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In the present study, we investigated the effect of Listeria monocytogenes infection on the cellular level of the
transcription factors NF-kB, AP-1, and NF-IL6 in the macrophage-like cell line P388D, by using electro-
phoretic mobility shift assays. Infection with L. monocytogenes enhanced the formation of two NF-kB-like
DNA-protein complexes, C1 and C2, whereas the concentration of AP-1 and NF-IL6 complexes remained
unaffected. In supershift assays using NF-kB-specific antibodies, complex C2 was identified to be a p50
homodimer (KBF1) and complex C1 was identified as a p50/p65 heterodimer. Both complexes were formed
within 10 min after addition of the bacteria. Since the synthesis of tumor necrosis factor alpha and
interleukin-1 occurs at later times, these cytokines cannot be the mediators of enhanced NF-xB formation.
Infection experiments with different nonhemolytic mutants of L. monocytogenes and the use of the phagocytosis
inhibitor cytochalasin B suggest that events prior to invasion and escape of the bacteria from the phagosome
into the cytoplasm enhance the nuclear transport of p50/p65 NF-kB components.

Some of the crucial steps in the interaction of pathogenic
bacteria with their eucaryotic hosts have been efficiently stud-
ied in recent years by using cell culture techniques. These
studies have revealed many virulence factors which enable
pathogenic bacteria to interact with host cells (20, 21). How-
ever, until recently, the eucaryotic cells have been regarded
more or less as passive partners in these interactions.

Listeria monocytogenes, a gram-positive bacterium and caus-
ative agent of food-borne septicemia and meningitis (54), has
been widely used as a model system of facultative intracellular
bacteria (12, 40, 48). L. monocytogenes can invade, survive, and
replicate within nonprofessional phagocytic cells like entero-
cytes (23) and fibroblasts as well as in professional phagocytes
such as macrophages (34, 49). It has been conclusively shown
by a number of investigators that the extracellular protein
listeriolysin O is absolutely required for intracellular survival
and replication (23, 34, 49). The gene encoding listeriolysin O
(43) is part of a gene cluster which includes genes encoding a
phosphatidylinositol-specific phospholipase C (plcA4) (35, 41),
a metalloprotease (mpl) (15, 42), a protein necessary for
induction of actin polymerization (actd) (16, 31), and a
lecithinase (plcB) (57). These genes, the internalin gene (22),
and several others which have been identified only through
their gene products and which are not part of the virulence
gene cluster (55) are under the control of the transcriptional
activator PrfA (10, 17, 37).

Recent reports have established the in vitro induction of
cytokines in fibroblasts, epithelial cells, and macrophages in
response to infections with L. monocytogenes (4, 25, 26). We
have previously used the P388D, macrophage-like cell line and
different mutants of L. monocytogenes to study the induction of
interleukin-1 alpha (IL-1a), IL-1B, IL-6, and tumor necrosis
factor alpha (TNF-a) in response to infection (33). These
studies demonstrated that proinflammatory cytokine mRNAs
are induced upon infection with L. monocytogenes, but nonhe-
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molytic mutants (28, 36), which are unable to escape from the
phagosome into the cytoplasm (23), did not induce IL-1a, IL-6,
or TNF-a (33). To date, nothing about the mechanisms leading
to cytokine mRNA induction has been known.

Analysis of the eucaryotic transcription factors activated
during the infection process may provide a first insight into
these mechanisms. Different transcription factors may be
involved in the regulation of cytokine gene expression. Activa-
tor protein 1 (AP-1) (13) is involved in the induction of a
variety of target genes in response to stimulation of cell surface
receptors that are connected to several different signal trans-
duction pathways (3). Nuclear factor IL6 (NF-IL6) was origi-
nally described as a factor necessary for the transcription of the
IL-6 gene (1) but also plays a role in the transcriptional
regulation of other genes (46). Nuclear factor kB (NF-kB), a
pleiotropic mediator of inducible and tissue-specific gene
control (38), is involved in the transcription of a variety of
genes, many of which are activated during the immune re-
sponse (e.g., those encoding cytokines [18, 38, 39]). The major
form of NF-kB consists of two different subunits, i.e., a 50-kDa
DNA binding protein which also forms homodimers, termed
KBF1, and a 65-kDa protein (5, 24, 29). The p65 subunit serves
as a receptor for inhibitory protein IkB (6, 7, 47), which can
prevent NF-kB from binding to its target sequence. In un-
stimulated cells, NF-«kB is located in an inactive form in the
cytoplasm because of the complex formation with IkB (7).
Different inducers such as lipopolysaccharide, double-stranded
RNA phorbol esters, and viruses allow NF-kB to be released
from the complex and enter the nucleus. TNF-a, TNF-B, and
IL-1 can also activate NF-«kB, suggesting mechanisms for
regulatory loops (27, 38, 45).

