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Invasion of endothelial tissues may be crucial in a Listeria monocytogenes infection leading to meningitis
and/or encephalitis. Internalization of L. monocytogenes into endothelial cells has been previously demon-
strated by using human umbilical vein endothelial cells as a model system. However, during the crossing of the
blood-brain barrier, L. monocytogenes most likely encounters brain microvascular endothelial cells which are
strikingly different from macrovascular or umbilical vein endothelial cells. In the present study human brain
microvascular endothelial cells (HBMEC) were used to study the interaction of L. monocytogenes with endo-
thelial cells, which closely resemble native microvascular endothelial cells of the brain. We show that L.
monocytogenes invades HBMEC in an InlB-dependent and wortmannin-insensitive manner. Once within the
HBMEC, L. monocytogenes replicates efficiently over a period of at least 18 h, moves intracellularly by inducing
actin tail formation, and spreads from cell to cell. Using a green fluorescent protein-expressing L. monocyto-
genes strain, we present direct evidence that HBMEC are highly resistant to damage by intracellularly growing
L. monocytogenes. Infection of HBMEC with L. monocytogenes results in foci of heavily infected, but largely
undamaged endothelial cells. Heterologous plaque assays with L. monocytogenes-infected P388D1 macrophages
as vectors demonstrate efficient spreading of L. monocytogenes into HBMEC, fibroblasts, hepatocytes, and
epithelial cells, and this phenomenon is independent of the inlC gene product.

Listeria monocytogenes is a gram-positive facultative intra-
cellular bacterium that causes severe diseases in both animals
and humans. Primarily immunocompromised individuals, such
as pregnant women, neonates, and elderly people, become
infected and undergo bacteremia, sepsis, abortion, meningitis,
and encephalitis (39). The normal route of entry of L. mono-
cytogenes into the host is the gut via listeria-contaminated food,
as shown by several recent outbreaks of listeriosis that could be
traced to contaminated food such as cole slaw or Mexican-style
cheese (15). During the course of infection, L. monocytogenes
encounters different cell types, including epithelial cells, fibro-
blasts, hepatocytes, macrophages, and endothelial cells, which
are all, at least in vitro, readily infected. Once inside the host
cell, the bacteria rapidly lyse the phagosomal membrane in
order to escape into the host cell cytoplasm, where intensive
intracellular multiplication and intracellular movement occur.
Direct transfer from one cell to another allows the bacteria to
enter neighboring cells without an extracellular phase (re-
viewed in reference 26). A number of listerial virulence deter-
minants involved in the intracellular life cycle of L. monocyto-
genes have been characterized. A family of internalins was
discovered in L. monocytogenes (10, 14, 16). InlA and InlB
have been shown to be necessary for triggering uptake by

several cell types (5, 11, 16, 29). A sulfhydryl-activated pore-
forming cytolysin called listeriolysin is required, along with two
phospholipases, for lysis of the phagosome. ActA, a listerial
cell wall protein, promotes F-actin-driven intracellular move-
ment. The expression of most of these virulence factors is
controlled in a complex manner by the positive regulatory
factor PrfA (reviewed in reference 26).

As noted above, an increasing number of mouse and human
cell types, including primary and permanent human umbilical
vein endothelial cells, are infected by L. monocytogenes in vitro
(13, 18, 33, 42, 43). However, umbilical vein endothelial cells
are probably not in vivo targets of L. monocytogenes in contrast
to endothelial cells from brain microvessels. The blood-brain
barrier, which is responsible for maintaining the biochemical
homeostasis within the central nervous system (2), is consti-
tuted of either the cerebral capillary endothelium, which is a
barrier between blood and the brain parenchyma, or of the
choroid plexus epithelium, which is a barrier between blood
and the cerebrospinal fluid (49). The cerebral capillary endo-
thelium is a single layer of specialized human brain microvas-
cular endothelial cells (HBMEC) and is characterized by the
possession of tight junctions (37). The tight junctions, together
with the lack of pinocytosis of these cells, form a barrier even
for small molecules, such as dyes and antibiotics, at the blood-
brain barrier boundary. The choroid plexus is an epithelium
within the cerebral vesicles that produces cerebrospinal fluid.
It is a polarized epithelium exhibiting tight junctions which are
lacking from the underlying endothelium of the blood vessels
(28, 37). Upon intracerebral injection into mice, L. monocyto-
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genes had a striking affinity for the epithelial cells of the cho-
roid plexus (38).

The high incidence of meningitis and encephalitis associated
with human L. monocytogenes infections implies that this mi-
croorganism is able to breach the blood-brain barrier. At the
level of the cerebral capillaries, passage of bacteria through the
endothelial barrier can in principle be accomplished in four
different ways: (i) destruction of the barrier by killing the
endothelial cells; (ii) breaking the cell-to-cell contacts and pas-
sage between the cells; (iii) direct or indirect invasion of the
endothelial cells and release of the bacteria on the basolateral
side; or (iv) migration of the infected monocytes through the
endothelial barrier.

