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ABSTRACT As previously reported, Listeria monocyto-
genes infection of P388D; macrophages results in a rapid
induction of NF-«kB DNA-binding activity. Here we show that
this induction of NF-«kB activity occurs in a biphasic mode:
first, a transient, IkBa degradation-dependent phase of ac-
tivity, also induced by the nonvirulent species Listeria innocua,
which is mediated by binding of the bacteria to the macro-
phage, or by adding Listeria-derived lipoteichoic acid to the
macrophage; the second persistent phase of activation is only
markedly induced when the bacteria enter the cytoplasm of the
host cell and express the virulence genes plcA and plcB,
encoding two phospholipases. We suggest that products of the
enzymatic activity of phospholipases directly interfere with
host cell signal transduction pathways, thus leading to per-
sistent NF-kB activation via persistent IxkBf degradation.

The transcription factor NF-«B, a pleiotropic mediator of induc-
ible and tissue-specific gene control, is involved in the transcrip-
tion of a variety of genes, many of which are activated during the
immune response. NF-«B belongs to the Rel family of transcrip-
tional activator proteins. The major form of this transcription
factor is a heterodimer composed of a 50-kDa (NF-«B1 or p50)
protein and a 65-kDa RelA DNA-binding protein, which is
sequestered in the cytoplasm by association with inhibitory
proteins of the IkB family (1, 2). The most intensively studied
inhibitor of the Rel protein dimers is IkBa. Stimulation of cells
with different inducers lead to hyperphosphorylation of IkBq,
which in turn results in polyubiquitination. Subsequent degrada-
tion of IkBa by the proteasome allows NF-«B to be released from
this inactive complex (3-6). Recently it was shown that IkBa and
IkBB are mediators of either transient (IkBe) or persistent
(IkBB) NF-«B activation in response to stimulators like tumor
necrosis factor o and lipopolysaccharide, respectively (7). Free
NF-«B enters the nucleus, where it binds to its target sequences
and activates transcription (1).

Listeria monocytogenes, a Gram-positive bacterium and a caus-
ative agent of food-borne septicemia and meningitis, has been
widely used as a model system of facultative intracellular bacteria
(8, 9). L. monocytogenes can invade, survive, and replicate within
nonprofessional phagocytic cells as well as in macrophages of
different origin. It has been conclusively shown that the extracel-
lular protein listeriolysin O (LLO) is absolutely required for
intracellular survival and replication (10, 11). The gene encoding
LLO (12) is part of a gene cluster which includes genes encoding
a phosphatidylinositol-specific phospholipase C (plc4; PI-PLC)
(13, 14), a metalloprotease (mpl) (15, 16), a protein necessary for
induction of actin polymerization (act4) (17, 18), and a broad
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spectrum specificity phospholipase called phosphatidylcholine-
specific phospholipase C (plcB; PC-PLC) (19). These genes, as well
as the internalin family genes (inl4, inIB, and inlC) (20, 21), which
are not part of the virulence gene cluster are under the control of
the transcriptional activator PrfA encoded by the prfA4 gene (22).

Recently it was shown that heat-killed Staphylococcus aureus,
invasive Shigella flexneri, and pneumococcal cell walls induce
NF-«B (RelA/p50)-like activities in murine macrophages, HeLa
cells, and human macrophages, respectively (23-25). We have
reported on the rapid generation of nuclear NF-«B complexes in
the macrophage-like cell line P388D; after infection with a
virulent L. monocytogenes strain (26). In the present study we
show that L. monocytogenes infection of P388D; macrophages
results in a biphasic NF-«B activation in which the first transient
phase is induced by lipoteichoic acid (LTA) and paralleled by
IkBa decrease. The second persistent phase is mediated by the
expression of the PrfA-dependent listerial phospholipases PI-
PLC and PC-PLC and is paralleled by IkBf degradation.