Recently, it was shown that heat-killed Staphylococcus au-
reus and several of its exotoxins as well as the invasive species
Shigella flexneri induce NF-kB in murine macrophages and
HelLa cells, respectively (9, 19). In this report, we present data
on the effect of L. monocytogenes infection on the generation
of nuclear NF-kB complexes in the macrophage-like cell line
P388D,. We show that infection with a virulent strain results in
the rapid formation of p50/p65 heterodimeric NF-kB com-
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plexes which might be involved in the subsequent induction of
TNF-a and IL-1 genes.

MATERIALS AND METHODS

Bacteria. Wild-type L. monocytogenes Sv 1/2a strain EGD
was provided by S. H. E. Kaufmann (Ulm, Germany). The
nonhemolytic L. monocytogenes strain M3 derived by transpo-
son Tn916 insertion into the promoter region of the hly gene
has been described previously (28). The metalloprotease-
negative mutant (mpl) of L. monocytogenes EGD was con-
structed through plasmid integration by homologous recombi-
nation using the cloned mpl gene (14). L. monocytogenes prfA
(SLCC 53) and Listeria innocua Sv 6a (NCTC 11288) were
obtained from the Special Listeria Culture Collection of the
Institute for Hygiene and Microbiology, Wiirzburg, Germany.
Listeriae used for cell culture infections were grown in brain
heart infusion broth (Difco) at 37°C with aeration. Erythromy-
cin (5 pg/ml) and tetracycline (10 pg/ml) were added when
mutants mpl and M3, respectively, were grown. Mid-log-phase
cultures were washed once in phosphate-buffered saline (PBS)
and stored at —80°C in aliquots in PBS, with glycerol added to
15% (volfvol).

Mammalian cell culture and infection. P388D; macro-
phages (32) were routinely grown in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum, 2
mM L-glutamine, 100 pg of streptomycin per ml, and 100 U of
penicillin per ml (all from Gibco) in a humified 5% CO,
atmosphere at 37°C. Macrophages were seeded for 48 h prior
to infection in tissue culture plates (Greiner) at 5 X 10° cells
per plate. Twenty hours prior to infection, the medium was
replaced by RPMI 1640 medium supplemented with 0.5% fetal
calf serum and 2 mM r-glutamine. The macrophages were
infected with listeriae to give a multiplicity of infection of 50
bacteria per eucaryotic cell and incubated for 40 min if not
otherwise indicated. They were washed with PBS and incu-
bated further in medium containing gentamicin (50 pg/ml) to
kill extracellular bacteria and prevent reinfection. In the
experiments using cytochalasin B, the cells were preincubated
with 10 pM cytochalasin B (Sigma Chemicals Co., St. Louis,
Mo.) for 30 min before the bacteria were added. To inhibit
TNF-a and IL-1 activity, the macrophages were infected in the
presence of recombinant soluble TNF receptor (spS5) and/or
recombinant IL-1 receptor antagonist at concentrations of 1
png/ml each. Both proteins were kindly provided by P. Scholz
(Schering AG, Berlin, Germany).

Preparation of nuclear protein extracts. At the indicated
time points following infection, crude nuclear protein extracts
were prepared essentially as described by Schreiber et al. (53),
with minor modifications. The washed macrophages were
scraped from two culture plates and collected by centrifugation
(10 min, 4°C, 1,000 X g). Pellets were resuspended in 0.6 ml of
hypotonic lysis buffer containing 10 mM N-2-hydroxyeth-
ylpiperazine-N’-2-ethanesulfonic acid (HEPES; pH 7.9), 10
mM KCl, 0.1 mM EDTA, 0.1 mM ethylene glycol-bis(B-
aminoethyl ether)-N,N,N',N'-teraacetic acid (EGTA), 1 mM
dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride. Af-
ter the suspension was incubated for 15 min on ice, Nonidet
P-40 was added to give a final concentration of 0.5%, and the
cells were vortexed for 10 s. The cells were centrifuged (30 s,
4°C, 12,000 X g), and nuclear pellets were resuspended in 0.14
ml of buffer containing 20 mM HEPES (pH 7.9), 0.4 M NaCl,
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride and vortexed for 30 min at 4°C.
After centrifugation (5 min, 4°C, 12,000 X g), the supernatant
(i.e., nuclear extract) was frozen in aliquots at —80°C.
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Preparation of labeled DNA fragments and electrophoretic
mobility shift assay (EMSA). The AP-1-specific oligonucleo-
tide was prepared by HindIII digestion of plasmid pSXTRE,,
(2), and the TRE_, fragment was eluted from low-melting-
point agarose gels and purified by phenol treatment. The other
oligonucleotides (see Table 1) were chemically synthesized and
annealed after being heated to 95°C. The complementary
strands created 5’ overhanging ends which allowed labeling by
the Klenow polymerase (Pharmacia) with [*’P]dATP and
[>*P]dCTP (Amersham).