Direct and indirect infection of human umbilical vein endo-
thelial cells (HUVEC) by L. monocytogenes was described re-
cently (13, 18, 33), but the interaction of L. monocytogenes with
HBMEC has not been investigated so far. In the present study
we used HBMEC immortalized by simian virus 40 transforma-
tion and maintained in tissue culture monolayers. With these
cells we were able to demonstrate the invasion of L. monocy-
togenes into HBMEC and its intracellular growth and move-
ment. Furthermore, we show that the listerial surface protein
InlB is required for efficient HBMEC infection by L. monocy-
togenes, infection which occurs in a cytochalasin D- and no-
codazol-sensitive but wortmannin-insensitive and hence PI-3
kinase-independent process. Finally, we present evidence that
L. monocytogenes is able to spread in vitro from infected mac-
rophages into HBMEC as well as into fibroblasts, epithelial
cells, and hepatocytes.

MATERIALS AND METHODS

Bacteria. The L. monocytogenes EGD wild-type strain, the isogenic deletion
mutants, and the other Listeria strains used in this study are described in Table
1. The bacteria were cultured aerobically in brain heart infusion broth (Difco) at
37°C until they reached the mid-log phase of growth. They were then washed
twice with phosphate-buffered saline (PBS) and stored in aliquots in PBS with
20% glycerol (vol/vol) at 280°C until being used for the infection experiments.

HBMEC culture. HBMEC were isolated from a brain biopsy of an adult
female with epilepsy and cultured by previously described methods (46). The
cells were positive for factor VIII-Rag, carbonic anhydrase IV, and Ulex euro-
paeus agglutinin I. They took up fluorescently labeled acetylated low-density
lipoprotein and expressed gamma glutamyl transpeptidase, thus demonstrating
their brain endothelial cell properties (45). HBMEC were subsequently immor-
talized by transfection with simian virus 40 large T antigen and maintained their
morphologic and functional characteristics for at least 30 passages. The cells are
polarized and exhibit a transendothelial electric resistance of 200 V/cm2 (36, 47).

HBMEC were cultured without the addition of antibiotics in RPMI 1640 me-
dium (Gibco), supplemented with fetal calf serum (10%) (Gibco), NuSerum IV
(10%) (Becton Dickinson, Bedford, Mass.), modified Eagle’s medium nonessen-
tial amino acids (1%) and vitamins (1%), heparin (5 U/ml), sodium pyruvate (1
mM), L-glutamine (2 mM), and endothelial cell growth supplement (30 mg/ml)
(all from Sigma) (i.e., complete HBMEC medium). Then 75-ml tissue culture
flasks were treated with gelatin to support the growth of the HBMEC monolay-
ers by spreading 3 ml of a 0.2% gelatin solution in the flask to completely coat
the surface. The remaining liquid was removed, and the bottom of the flask was
flamed briefly; the flasks were then dried for at least 6 h. Cultures were incubated
at 37°C in a humid atmosphere of 5% CO2, and the monolayers were split in a
ratio of 1:4 twice a week with trypsin-EDTA according to standard procedures.
Monolayers of passages 8 to 16 were used for all experiments described.

Cellular invasion and intracellular growth assays. At 48 h prior to infection,
HBMEC were split, and the cells were seeded into gelatin-treated 24-well tissue
culture plates at a density of 105 cells per well. Immediately prior to the assay,
each well was found to contain approximately 4 3 105 cells. The bacteria taken
from the freezer were diluted in RPMI 1640 medium, and 500 ml of the suspen-
sion was added to each monolayer to reach the desired multiplicity of infection
(MOI). The cultures were incubated for 1.5 h to allow the bacteria to invade the
cells. The monolayers were then washed three times with PBS, 1 ml of complete
HBMEC medium containing 100 mg of gentamicin (Gibco) per ml was added to
each well to kill the extracellular bacteria, and the plates were further incubated
for 1.5 h at 37°C. After the cells were washed three times with PBS, they were
lysed by the addition of ice-cold distilled water, incubated for 10 min on ice, and
sonicated for 1 s with a Branson sonifier. Serial dilutions of the lysate in 150 mM
NaCl were plated on brain heart infusion agar. For intracellular growth assays,
the gentamicin-containing culture medium was removed at 1.5 h postinfection,
and fresh complete medium was added that contained only 10 mg of gentamicin
per ml. The cultures were further incubated until being lysed at the time points
indicated. All cellular invasion and growth assays were performed in triplicate
and repeated three times.