MATERIALS AND METHODS

Bacteria, Mammalian Cell Culture, and Infection. Listeria
used for cell culture infections were grown in brain heart infusion
broth (Difco) at 37°C with aeration. Mid-log phase cultures were
washed twice in PBS and stored at —80°C. The bacterial strains
used for infection are shown in Table 1. P388D; macrophages
were grown in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum and 2 mM L-glutamine (all from
GIBCO). Macrophages were seeded 48 h prior to infection in
tissue culture plates (Greiner, Nurtingen, Germany) at 5 X 10°
cells/plate. Twenty-four hours before infection the medium
containing only 0.5% fetal calf serum was added. The macro-
phages were infected with Listeria to give a multiplicity of
infection of 50 bacteria per eukaryotic cell and incubated for 40
min. They were washed with PBS and incubated further in
medium containing gentamicin (50 pg/ml) to kill extracellular
bacteria and prevent reinfection.

Preparation of Cytoplasmic and Nuclear Protein Extracts. At
the indicated time points following infection, cytoplasmic and
nuclear protein extracts were prepared essentially as described
(26, 27). The washed macrophages were scraped from the culture
plate and collected by centrifugation. Pellets were resuspended in
0.4 ml of hypotonic lysis buffer containing 10 mM Hepes (pH 7.9),
10 mM K(Cl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and
0.5 mM phenylmethylsulfonyl fluoride (PMSF). After 15 min on
ice, Nonidet P-40 was added to give a final concentration of 0.5%,
and the cells were vortex mixed for 10 sec. The cells were
centrifuged (30 sec, 4°C, 12,000 X g). The supernatant (=cyto-
plasmic extract) was frozen immediately and the nuclear pellets

Abbreviations: EMSA, electrophoretic mobility shift assay; LTA,
lipoteichoic acid; pi, postinfection; PC-PLC, phosphatidylcholine-
specific phospholipase C; PI-PLC, phosphatidylinositol-specific phos-
gholipase C; LLO, listeriolysin O.
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Table 1. Listeria strains used
Strain Genotype Characteristics Source or ref.
L. monocytogenes
Sv 1/2a EGD WT S. H. E. Kaufmann
Sv 4b ATCC 19115 WT ATCC
DP-L2161 Ahly In-frame deletion D. A. Portnoy (56)
A42 AprfA In-frame deletion B. Middendorf (57)
ES Ampl In-frame deletion R. Bockmann (58)
A49 AactA In-frame deletion This study
WL-103 AplcB In-frame deletion This study
WL-105 AplcA In-frame deletion This study
WL-106 A(plcA,plcB) In-frame deletion This study
A2 A(mplactA,plcB) In-frame deletion This study
A76 AinlA In-frame deletion R. Bockmann (58)
PKP-1 A(plcA,hly,mplactA,plcB)  In-frame deletion and C. Ochs (21)
insertion of kanR cassette
L. innocua
Sv 6a NCTC 11288 WT NCTC
Sv 6a ATCC 33090 ATCC
INN-LLO prfA*, hiy* LLO* This study

ATCC; American Type Culture Collection; NCTC; National Cancer Tissue Cultures, National

Institutes of Health; WT, wild type.

were resuspended in 130 ul buffer containing 20 mM Hepes (pH
7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and
1 mM PMSF and vortex mixed for 30 min at 4°C. After centrif-
ugation (5 min, 4°C, 12,000 X g) the supernatant (= nuclear
extract) was frozen at —80°C.

Electrophoretic Mobility Shift Assay (EMSA). The oligonu-
cleotides 5'-AGCTTCAGAGGGGACTTTCCGAGAGG-3’
and 5'-TCGACCTCTCGGAAAGTCCCCTCTGA-3' (28) were
hybridized to form a double-stranded probe, and the overhanging
ends were 3?P-labeled with Klenow polymerase. The binding
reactions (27) were performed on ice in a volume of 15 ul and
contained 5 ul 3X binding buffer (60 mM Hepes, pH 7.9/3 mM
DTT/3 mM EDTA/150 mM KCl/12% Ficoll), 20,000 cpm of
32p_labeled DNA probe, 2 pg nuclear proteins, and 1.6 ug
poly(dI-dC) (Boehringer Mannheim). After 30 min on ice, the
complexes were separated on native 5% polyacrylamide gels.
Densitometric analysis of DNA—protein complexes from EMSA
was performed with an ELSCRIPT 400 densitometer (Hir-
schmann Instruments, Unterhaching, Germany).