The binding reactions (53) were performed on ice in a
volume of 15 pl and contained 5 pl of 3X binding buffer (60
mM HEPES [pH 7.9], 3 mM dithiothreitol, 3 mM EDTA, 150
mM KCl, 12% Ficoll), 20,000 cpm of 3?P-labeled DNA probe,
2 to 4 pg of nuclear proteins, and 0.2 to 2 pg of poly(dI-dC)
(Boehringer Mannheim) optimized for each type of reaction.
After 30 min on ice, the DNA-protein complexes were sepa-
rated on native 5% polyacrylamide gels (prerun at 250 V for
1.5 h) in low-ionic-strength buffer (0.4 X Tris-borate-EDTA) at
200 V for 2 to 4 h at room temperature. After electrophoresis
was performed, the gels were fixed, vacuum dried, and exposed
for autoradiography at —70°C for 12 to 36 h. In competition
studies, unlabeled oligonucleotides were included in the reac-
tion mixtures in a 1- to 50-fold molar excess.

Supershift experiments. The affinity-purified rabbit anti-p50
and anti-p65 antibodies [NF-kB p50 (A)X and NF-kB p65
(NFL)X, respectively] were supplied at a concentration of 1
mg/ml by Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.).
A rabbit anti-p50 antiserum (serum 2) (30) was kindly pro-
vided by A. Israel (Institut Pasteur, Paris, France). The mono-
clonal anti-TNF-a antibody (2 mg/ml) was kindly provided by
L. Lemaire (BASF, Ludwigshafen, Germany). Antibodies (2
g per reaction) were included in the standard reaction
mixture and incubated on ice for 20 min before the labeled
oligonucleotides were added. Densitometric analysis of DNA-
protein complexes from EMSA or supershift assays was per-
formed with an ELSCRIPT 400 densitometer (Hirschmann
Instruments).

mRNA detection with RT-PCR. The detection of mRNA
with reverse transcription-preceded PCR (RT-PCR) has been
described recently in detail (33). Briefly, total RNA was
isolated by the guanidine-thiocyanate method (11), and cDNA
was synthesized with a first-strand synthesis kit (Stratagene) as
described in the supplier’s instructions. The PCR was per-
formed as described previously (51). Amplification was per-
formed in a Thermocycler 60/2 (Bio-Med): initial denatur-
ation, 3 min at 91°C; primary denaturation, 1 min at 91°C;
primer annealing, 1 min at 60°C; primer extension, 1 min at
72°C; and a prolonged primer extension following the last
cycle, 2 min at 72°C. Thirty cycles were always run. For the
PCR, fourfold more cDNA was used to detect TNF-o, IL-1a
or IL-18 mRNA than to detect B-actin mRNA. The primers
used in the PCR are listed in Table 1.

Measurement of IL-1a and TNF-a. The TNF assay using
1.929 fibroblasts as target cells has been described previously
(50). IL-1a was measured by using a commercially available
enzyme-linked immunosorbent assay kit (Genzyme).