Invasion inhibition studies. Invasion assays were performed as described
above, except that the media contained the indicated concentrations of the
various inhibitors throughout the duration of the experiment and during a 45-
min preincubation period before the bacteria were added. The inhibitors were
supplied either by Sigma (cytochalasin D, nocodazole, and wortmannin) or by
Calbiochem (wortmannin) and were dissolved in dimethylsulfoxide. Data were
expressed as the percent invasion relative to the result of a control assay per-
formed concurrently without the addition of an inhibitor.

Heterologous plaque assay. The so-called heterologous plaque assay is a vari-
ant of the classical plaque assay (24, 27) and was developed to test the ability of
L. monocytogenes to spread from one cell type (macrophage) into other cells
(fibroblasts, epithelial cells, hepatocytes, and endothelial cells). The different cell
types (with the exception of the HBMEC, which were cultured as described
above) were all cultured in RPMI 1640 medium supplemented with fetal calf
serum (FCS) (10%) and L-glutamine (2 mM) (all from Gibco), seeded into 6-well
plates at a density of 2 3 105 cells per well, and incubated overnight. P388D1
macrophages were cultured in RPMI 1640 medium with FCS (10%) and L-
glutamine (2 mM) and seeded at 5 3 106 per 90-mm-diameter plate (which were
not treated for tissue culture). Upon overnight incubation, the macrophages
were infected with 2.5 3 108 bacteria (MOI 5 50) for 1 h at 37°C, then washed
three times with PBS, and further incubated for 1.5 h in medium containing 100
mg of gentamicin per ml to kill the extracellular bacteria. After removal of the

TABLE 1. Listeria strains used in this study

Strain Genotype Characteristic(s) Source or reference

L. monocytogenes
Sv 1/2a EGD Wild type Local strain collection
WL-105 DplcA In-frame deletion in plcA 20
WL-103 DplcB In-frame deletion in plcB 20
WL-106 DplcA DplcB In-frame deletions in plcA and plcB 20
DinlC DinlC In-frame deletion in inlC 14
A76 DinlA In-frame deletion in inlA 18
WL-111 DinlB In-frame deletion in inlB 18
WL-112 DinlAB In-frame deletion of inlAB 18
A49 DactA In-frame deletion in actA 20
A42 DprfA In-frame deletion in prfA 3
LM-GFP PactA::gfp Expresses GFP under the control of the actA promoter 8
PKP-1 D(plcA hly mpl actA plcB) In-frame deletion and insertion of Kanr cassette 14
NCTC 7973 Hyperhemolytic isolate Local strain collection
10403S Wild type 34
DP-L2161 Dhly In-frame deletion in hly 23

L. innocua Sv6a Wild type Local strain collection
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medium, 8 ml of cold PBS without Ca21 and Mg21 was added, and the plates
were incubated on ice for 10 min, resulting in detachment of the infected
macrophages from the plastic surface. The macrophages were collected, washed
once with PBS and once with RPMI 1640 containing 10 mg of gentamicin per ml,
resuspended in 5 ml of RPMI 1640 with 10 mg of gentamicin per ml, and counted.
The suspension was adjusted to a density of 104 macrophages per ml, 200 ml of
the suspension was then added to each well with the target cells in the 6-well
plates, and the plates were incubated for 2.5 h at 37°C, allowing the macrophages
to settle onto the monolayer. After removal of the medium, an agarose overlay
(0.5% agarose in RPMI 1640 medium with 20% FCS, 2 mM L-glutamine, and 5
mg of gentamicin per ml) was added to each well. After a 24-h incubation at 37°C,
a second overlay, consisting of 0.01% neutral red, 15 mg of gentamicin per ml,
and 0.5% agarose in RPMI 1640 medium, was added to better visualize the
plaques that appeared after an additional 24 h of incubation at 37°C.

Fluorescence microscopy. HBMEC monolayers grown on glass coverslips were
infected with L. monocytogenes EGD as described above. At 20 h postinfection,
the cells were fixed with acetone, stained with tetramethyl rhodamine isocyanate
(TRITC)-phalloidin as previously described (27, 31), and analyzed microscopi-
cally. Pictures were taken with a confocal microscope (Leica TCS NT). Green
fluorescent protein (GFP)-expressing L. monocytogenes inside HBMEC were
visualized by using a fluorescence-equipped inverted microscope (Leica
DMIRP) and photographed with a 400 ASA negative film as previously de-
scribed (8).

Statistical analysis. The data in Fig. 1 are presented as means and standard
deviations (error bars) of a representative experiment run in triplicate. The
significance of the effect of mutations or the effect of inhibitors on L. monocy-
togenes invasion of HBMEC was analyzed with a two-tailed, unpaired Student’s
t test.