Detection of IxB Proteins. For Western blot analysis 4—40
png of cytoplasmic protein extract was separated on 12%
SDS/PAGE, transferred to nitrocellulose, probed with the
IkBa- or 1kBp-specific antibodies sc-203 and sc-945 (Santa
Cruz Biotechnology), respectively, and developed using an
enhanced chemoluminiscense kit (ECL, Amersham).

Construction of the In-Frame Deletion Mutants. A 358-bp
fragment from the 5’ end of the plcB gene (17) was amplified
from L. monocytogenes chromosomal DNA by PCR with the
primers PLCB-IN1 (5'-GGTGAATGATATGGAATTCAAA-
AATGTGG-3’) and PLCB-IN2 (5'-TGTACTGGTACCATA-
ATATGG-3'). The primers were designed to generate sticky end
restriction sites for EcoRI and Kpnl, respectively. A second
226-bp fragment from the 3’ end of the plcB gene was amplified
with the primers PLCB-IC3 (5'-TACGTAGGTACCATTAAA-
CAC-3") and PLCB-IC4 (5'-GCTGTGGATCCCTTAGT-
CTAGCTCCAG-3'). These primers were designed to generate
restriction sites for Kpnl and BamHI, respectively. The inserts
were then ligated into pUCIS8 in a two-step ligation resulting in
plasmid pUC18AplcB. A 372-bp fragment from the 5’ end of the
plcA gene (13) was amplified from L. monocytogenes chromo-
somal DNA by PCR with the primers PLCA-IN1 (5'-
TGGCGGAATTCGCTTCTAAAGATGAAACGC-3") and
PLCA-IN2 (5'-GCTCATGGTACCATGTGTACCTGG-3").
The primers were designed to generate sticky end restriction sites
for EcoRI and Kpnl, respectively. A second 281-bp fragment
from the 3’ end of the plcA gene was amplified with the primers

PLCA-IC3 (5'-ATCAAGGTACCAAAGCGGAC-3') and
PLCA-IC4 (5'-GTATATGGATCCGAGGTTGCTCGG-3").
These primers were designed to generate restriction sites for Kpnl
and BamHI, respectively. The inserts were then ligated into
pUCIS in a two-step ligation resulting in plasmid pUC18AplcA.
A 352-bp fragment from the 5’ end of the mpl gene (16) was
amplified with the primers MSZ1 (5'-GTTACGAATTC-
TACGCTCGCGC-3") and MSZ2 (5'-GCGCCGGTAC-
CTACGTCCACTTG-3') to generate a fragment with sticky ends
after EcoR1I and Kpnl digestion. This fragment and the fragment
obtained with the primers PLCB-IC3 and PLCB-IC4 from the
plcB gene, were then ligated into pUCI18 in a two-step ligation
resulting in plasmid pUC18A(mplactAplcB). The EcoRI-BamHI
inserts from pUCI18AplcB, pUC18AplcA, and pUCI18A-
(mplactAplcB) were then independently ligated into the shuttle
vector pLSV-1 (29) resulting in plasmids pLSV-BNH1, pLSV-
ANHI, and pSZZ-1, respectively. A 327-bp fragment (A) from
the 3’ end of the act4 gene (17) was amplified with the primers
ACT1 (5'-ACACTGCAGACCTAATAGCAATGT-3') and
ACT2 (5'-GCATACTAGTATCTAAGTCACT-3') to generate
sticky ends after digestion with PstI and Spel. A second fragment
(B) from the 3’ end of the act4 gene was amplified with the
primers ACT3 (5'-GCTCTGACTAGTGACATAACTA-3") and
ACT4 (5'-GCTGATTCGCTTTCCTCTACCAT-3') to gener-
ate a Spel site at the 5’ end of the fragment. Fragment B was
ligated into Smal-treated pUCI1S8 by blunt end ligation. The
resulting plasmid was PstI and Spel digested and ligated with
fragment A to yield plasmid pUC18AactA. A BamHI-EcoRI
fragment from pUC18AactA harboring fragments A and B was
ligated into pLSV-1 (29), resulting in plasmid pSZZ-2. By using
the plasmids pLSV-BNH1, pLSV-ANH1, pSZZ-1, and pSZZ-2,
allelic exchange was performed as described (30) to generate the
plcB deletion strain L. monocytogenes WL-103, the plcA deletion
strain L. monocytogenes WL-105, the strain L. monocytogenes A2
with a deletion ranging from the mpl to the plcB gene, and the
actA deletion strain L. monocytogenes A49. The strain L. mono-
cytogenes WL-106 with deletions in plcA and plcB was constructed
using plasmid pLSV-ANH1 and performing allelic exchange with
strain L. monocytogenes WL-103 already harboring a deletion in
plcB. The correct deletions on the chromosome of the respective
strains was confirmed by PCR amplification of the deleted alleles
and by sequencing the deletion sites.