RESULTS

Transcription factor NF-kB but not AP-1 or NF-IL6 is
induced in murine macrophage-like cells upon infection by L.
monocytogenes. The transcription factors NF-xB, AP-1, and
NF-IL6 control the activity of numerous genes in hematopo-
etic cells. To determine if the generation of these transcription
factors is affected by L. monocytogenes infection, EMSAs, using
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TABLE 1. Sequences of the oligonucleotides used in EMSA and RT-PCR
olig)s:?li]:g?i de Sequence(s)* Product (bp) Source or reference
EMSA
TRE,_, 5'-AGCTTGATGAGTCAGCCG-3' Angel et al. (2)

kB consensus
«B mutant

NF-IL6 consensus

3’'-ACTACTCAGTCGGCCTAG-5’

5'-AGCTTCAGAGGGGACTTTCCGAGAGG-3'

Schreck et al. (52)

3'-AGTCTCCCCTGAAAGGCTCTCCAGCT-5'
5'-AGCTTCAGAGCTCACTTTAAGAGAGG-3'
3'-AGTCTCGAGTGAAATTCTCTCCAGCT-5'

5'-AGCTTTAAGATTGCACAATGTGACGTCA-3

Natsuka et al. (46)

3’-AATTCTAACGTGTTACACTGCAGTTCGA-5’

RT-PCR
IL-1a
Sense 5'-CTCTAGAGCACCATGCTACAGAC-3'
Antisense 5'-TGGAATCCAGGGGAAACACTG-3'
IL-18
Sense 5'-CAGGATGAGGACATGAGCACC-3'
Antisense 5'-CTCTGCAGACTCAAACTCCAC-3'
TNF-a
Sense 5'-GGCAGGTCTACTTTGGAGTCATTGC-3'
Antisense 5'-ACATTCGAGGCTCCAGTGAATTCGG-3’
B actin
Sense 5'-TGGAATCCTGTGGCATCCATGAAAC-3’
Antisense 5'-TAAAACGCAGCTCAGTAACAGTCCG-3'

308 Murray and Martens (44)
447 Stratagene®

307 Murray and Martens (44)
348 Murray and Martens (44)

“ Putative binding sites are underlined except for the kB mutant, for which mutated bases are underlined.

® Primer pairs from Stratagene.

nuclear extracts of P388D, cells prepared either after 4 h
postinfection with L. monocytogenes or from uninfected con-
trol cells, were performed. A consensus sequence for the
binding of AP-1, derived from the phorbol 12-myristate 13-
acetate-responsive element of the collagenase gene (TRE_,,),
exhibited no difference in the complexes formed with nuclear
proteins from infected or noninfected P388D; macrophages
(Fig. 1). To examine the specificity of the DNA binding
capability induced upon infection, cold double-stranded oligo-
nucleotide was added for competition. A decrease in the
amount of bound complex was observed as the concentrations
of unlabeled AP-1 consensus sequence increased, while a
10-fold molar excess of a kB consensus oligonucleotide was
without effect on the complex formation (Fig. 1).

NF-IL6 has been described to be involved in the regulation
of transcription of the IL-6 gene and other stress- and immu-
nologically related genes (1, 46, 56). Constitutive DNA binding
activity of nuclear extracts from P388D, macrophages was also
observed by using a NF-IL6-specific oligonucleotide (Fig. 1).
Infection of the macrophages with L. monocytogenes and
subsequent 4-h intracellular growth of the bacteria did not
result in any measurable change in the NF-IL6-specific binding
activity (Fig. 1).

When a kB consensus site was used in EMSAs with the
nuclear extracts of L. monocytogenes-infected P388D, cells, the
generation of two complexes (C1 and C2) was found to be
elevated. The slower-migrating complex C1 demonstrated a
much more elevated binding capability than complex C2 (Fig.
2). Unlabeled DNA demonstrated a dose-dependent inhibition
(Fig. 2). A mutated xB double-stranded oligonucleotide
changing the GGG motive to CTC at bases 11 to 13 and CC to
AA at bases 19 to 20 failed to inhibit the shift at all concen-
trations tested (Fig. 2). These results confirmed the specificity
of the DNA-binding activity.

The most prominent form of transcription factor NF-«xB has
been described as a heterodimer consisting of two proteins,
p50 and p65 (5). A homodimer of p50 named KBF1 (58) which
binds to kB motifs has also been identified (8). Antibodies

