm.

In the present study the impact of TLR signaling on YopP-
mediated DC death was analyzed. Death rates were assessed
by measuring the percentage of PI-positive DC, which indi-
cated the lack of cellular membrane integrity, and by the Nico-
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FIG. 1. TLR signaling accelerates YopP-induced cell death. DC from TLR2/4 double-knockout mice (TLR2™/~XTLR4 /") and wild-type mice
(wt) were infected with the Yersinia wild-type strain (pYV™) or the YopP-deficient mutant (YopP ™). (A) Flow cytometric analysis of DC stained
with PI. The data are representative of three independent experiments. (B) Flow cytometric analysis of DC stained with PI (upper panel) and of
nuclei (lower panel) 4 h and 24 h after Yersinia infection. The data are the means *+ standard errors of the means for three individual experiments.

The data for medium are data for untreated cells.

letti procedure, which demonstrated the amount of hypodip-
loid nuclei. As shown in Fig. 1A, death of DC was observed
after infection with YopP-secreting Yersinia (pYV™) but not
after infection with YopP-deficient Yersinia (YopP ), confirm-
ing the finding that Yersinia-induced DC death is due to YopP
(4, 5). Compared to the death of DC from wild-type mice, the
death of DC from TLR2™/~ X TLR4~/~ mice was delayed by
about 2 to 3 h, whereas the percentage of dead DC was not
reduced after 24 h. Four hours postinfection this delay led to a
significant reduction in the portion of PI-positive cells in TLR
double-knockout DC (Fig. 1B). At the same time the percent-

age of hypodiploid nuclei was low in wild-type DC and also in
TLR27/~ X TLR4™/~ knockout DC. This finding is not sur-
prising because hypodiploid nucleus formation occurs in late
apoptosis. Consequently, the percentage of PI-positive cells
and also the percentage of hypodiploid nuclei were high in DC
from wild-type and TLR-deficient mice 24 h after infection.
This finding indicates that in the early phase (=4 h postinfec-
tion) TLR signaling is required for YopP-induced cell death,
whereas at later times (>4 h postinfection) YopP-induced cell
death occurs independent of TLR2/4 signaling.

To analyze whether the acceleration of YopP-induced DC
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FIG. 2. TLR4 but not TLR2 contributes to DC death. DC from TLR single-knockout (TLR2™/~ and TLR4/~), MyD88~/~, TRIF'P*Ps2 and
wild-type (wt) mice were infected with Yersinia (pYV™ or YopP ™). (A and B) Flow cytometric analysis of DC stained with PI 4 h postinfection
(A) and of nuclei 24 h postinfection (B). (C and D) Analysis of DC stained with PI and of nuclei at different times postinfection. The data are
the means * standard errors of the means for three individual experiments. The data for medium are data for untreated cells.

death was mediated by TLR2 or by TLR4, DC from single-
knockout mice (TLR4~/~ and TLR2™/7) were infected, and
the DC death rates were assessed. Whereas 4 h after infection
the cell death rate was lower for TLR4-deficient DC than for
wild-type or TLR2 knockout DC (Fig. 2A), 24 h after infection
the levels of hypodiploid nucleus formation were similar in all
DC populations (Fig. 2B), indicating that acceleration of DC
death was mediated exclusively by TLR4 signaling. Therefore,
the results obtained up to 4 h postinfection agree with findings
of previous studies performed with macrophages (6, 20), and it
seems likely that acceleration of cell death is due to the well-
established synergistic effects of LPS via TLR4 signaling and
the inhibition of NF-«kB activation by YopP/J (16, 21). How-
ever, the mechanisms by which this is achieved remain un-
known. Recently, it was reported that the TLR adaptors

MyD88 and TRIF contribute to the LPS/YopP-dependent
apoptotic signaling in macrophages (17, 18). However, 4 and
24 h after infection the death rates of wild-type DC and DC
from MyD88 and TRIF knockout mice were similar (Fig. 2C
and D) suggesting that acceleration of DC death can be me-
diated either by MyD88 or TRIF or by other TLR4 adaptor
molecules (e.g., TIRAP/Mal) (9).

Cleavage of caspase 8 was postulated previously to cause
LPS-triggered YopP-mediated death of macrophages (3, 6, 17,
18). However, as cleavage of caspase 8 has not been observed
for infected macrophages, this conclusion was drawn from the
results of transfection experiments (13, 14, 17) and experi-
ments using TRIF-deficient macrophages treated with LPS
and MG-132 (18).

Therefore, immunoblotting for caspase 8 and its substrate,
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FIG. 3. TLR4 accelerates YopP-dependent activation of caspases. DC from TLR2/4 double-knockout mice (TLR2™/~ X TLR4 /") and
wild-type mice (wt) were infected with the Yersinia wild-type strain (pYV™) or the YopP-deficient mutant (YopP ). (A) Immunoblotting was
performed for caspases 8 and 3. The arrows indicate the positions of uncleaved procaspases and the cleaved fragments. (B) DC lysates were
incubated with the fluorogenic caspase 3 substrate Ac-DEVD-AMC, and the means of fluorescence units/min (determined in duplicate) were
analyzed by fluorometry. The DEVDase activity at zero time was defined as 1. The results are expressed as fold increases in DEVDase activity
compared to the activity at zero time. The data are the means for two independent experiments. The data for medium are data for untreated cells.