Construction of the LLO-Expressing L. innocua Strain.
Plasmid pERL3-503 (31) harboring the L. monocytogenes
genes prfA and hly was introduced by electroporation into
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strain L. innocua Sv 6a (NCTC 11288) to yield the LLO-
producing L. innocua strain INN-LLO.

Isolation of LTAs. LTAs (32, 33) from heat inactivated and
mechanically disintegrated L. monocytogenes cells were extracted
with 40% (vol/vol) phenol at 65°C for 45 min and the phases
separated by centrifugation. The aqueous phase containing LTA
was dialyzed against 0.05 M sodium acetate (pH 4.0). LTA was
then purified by separation on an octyl-Sepharose CL-4b column
(Pharmacia) with a linear gradient [0-66% (vol/vol) propanol in
0.05 M sodium acetate, pH 4.0]. Phosphate containing fractions
eluted within the propanol gradient were pooled, dialyzed against
double distilled water, and lyophilized.

RESULTS

Listeria Infection Results in a Biphasic Mode of NF-«kB Acti-
vation. We have recently reported on the rapid and persistent
induction of NF-kB DNA-binding activity in L. monocytogenes
infected macrophages of the cell line P388D; (26). This is
confirmed here and a densitometric analysis of the complex C1
(RelA/p50) formed upon infection shows that L. monocytogenes
infection indeed results in a peak of NF-kB activity at 0.5 h
postinfection (pi) and a persistent activity at a slightly lower level
for several hours thereafter (Fig. 1). The avirulent species L.
innocua, although closely related with L. monocytogenes, is also
able to induce a strong, rapid, and mainly transient activation of
NF-«B, which, after the initial peak stays at a very low level for
several hours (Fig. 1). These types of kinetics suggest that there
might be two signals involved: a first one, which is also present in
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Fi1G. 1. (A) Kinetics of NF-kB DNA-binding activity in L. monocy-
togenes and L. innocua infected macrophages as detected with EMSAs.
P388D: macrophages were infected with Listeria as described, and NF-«B
activity was determined with EMSAs at time points ranging from 0 to 8 h
pi. Complex C1 (RelA/p50) is heavily induced, whereas complex C2
(p50/p50) remains largely unaffected. Only the relevant part of the
EMSAs are shown. NI, noninfected control. (B) Densitometric analysis
of the RelA/p50 containing complexes C1 from A.
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L. innocua, resulting in rapid, but transient activation, and the
second being largely L. monocytogenes specific and responsible
for the high level persistent NF-«B activation.