raised against p50 and p65 were used to prove whether
complex C2 might represent a p50/p50 homodimer (KBF1)
and whether C1 might represent a p50/p65 heterodimer (NF-
kB) bound to the kB double-stranded oligonucleotide. Exper-
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FIG. 1. AP-1- and NF-IL6-like DNA-binding proteins in nuclear
extracts from P388D, macrophages infected with L. monocytogenes at
4 h postinfection. (A) AP-1-like complexes in extracts from nonin-
fected (lane 1) and infected (lane 2) cells measured by EMSA.
Competition experiments were done with extracts from infected cells
and a 1- to 50-fold molar excess of cold TRE_, oligonucleotide (lanes
3 to 7) and a 50-fold molar excess of a nonspecific oligonucleotide (xB
consensus site) (lane 8). (B) EMSA using an NF-IL6-specific oligonu-
cleotide and extracts from noninfected (n.i.) (lane 1) and L. monocy-
togenes-infected (L.m.) (lane 2) macrophages. Open arrowheads indi-
cate DNA protein complexes; filled arrowheads indicate the free DNA
probe.
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FIG. 2. L. monocytogenes infection enhances the generation of
NF-«xB- or KBF1-like factors in nuclear protein extracts from P388D,
macrophages at 4 h postinfection. EMSAs were performed with a kB
oligonucleotide and extracts from noninfected (lane 1) and infected
(lane 2) cells. Competition experiments were done with extracts from
infected cells, a 1- to 100-fold molar excess of cold oligonucleotide
(lanes 3 to 8), and a 50- to 100-fold molar excess of a defective kB
oligonucleotide mutated in five bases of the NF-kB consensus site
(lanes 9 and 10). C1 and C2 indicate the NF-kB-like DNA-protein
complexes. The arrowhead indicates the free DNA probe.

iments were performed in which the nuclear extracts were
preincubated either with anti-p50 antisera, anti-p65 antisera,
both antisera simultaneously, or a nonspecific antiserum (anti-
TNF-a). The results shown in Fig. 3 and Table 2 clearly
support our assumption. Preincubation with anti-p65 antibody
led to a significant reduction (85%) of complex C1 (p50/p65)
and to a weak and nonspecific reduction of complex C2
(p50/p50), which was also observed when the anti-TNF-o
antibody was used. Preincubation with anti-p50 antisera led
either to the disappearance of C2 (p50/p50) or to the disap-
pearance of C2 and the simultaneous appearance of a super-
shifted complex S when antiserum 2 was used. The anti-p50
antibodies NF-«kB p50 (NL5)X and serum 2 are unable to bind
to p50/p65 complexes in the mouse system (Santa Cruz Bio-
technology) (27a). A combination of the antibodies directed
against pS0 and p65 led to the disappearance of both com-
plexes; however, the anti-TNF-a antiserum had only weak
nonspecific activity.

L. monocytogenes-induced NF-kB activation appears not to
be mediated by IL-1a, IL-18, or TNF-a. We have reported
recently on the induction of IL-1a, IL-18, and TNF-a mRNA
in P388D,; macrophages after infection with listeriae (33).
Since these cytokines are known to activate NF-kB in macro-
phages (27, 45), Listeria-induced NF-xB DNA binding activity
might occur by an autocrine mechanism after TNF-a, IL-1a, or
IL-1PB secretion. To test this possibility, we stimulated P388D,
macrophages with L. monocytogenes and measured the induc-
tion of mRNAs for IL-1a, II-18, and TNF-a. In parallel,
TNF-a and IL-la were measured, and the DNA binding of
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FIG. 3. L. monocytogenes-enhanced complexes C1 and C2 contain
NF-kB-like features. Supershift experiments were performed to iden-
tify the proteins in complexes C1 and C2 induced in P388D, macro-
phages infected with L. monocytogenes. Nuclear extracts from L.
monocytogenes-infected macrophages were preincubated with antibod-
ies raised against p65 (lane 2), p5S0 (lane 3), pS0 and p65 (lane 4), and
another antiserum directed against human p50 (i.e., serum 2) (lane 6)
before the addition of the labeled «B oligonucleotide. The use of
antibodies obtained from Santa Cruz Biotechnology resulted in the
disappearance of the respective bands (lanes 2, 3, and 4), whereas the
use of serum 2 resulted in a supershift (S) of the p50/p50 homodimer
(lane 6). Control experiments were done without antibodies (lane 1) or
with anti-TNF-a antiserum (lane 5). The arrowhead indicates the free
DNA probe.