caspase 3, was performed to analyze whether caspase 8§ is
involved in DC death (Fig. 3A). In wild-type DC caspase 8 and
caspase 3 were activated as soon as 60 min after infection with
pYV™, as indicated by the detection of cleaved caspase 8 (p18)
and caspase 3 (p17/19) fragments (Fig. 3, lane 4). Interestingly,
the activation of caspases was delayed by about 120 min in
TLR2™/~ X TLR4 ™/~ cells (lane 13). This delay was confirmed
by measurement of caspase 3 activity by use of the fluorogenic
caspase 3 substrate Ac-DEVD-AMC in extracts of infected DC.
As shown in Fig. 3B, as soon as 1 and 2 h after Yersinia pYV™*
infection the caspase 3 activity, as measured by DEVDase activity
of wild-type DC lysates, was markedly increased, while this activ-
ity was still low in lysates from TLR2™/~ X TLR4~/~ DC. The
maximum levels of DEVDase activity were reached 3 to 4 h
postinfection in both cell types, confirming that there was a delay

in caspase 3 activation of about 2 h in TLR2™/~ X TLR4 ™/~ DC.
These experiments also revealed that 24 h after infection with
pYV™ the caspase 3 activity was reduced to background levels in
DC, indicating that at this late time apoptotic cell death was
already promoted by downstream substrates of caspase 3.

As the delay in caspase activation paralleled the delay in DC
death, we obtained evidence that upstream caspase 8 activation
seems to be a key step in YopP-induced apoptosis of DC. On
the other hand, as demonstrated recently, YopP-mediated DC
death is not completely blocked by the pancaspase inhibitor
zVAD-fmk (5). In this study, zVAD-sensitive DC death was
accompanied by activation of caspases 3, 8, and 9 and had
typical features of apoptosis, while zVAD-insensitive DC
death was independent of caspase action and exhibited necro-
sis-like features. This observation implies that TLR4 signaling
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might induce early DC death via activation of caspase 8 only
under “physiological” conditions and not in the presence of
caspase inhibitors.

To examine whether TLR2™/~ X TLR4~'~ DC also exhib-
ited caspase-independent death, DC were incubated with the
pancaspase inhibitor zZVAD-fmk 1 h prior to infection. These
experiments revealed that after 6 h after infection with wild-
type Yersinia the percentage of PI-positive DC treated with
zVAD-fmk was only partially reduced, from 61% to 32% (wild-
type DC) and from 28% to 15% (TLR2~/~ X TLR4 '~ DC),
indicating that YopP-induced DC death is partially indepen-
dent of caspases in wild-type DC, as well as in TLR2™/~ X
TLR4 '~ DC (data not shown). Interestingly, cell death in
zVAD-fmk-treated DC and therefore caspase-independent
cell death were delayed by about 2 h in TLR2™/~ X TLR4™~/~
DC, as indicated by comparable rates of death of wild-type DC
6 h postinfection (32% PI positive) and TLR2™/~ X TLR4 ™/~
DC 8 h postinfection (28% PI positive) (data not shown). As
the delay was also obvious when DC had not been treated with
zVAD-fmk (Fig. 1A), these findings suggest that similar mech-
anisms are involved in both caspase-dependent and caspase-
independent DC death in wild type DC, as well as in TLR2 ™/~ X
TLR4/~ DC. Furthermore, these data indicate that there
must be a link between the caspase-dependent pathway that is
probably initiated by activation of caspase 8 and the caspase-
independent DC death pathway. Although we do not have
experimental data for this idea, this link might be the Fas-
associated death domain (FADD).

Previous data revealed that FADD, which mediates caspase
8 activation, plays an important role in LPS-triggered YopP-
induced cell death of macrophages (6, 17). As YopP-induced
caspase 8 activation is triggered by TLR4 signaling in DC, we
assume that there is an unknown link between the TLR4 re-
ceptor and FADD causing early, TLR4-dependent DC death.
Besides activation of caspase 8, the death receptor-associated
molecule FADD serves as a platform for the recruitment of
other adaptor proteins, such as TNFR-associated factor 2
(TRAF2) and receptor-interacting protein (RIP), to build a
receptor complex. It has been suggested that RIP and/or
TRAF?2 are the key mediators of caspase-independent, necro-
sis-like cell death induced by death receptors (2, 10, 19).
Therefore, the early, caspase-independent, TLR4-dependent
cell death induced by YopP in DC could be attributed to RIP
and/or TRAF2. However, blockade of caspases can increase
the sensitivity of the necrotic cell death response to death
receptors (11), an effect which could not be excluded in pYV™-
infected DC when caspases were blocked by zVAD-fmk.

There are two possibilities to explain TLR4-independent,
delayed DC death characterized by delayed caspase activation.
First, due to TLR4 knockout LPS signaling is blocked and
YopP alone causes death of DC. The recent studies of YopP/
J-induced cell death in macrophages and DC suggest that
YopP directly or indirectly might cause the formation of the
death-inducing signaling complex and thereby caspase 8 acti-
vation (3, 6, 17) and the recruitment of RIP and/or TRAF2,
causing caspase-independent cell death when caspases are
blocked. Second, LPS still contributes to DC death by bypass-
ing TLR4 signaling via an unknown pathway. The latter con-
clusion might also be drawn from the results of experiments
with TLR4-deficient macrophages. In these macrophages IkBa

INFECT. IMMUN.

degradation and JNK activation were delayed but not eliminated
upon infection with a YopJ-deficient mutant of Y. pseudotuber-
culosis (20).

In summary, we demonstrated that death of DC is delayed
when TLR4 signaling is absent and that this delay is paralleled
by a delay in caspase 8 cleavage.
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