LTA Induces a Rapid and Transient NF-«kB Activation. Bind-
ing of L. monocytogenes to P388D; macrophages alone leads to
NF-kB activation as described (26). Together with the fast
kinetics of NF-kB activation upon infection it is reasonable to
assume that bacterial surface structures activate the transcription
factor after binding to host cell receptors. Bacterial surface
structures like lipopolysaccharide (7) or lipoarabinomannan (34)
are well-known activators of NF-«B, but they are both absent in
Listeria spp. LTA can be phenol-extracted and purified from
Listeria (33). Hydrophobic chromatography on octyl-Sepharose
yielded, in the case of L. monocytogenes Sv 4b, and in L. innocua
(ATCC 33090), two fractions, LTA T and LTA II. The latter was
found to contain a glycolipid anchor substituted with a phos-
phatidyl residue that is absent in LTA I (35). The fractions of LTA
from a L. monocytogenes Sv4b were assayed for their ability to
enhance NF-«B DNA-binding activity in P388D; macrophages.
As shown in Fig. 2, LTA II gave a significant dose-dependent
activation of NF-«B (in a range of 100-1,000 pg/ml) within 30
min after addition, whereas LTA I had no effect on NF-«xB
activity. The analogous preparations from L. innocua resulted in
a similar NF-«B activation when added to P388D; macrophages.
Again, fraction I was inactive, but fraction II resulted in a
significant activation of NF-«B (data not shown). In contrast to
LTA:s, Listeria-derived teichoic acids also present on the bacterial
surface (35) do not induce NF-«B in a concentration of 200
pg/ml (data not shown). The kinetics of L. monocytogenes-
derived LTA II induced NF-kB DNA-binding activity is, as
outlined in Fig. 3, clearly transient. It follows roughly the pattern
of the first phase of the biphasic NF-«B activation pattern
postulated for L. monocytogenes. The rapid decrease of NF-«kB
DNA-binding activity between 1 and 2 h after addition of LTA
II closely resembles the situation observed after infection with L.
innocua (Fig. 1B), suggesting that listerial LTA II is the mediator
of the rapid first phase of NF-kB activation observed after L.
monocytogenes and L. innocua infection and may be also respon-
sible for the low level persistent NF-«B activation found upon L.
innocua infection (Fig. 1B).

Release of L. monocytogenes into the Cytoplasm Is a Prereq-
uisite for PrfA-Dependent Proteins to Induce Persistent NF-«xB
Activation. The persistent NF-«B activity in L. monocytogenes-
infected macrophages probably relies either on a signal induced
during escape from the phagosome or by intracellularly replicat-
ing bacteria. This hypothesis was tested by infecting macrophages
with a set of in-frame deletion mutants affecting the known
virulence genes of L. monocytogenes, most of which are located in
the so-called virulence gene cluster. The kinetics of the NF-«xB
activity induced by these strains fall in three classes (Fig. 4). The
strains of class I (Fig. 44), Ainl4 and Ampl, behave like the
wild-type strain inducing a persistent activation and show that
neither internalin nor the bacterial metalloprotease are required
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FiG. 2. LTA II but not LTA I from L. monocytogenes induces a
dose-dependent induction of NF-kB DNA-binding activity. P388D; mac-
rophages were treated with LTAs in concentrations ranging from 1 to
1,000 pg/ml for 30 min, and NF-«B activity was determined with EMSA.
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Fic. 3. (A) LTA 1I from L. monocytogenes induces a rapid but
transient NF-kB DNA-binding activity. P388D; macrophages were
treated with 175 pg/ml L. monocytogenes-derived LTA 1I for the
indicated times before nuclear extracts were prepared and NF-«B
activity determined with EMSA. NI, noninfected control. (B) Densi-
tometric analysis of the RelA/p50 containing complexes C1 from A.

for persistent NF-«B activation. Class II (Fig. 4B) is represented
by three nonhemolytic strains, Ahly, AprfA, and A(plcA,hly,
mpl,actA,plcB) which cannot escape from the phagocytic vacuole
and do not grow intracellularly and the hemolytic double mutant
A(plcA,pleB). These strains induce a transient NF-«B activation
that is similar to the kinetics found after L. innocua infection (Fig.
1B). Class III (Fig. 4C) comprises the four strains AplcA, AplcB,
AactA, and A(mpl,actA,plcB) of which all four induce comparable,
intermediate NF-«B activation. The NF-«B activity after infec-
tion with these strains is between 1 and 4 h pi, clearly higher than
that of the class II mutants but also significantly lower as
compared with the class I strains. Because the Ampl strain
behaves like the wild type, the effect seen with the class three
mutants is obviously due to the absence of functional plcB, plcA,
or actA gene products either alone or in combination with each
other. There is no additive effect when the actA4 gene and the plcB
gene are deleted, but the deletion of plcA and plcB results in an
additive effect on the persistence of NF-«B activation. The
pore-forming bacterial protein LLO is critical for escape of the
bacteria from the phagocytic vacuole (8, 9), but does not induce
the persistent NF-«B activation. This is shown by infection of
P388D; macrophages with a recombinant, hemolytic L. innocua
strain that grows intracellularly (data not shown) but does not
induce a persistent NF-kB DNA-binding activity (Fig. 5).