NF-kB DNA was investigated in EMSAs. The results of these
analyses, summarized in Fig. 4, show that enhanced NF-kB
binding activity occurs within 10 to 20 min after infection of
macrophages. However, cytokine mRNA induction occurred
significantly later (initially at 1 h postinfection), and IL-1a and

TABLE 2. Densitometric analysis of the DNA-protein complexes
shown in Fig. 3

% Area

Antisera” Complex Area® (relative to control)
Control (no antisera) C1 554 100
C2 557 100
Anti-TNF-a C1 387 70
C2 245 44
Anti-p65 C1 81 15
(07) 288 52
Anti-p50 C1 232 42
C2 0 0
Anti-p50 + anti-p65 C1 0 0
(07] 0 0
Anti-p50 (serum 2) C1 387 70
C2 0 0
S 370 66°

“ See text for details.
b Area of peak in artificial units after baseline correction.
< Percent relative to area of C2.
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FIG. 4. The generation of NF-kB complexes precedes the induction of IL-1a, IL-1B, and TNF-a genes in L. monocytogenes-infected P388D,
macrophages. (A) The induction of mRNAs specific for IL-1a, IL-1B8, TNF-a, and B-actin (as control) was analyzed by using RT-PCR as described
in the text. Total RNA was extracted from P388D, macrophages infected with L. monocytogenes at 0, 1, 2, and 4 h postinfection (pi), respectively.
(B) EMSAs were performed with nuclear protein extracts from P388D, macrophages at different time points following the addition of the bacteria
to the macrophages (0, 10, 20, 30, and 40 min [lanes 1 to 5, respectively]) and at different time points postinfection (after the normal 40-min
infection period: 0.5, 2, and 4 h [lanes 6 to 8, respectively]) and with noninfected macrophages (lane 1). The arrowheads indicate the free DNA
probe. (C and D) Time course of the induction of TNF-a activity (C) and IL-1a (D) in L. monocytogenes-infected macrophages measured as

described in Materials and Methods.

TNF-a activity in the supernatant were not detected before 2
h postinfection. Additionally, we infected P388D; macro-
phages in the presence of soluble TNF receptor and/or IL-1
receptor antagonist to inhibit potential autocrine TNF-a-
and/or IL-1-dependent induction of NF-xkB DNA binding
activity. As shown in Fig. 5, no inhibition of the formation of
complex C1, representing NF-«kB, was observed. This suggests
that neither IL-1 nor TNF-a acts as an autocrine inducer of
early NF-«kB activation in P388D, cells.

noninfected
L m. + sTNF-R + IL-1RA
L.m + IL-1RA

+ sTNF-R

L m.
L m.

Ci1

i
s
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1253 415

FIG. 5. EMSA with nuclear protein extracts from P388D,; macro-
phages infected for 40 min and then incubated in the presence of
soluble TNF receptor (sTNF-R; lane 5), IL-1 receptor antagonist
(IL-1RA; lane 4), soluble TNF receptor and IL-1 receptor antagonist
in combination (lane 3) and noninfected (lane 1) and infected (lane 2)
control macrophages. The arrowheads indicates the free DNA probe.

Induction of generation of NF-kB DNA by L. innocua and
mutants of L. monocytogenes. What are the signals leading to
the induction of NF-«B after infection with L. monocytogenes?
Although wild-type L. monocytogenes appears capable of in-
ducing cytokine mRNAs, we have recently reported that
isogenic nonhemolytic mutants of L. monocytogenes, which are
unable to grow inside macrophages, do not induce IL-1e, IL-6,
and TNF-a mRNAs in P388D, macrophages (33). Escape
from the phagosome and subsequent intracellular growth
might be the signals for the induction of these proinflammatory
cytokines. To determine whether a similar pattern prevails for
the generation of NF-kB, we infected P388D, cells in parallel
with the nonhemolytic L. monocytogenes strains M3 hly and
SLCC 53 and the avirulent and nonhemolytic species L.
innocua. An mpl mutant strain of L. monocytogenes (14), able
to grow inside macrophage-like cells, was also included. As
indicated in Fig. 6 and Table 3, the M3 nonhemolytic mutant
(with the Tn916 insertion) and the hemolytic metalloprotease-
negative mutant (mpl) induced the enhancement of NF-kB
generation at levels comparable to those of the wild-type
strain. On the other hand, the nonhemolytic strain SLCC 53
(with a deletion in the prf4 gene) showed only a weak
induction of complex C1 (NF-kB) DNA binding activity and no
alteration of complex C2. The uptake of the avirulent species
L. innocua failed to show increased binding.