IkBa and IkBf3 Are the Regulators of the Biphasic NF-xB
Activation. Transient and persistent NF-«B activation has recently
been shown to be mediated by either IkBa or IkBB degradation
(7). We estimated the amount of IkBa and IkBf proteins in
cytoplasmic extracts of L. monocytogenes infected macrophages at
different time points pi with Western blots. The results, outlined
in Fig. 6, clearly indicate that infection with hemolytic and non-
hemolytic strains resulted in a transient decrease of IkBe, in
parallel to the transient phase of NF-«B activation (Fig. 1). In
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FiG. 4. Kinetics of NF-kB DNA-binding activity after infection
with L. monocytogenes and different in-frame deletion mutants of L.
monocytogenes. Nuclear extracts were prepared at the indicated time
points, NF-«B activity was determined with EMSAs, and the RelA/
p50 containing complexes C1 were analyzed densitometrically. The
mean of at least three independent experiments is shown. (4) Class I
strains. (B) Class II strains. (C) Class III strains.

contrast, the IkBf protein level in the cytoplasm was not altered
after infection with the strain L. monocytogenes AprfA, which does
not express the virulence gene cluster genes, but dropped contin-
uously after infection with L. monocytogenes EGD beginning at 2 h
pi and lasting for several hours (Fig. 6), corresponding to the
long-lasting NF-«B activation observed after infection with this
strain (Fig. 1). As expected, listerial LTA II treatment of the
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FiG. 5. Kinetics of NF-kB DNA-binding activity in macrophages
infected with the LLO producing L. innocua strain INN-LLO. Nuclear
extracts were prepared at the indicated time points, and NF-«B activity
was determined with EMSA. NI, noninfected control.

macrophages resulted in transient IkBa degradation, but had no
effect on the amount of IkBB in the cytoplasm throughout the
duration of the experiment (Fig. 6).

DISCUSSION

Transcription factor NF-kB (RelA/p50) DNA-binding activity
was recently shown to be rapidly induced by the infection of mouse
P388D; macrophages with L. monocytogenes (26). Comparing the
kinetics of the activation of NF-«B DNA-binding activity of L.
monocytogenes- and L. innocua-infected macrophages we demon-
strate here that the nonhemolytic and nonvirulent species L.
innocua is also able to induce a rapid NF-«B activation upon
infection. However, this L. innocua-induced activation is mainly
transient in contrast to the persistent activation of NF-«B after L.
monocytogenes infection. These differences imply that two inde-
pendent mechanisms are underlying the first transient and the
second persistent phase of NF-«B activation of which only the
strong and persistent one is specific for L. monocytogenes.