Pretreatment with cytochalasin B does not inhibit NF-xB
induction. The data presented above indicate that early events
during the infection of P388D, macrophages with L. monocy-
togenes might trigger increased NF-kB DNA binding activity.
By pretreatment with the actin-depolymerizing drug cytocha-
lasin B, the phagocytic uptake of L. monocytogenes by the
P388D,; macrophages is inhibited, whereas the adherence of
listeriae to the surface of the macrophages is not affected. As
shown in Fig. 7, nuclear extracts of cytochalasin B-treated
P388D,; macrophages (blocked for phagocytic uptake into
cells) exhibited DNA binding activity of NF-kB which was
indistinguishable from that of untreated Listeria-infected
P388D,; macrophages. This increased NF-kB DNA binding
activity suggests that adherence and not uptake of the listeriae
triggers the elevated levels of NF-kB DNA binding.
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FIG. 6. Induction of NF-kB or KBF1 DNA binding activity in
macrophages infected with hemolytic and nonhemolytic Listeria
strains. An EMSA was performed with nuclear extracts from macro-
phages infected with L. monocytogenes SLCC 53 prfA (lane 2), L.
innocua (lane 3), L. monocytogenes mpl (lane 4), L. monocytogenes wild
type (lane 5), and L. monocytogenes M3 hly (lane 6) and from
noninfected cells (lane 1). Extracts were prepared at 4 h postinfection.
The arrowhead indicates the free DNA probe.

DISCUSSION

In this study, we demonstrate that the infection of the
murine macrophage-like cell line P388D, with L. monocyto-
genes enhances the formation of nuclear NF-kB complexes, in
particular those of p50/p65 heterodimers. By contrast, the
generation (DNA binding) of two other transcription factors,
AP-1 and NF-IL6, which are also involved in the regulation of
cytokine gene expression, was unaffected after infection of
P388D,; macrophages with L. monocytogenes. Transcription
factor AP-1 has been described to be involved in the expression
of many constitutively expressed and inducible genes (3). In
P388D, cells, we observed one retarded complex with the
TRE_,, fragment even without infection. A comparison with a
complex induced in HeLa cells after treatment with phorbol
12-myristate 13-acetate and phytohemagglutinin (data not
shown) and the results of the competition studies indicated
that the protein component of the complex is AP-1. These data

TABLE 3. Densitometric analysis of the DNA-protein complexes
shown in Fig. 6

% Area

Strain® Complex  Area” (relative to control)
Noninfected control C1 85 100
C2 260 100
L. monocytogenes EGD C1 450 529
(67] 487 187
L. monocytogenes M3 hly C1 388 456
C2 458 176
L. monocytogenes mpl C1 565 664
C2 773 297
L. monocytogenes SLCC 53 prfA4 C1 132 155
C2 291 112
L. innocua C1 79 92
C2 286 110

4 L. monocytogenes strains used to infect the P388D; macrophages.
b Area of peak in artificial units after baseline correction.
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FIG. 7. Cytochalasin B is without effect on the enhancement of
NF-xB or KBF1 DNA-protein complexes. P388D; macrophages were
pretreated with 10 wM cytochalasin B (cyto. B) for 30 min before being
infected with L. monocytogenes (lane 3). The results of infection
without pretreatment (lane 2), cells treated with cytochalasin B alone
(lane 4), and untreated or noninfected cells (lane 1) are also shown.
Nuclear extracts were prepared after 40 min of infection. L.m., L.
monocytogenes. The arrowhead indicates the free DNA probe.

were not surprising since P388D, macrophages appear to be
permanently activated as manifested by the relatively high
levels of cytokine mRNAs found in noninfected P388D,
macrophages (33). Another transcription factor, NF-IL6,
which was reported to be involved in the transcription of the
IL-6 gene (1), also appears to possess constitutive DNA
binding activity in uninfected cells, and L. monocytogenes
infection did not result in any measurable change in its DNA
binding activity. With regard to our previously reported results
on the induction of IL-6 mRNA in L. monocytogenes-infected
P388D, macrophages, these data were surprising. Neverthe-
less, we speculate that NF-IL6 might be necessary for tran-
scription of the IL-6 gene but that the regulation of this
cytokine in P388D, macrophages may be due to other factors,
possibly NF-«B.

Transcription factor NF-kB, a pleiotropic mediator of induc-
ible gene control (38), has also been described to be involved
in transcriptional regulation of cytokine genes. Gel retardation
assays using nuclear extracts from L. monocytogenes-infected
P388D, macrophages and a kB consensus motif resulted in
increased DNA-protein complex (C1 and C2) formation com-
pared with nuclear extracts from uninfected cells. Of the two
complexes, greater DNA binding induction was observed for
the slower-migrating complex C1. Competitive inhibition stud-
ies established that the binding activity was specific. In com-
petition experiments, an unlabeled kB oligonucleotide com-
peted efficiently, whereas an excess of a mutated kB was
without effect on the shift pattern. Several different protein
complexes which bind to kB motifs have been described, such
as KBF1, a p50 homodimer, and genuine NF-«kB, a het-
erodimer of proteins p50 and p65 (8). The migration patterns
of the retarded complexes in our assays suggested that C1 and
C2 might represent NF-xB and KBF1, respectively. The block-
ing experiments using antibodies against p50 and p65 lead to
supershifts or the disappearance of C1 and C2, confirming this
assumption.
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The induction of enhanced NF-kB DNA binding activity
after L. monocytogenes infection may be due either to the
dissociation of the regulatory subunit IkB from the p50/p65
complex or to a transcriptional activation of the genes encod-
ing proteins p50 and p65. However, the rapid induction of
NF-kB DNA binding activity observed is more in line with a
rapid signal leading to dissociation of the NF-kB-IxkB complex
and subsequent transport of NF-kB into the nucleus. Since
complex C2 was only weakly induced compared with complex
C1, and definite physiological roles for KBF1 (C2) have still to
be established, we focused on the NF-kB (C1) activity.

What are the mechanisms leading to the induction of NF-kB
in macrophage-like cells infected with L. monocytogenes? Since
NF-«kB takes part in the signal transduction pathway of cyto-
kine gene induction (18), and the cytokines IL-1a and TNF-a
are produced by P388D; cells after infection with L. monocy-
togenes (33), both cytokines are candidates for the observed
NF-kB induction. However, the NF-kB activation occurs
within minutes, leading to maximal NF-«kB stimulation 20 min
after infection of macrophages. The induction of IL-1e, IL-18,
and TNF-a mRNAs was much slower, and significant TNF-«
activity and IL-1a protein were first detected only after 2 and
4 h postinfection, respectively. The addition of soluble TNF
receptor and IL-1 receptor antagonist, which blocks TNF- and
IL-1 activity very efficiently, did not also affect the induction of
NF-«B DNA binding activity. Therefore, we conclude that it is
very unlikely that either cytokine mediated NF-«kB activation
via an autocrine mechanism. A TNF-a-dependent autocrine
mechanism for NF-«B activation was also excluded by Busam
et al. (9) in their study of the induction of NF-kB in S.
aureus-exposed murine bone marrow-derived macrophages.

Which mechanisms could account for the rapid induction of
NF-«kB in L. monocytogenes-infected P388D; macrophages?
We have recently shown that nonhemolytic strains of L.
monocytogenes, which remain entrapped in the phagosome, do
not induce a cytokine response in P388D, macrophages (33).
However, the nonhemolytic strain L. monocytogenes M3 hly
induced NF-«kB binding activity in infected P388D, cells. This
finding together with the very fast induction of NF-kB DNA
binding after infection with the wild-type strain, at time points
before the escape of the bacteria from the phagosome into the
cytoplasm, implies that events prior to the initiation of bacte-
rial replication inside the cytoplasm trigger NF-kB induction.
The mutant SLCC 53 only weakly induced NF-kB DNA
binding and was in this respect comparable to the nonhemo-
lytic and nonvirulent species L. innocua, which did not enhance
NF-«B generation at all. L. monocytogenes SLCC 53 is nonhe-
molytic because of a deletion in the gene encoding the positive
regulator PrfA. Invasion in, but not adhesion to, Caco-2 cells is
PrfA dependent (55). This suggests that these processes are
probably mediated through different bacterial factors, one of
which could be the M-protein-like invasion factor internalin
(17, 22). However, it is not known whether the listerial factors
mediating the interaction of L. monocytogenes with enterocytes
like Caco-2 cells are the same as those necessary for specific
interaction with professional phagocytic cells such as macro-
phages. Nevertheless, we speculate that NF-kB activation
might be already triggered by adherent listeriae through either
the surface protein internalin or another as-yet-unknown PrfA-
dependent surface protein which should be L. monocytogenes
specific since NF-kB is not induced by L. innocua. The
inhibition of the internalization of L. monocytogenes by cy-
tochalasin B did not affect NF-xkB DNA binding induction,
supporting the idea that adhesion of the wild-type bacteria to
the surface of the P388D, macrophages triggers signals leading
to NF-«xB induction. Experiments are now planned to deter-

INFECT. IMMUN.

mine which of the recently described signaling pathways (52)
could account for the induction of NF-kB in L. monocytogenes-
infected macrophages.
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