We have recently shown that inhibition of phagocytosis by
cytochalasin B does not interfere with NF-«B activation upon
infection (26). It is therefore obvious that binding alone of the
bacteria to the target cell triggers rapid NF-«B nuclear local-
ization. In search for ligands present on the surface of virulent
and nonvirulent Listeria strains, purified LTA preparations
were tested for their ability to induce NF-kB DNA-binding
activity. The LTAs consist of alternating glycerol-phosphate
units of variable chain length with sugar (galactose, glucose,
and glucosamine), amino acid (D-alanine), and fatty acid
substitutions. The two fractions obtained after octyl-
Sepharose chromatography differ in their fatty acid substitu-
tions, with fraction I having two fatty acids and fraction II four
fatty acids linked to one end of the glycerol-phosphate back-
bone, probably in form of a glycolipid moiety (33). Fraction II
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Fi1G. 6. Immunoblot analysis of the kinetics of IkBa and IkBp
degradation after infection with L. monocytogenes and L. monocyto-
genes AprfA, and after L. monocytogenes-derived LTA 1I treatment as
described in the legends of Figs. 3 and 4. Cytoplasmic proteins were
isolated as described, and IkBa and IkBp proteins were detected with
specific antisera. NI, noninfected control.
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(LTA 1I) indeed showed NF-«B-inducing activity, but only at
relatively high concentrations compared with other inducers
like lipopolysaccharide or lipoarabinomannan. Fraction I was
totally ineffective. The same is true for LTAs derived from L.
innocua, where again only fraction II was able to activate
NF-«kB. LTAs are inserted into the bacterial cytoplasmic
membrane via their fatty acids and the glycerol-phosphate
chain passing through the murein sacculus, probably resulting
in a highly ordered complex. The loss of this ordered structure,
when adding the LTA in solution to the macrophages, might
be one explanation for the high concentrations of LTA needed
for NF-«kB activation. Two fractions of LTA with similar fatty
acid substitutions were isolated recently from Enterococcus
hirae, and in this case again only fraction II showed biological
activity resulting in cytokine induction in eukaryotic cells (36).

The NF-«B activity induced by LTA II was largely transient and
followed roughly the kinetics of NF-«B activation observed after
infection with L. innocua. This result strongly supports the view
that the transient phase of NF-«B activation induced equally by
virulent and nonvirulent listeriae as well as the persistent low level
NF-«B activation in L. innocua-infected macrophages is mainly
mediated by listerial LTA II. LTA from different bacterial species
including Listeria has been shown to bind to the murine scavenger
receptor (SR) (37). The murine scavenger receptors I and II are
trimeric proteins that differ in their C-terminal end where 110
amino acids present in SR I are absent in SR II (38). In P388D;
macrophages SR II is the dominant form (39). It is possible that
in our system the soluble LTA as well as the bacteria bind to
membrane-bound SR I, resulting in NF-«B activation. However,
besides some reports of protein kinase C activity and Ca®* release
being linked to SR-mediated gene expression (40—42), nothing is
known on signal transduction pathways originating from scavenger
receptors and up to now no link of SRs with NF-«B activation has
been reported. However, SR knockout mice show increased
susceptibility to L. monocytogenes infection (43), pointing to a role
for the SR in controlling L. monocytogenes infections in vivo.
Because the transient phase of NF-«kB activation correlates with
IkBa decrease in the cytoplasm, we propose that SR signaling after
LTA binding results in IkBa phosphorylation and subsequent
degradation followed by the translocation of NF-«B to the nucleus.
Whether newly synthesized IkBa also accumulates in the nucleus
and thereby removes NF-«kB from the DNA, as it has been
detected upon tumor necrosis factor « stimulation of U937 mac-
rophages (44), was not investigated in this study.

The high level persistent NF-«B activity observed after infec-
tion with L. monocytogenes is dependent on the escape from the
phagosome. Strains that do not express functional LLO, either by
in-frame deletion in the Aly gene (Ahly), deletion of the positive
regulating factor necessary for virulence gene expression (AprfA),
or by deletion of the whole hly gene together with others
[A(plcA,hly,mpl,actA,plcB)), are obviously unable to induce high
level persistent NF-«B activation and are essentially behaving like
L. innocua, where the whole virulence gene cluster is naturally
absent (45). All nonhemolytic strains tested are unable to lyse the
phagocytic vacuole, which is a prerequisite for intracellular
growth. On the other hand, escape from the vacuole and intra-
cellular growth is clearly not sufficient for high level persistent
induction of NF-«B. This is shown either by infection with strains
lacking only functional ActA, PC-PLC, or PI-PLC [AactA, AplcB,
AplcA, A(mpl,actA,plcB)] which are, despite extensive intracellu-
lar growth, clearly diminished in persistent NF-«B activation. In
addition, an L. innocua strain engineered for high LLO expres-
sion grows intracellularly but behaves like the parental nonhe-
molytic L. innocua strain concerning NF-«kB activation. The
mechanism leading to high level persistent NF-«B activation is
clearly ActA, PC-PLC, and PI-PLC dependent. The listerial
enzyme PC-PLC is a broad spectrum phospholipase with activity
also on sphingomyelin, and PI-PLC is a phosphatidylinositol-
specific phospholipase C. Both enzymes are expressed while L.
monocytogenes resides inside the phagocytic vacuole because they
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both contribute to the efficient lysis of the phagosome (at least in
some cell types) (46, 47). During the lysis of the vacuole, PC-PLC
could generate diacylglycerol from phosphoglycerides and cer-
amide from sphingomyelin (48). Enzymatic activity of the PI-PLC
would also release diacylglycerol from phosphatidylinositol. Ac-
tivation of the acidic sphingomyelinase (found mainly inside
lysosomes) by diacylglycerol would also generate ceramide from
sphingomyelin (49). The activities of the two bacterial enzymes
PI-PLC and PC-PLC during the escape of L. monocytogenes into
the host cell cytoplasm therefore most likely result in enhanced
intracellular levels of ceramide by independent mechanisms. A
PC-PLC-dependent increase of intracellular ceramide, and to a
lesser extent, of diacylglycerol, has been reported previously in L.
monocytogenes infected J774 macrophages (47). Diacylglycerol
and ceramide are discussed as potential second messengers in
signaling pathways leading to NF-«kB activation, either by stim-
ulating IkB kinases or by other yet unknown mechanisms (49—
51). It was also shown that a PC-PLC purified from Bacillus cereus
resulted in phosphatidylcholine hydrolysis, diacylglycerol accu-
mulation, and NF-«B activation upon addition to human mono-
cytic cell lines (52). In contrast to the L. monocytogenes PC-PLC,
the B. cereus-derived enzyme, however, cannot use sphingomyelin
as a substrate and therefore will not directly liberate ceramide
from sphingomyelin, as it was shown for the L. monocytogenes
PC-PLC. Furthermore, in our system the listerial PI-PLC obvi-
ously also contributes to NF-«B activation in contrast to the study
mentioned above where the addition of PI-PLC to the cells
resulted in diacylglycerol production but not in NF-«B activation
(51). These differences may be due to the different localization of
the enzymes (and their products) if they are either added
externally or synthesized by intracellular bacteria.

The metalloprotease, encoded by the mipl gene, is necessary for
maturation of the listerial PC-PLC in the supernatant when the
bacteria are grown in broth (53, 54). However, inside the host cell,
Mpl is not absolutely necessary for PC-PLC maturation because
the proteolytic processing can also be performed by a host cell
protease (55). This assumption is in line with the reported
observation that a mpl deletion mutant behaved like the wild-type
strain concerning the activation of NF-kB upon infection of
macrophages. The possible role of ActA in L. monocytogenes-
induced NF-«B activation is less obvious. The fact that a deletion
inactA and plcB does not have a greater effect (not additive) than
a deletion in either gene alone suggests that ActA and PC-PLC
might act in a consequential fashion. However, no mechanism has
yet been described in which ActA influences the expression,
maturation or activity of PC-PLC.

IkBa protein levels are indistinguishable after infection with L.
monocytogenes EGD or L. monocytogenes AprfA. IkBp, in con-
trast, only decreases after infection with wild-type L. monocyto-
genes strains expressing the PrfA-dependent virulence proteins.
This pattern suggests that (i) IkBa is not affected by intracellular
growing Listeria, (ii) or by intracellular ceramide levels, and (iii)
that the postulated second messenger ceramide specifically leads
to degradation of kB resulting in a high level persistent NF-«xB
activation upon L. monocytogenes infection.

In conclusion, the data presented here show that the bipha-
sic L. monocytogenes-induced NF-kB activation is triggered by
several independent mechanisms, the first of which resulting in
transient NF-«kB activation most likely starts with a classical
ligand-receptor interaction. The persistent NF-«B activation,
however, seems to be mediated by direct modulation of signal
transduction pathway(s) in the host cell through bacterial
virulence gene products expressed within the mammalian cell.
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