RESULTS

L. monocytogenes invades and replicates inside HBMEC. As
a meningitis- and encephalitis-causing bacterium, L. monocy-
togenes should be able to cross the blood-brain barrier and
would be expected to interact with HBMEC. Up to now, how-
ever, only HUVEC, which differ in many respects from brain
microvascular endothelial cells (35, 45), have been used as
targets to study the interaction of L. monocytogenes with en-
dothelial cells. We have used HBMEC in classical gentamicin-
protection assays and have shown that L. monocytogenes is
indeed able to enter and efficiently grow inside microvascular
endothelial cells. Figure 1 shows the growth curve of L. mono-
cytogenes in HBMEC for an 18-h period in which continuous
intracellular replication occurred in the presence of 10 mg of
gentamicin per ml, resulting in a 15-fold increase in the num-
ber of live intracellular bacteria between 1 and 18 h postinfec-
tion. An L. monocytogenes mutant harboring an in-frame de-
letion in the hly gene encoding LLO invaded the HBMEC only
a little bit less than did the wild-type strain (Fig. 1). However,
the number of viable intracellular bacteria of this mutant was
nearly constant over the first 6 h postinfection, and only some
limited intracellular growth occurred at later time points (Fig.
1).

In order to directly follow the intracellular growth of L.
monocytogenes in HBMEC, we used a GFP-expressing L.
monocytogenes strain that was constructed in a way so that GFP
is expressed preferentially by intracytoplasmic bacteria. This
was achieved by cloning the gfp gene under the control of the
actA promoter, which is transcribed only when the bacteria are
localized in the cytoplasm of the host cell (8). By phase con-
trast and fluorescence microscopy, we monitored the intracel-
lular growth and spread of L. monocytogenes in intact HBMEC
monolayers (Fig. 2). Using low infection ratios, we could iden-
tify single invasion events in the monolayer and observe the
growth of L. monocytogenes directly as shown in Fig. 2A to E
over a period of more than 20 h. It was evident that a dramatic
increase in the number of fluorescent and hence intracellular
bacteria occurred and that they spread efficiently into neigh-
boring cells. By comparing the phase-contrast picture with the
fluorescent picture (Fig. 2A and C) and with a combined image
of phase contrast and fluorescence (Fig. 2B), the remarkable

stability of the HBMEC monolayer also became evident. Even
at 21 h postinfection, at heavily infected foci the HBMEC
monolayer and the individual cells appeared to be largely un-
damaged. From the microscopic observations it seemed that
the cells that did not perfectly fit into the monolayer were
preferentially infected. These cells were rounded up and set-
tled on the monolayer. Semiconfluent monolayers of HBMEC
were also readily infected by L. monocytogenes as shown with
the GFP-expressing strain and as documented in Fig. 2F.

In parallel with the onset of intracellular multiplication, L.
monocytogenes became associated with host cell filamentous
actin inside HBMEC. This was demonstrated by TRITC-phal-
loidin staining of actin filaments in L. monocytogenes-infected
HBMEC monolayers at 20 h postinfection as shown in Fig. 3.
The filamentous actin was either found all around the bacteria
or organized in actin tails of various lengths, the typical signa-
ture of ongoing intracellular movement. However, in contrast
to the infection of Caco-2 cells, significant numbers of bacteria
associated with actin tails were only detected upon prolonged
incubation of the infected cells (10 to 20 h postinfection),
suggesting that the process of actin polymerization and intra-
cellular movement is less efficient in HBMEC than in Caco-2
cells.

InlB- and PrfA-dependent invasion of L. monocytogenes in
HBMEC. Having established the ability of L. monocytogenes to
invade and to grow inside HBMEC, we next analyzed the
listerial factors required for efficient entry into HBMEC. For
this purpose we infected the endothelial cells with L. monocy-
togenes and different mutants with in-frame delections in some
of the known L. monocytogenes virulence genes and then mea-
sured the number of intracellular bacteria after a 1.5-h genta-
micin treatment of the cells. As shown in Fig. 4, there was a
dramatic (250-fold) decrease in the invasive capacity of the

FIG. 1. Intracellular growth of wild-type and nonhemolytic strains of L.
monocytogenes in HBMEC. HBMEC were infected with L. monocytogenes
10403S (WT) and isogenic L. monocytogenes DP-L2161 (Dhly) (MOI 5 5) as
described in Materials and Methods, and the intracellular growth was monitored
over a period of 18 h.
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DinlB and DprfA mutants, which lacked the surface protein
InlB and the transcriptional regulator PrfA, respectively, com-
pared to the otherwise isogenic L. monocytogenes EGD strain.
These mutants, as well as the DinlAB double mutant, behaved
essentially like the nonpathogenic L. innocua strain. In con-
trast to the dramatic effect of the deletion in the inlB gene, a
deletion in the inlA gene, as well as a deletion in inlC, had no
marked effect on L. monocytogenes invasion of HBMEC. A
deletion in actA resulted in a slight but reproducible reduction
in invasiveness, pointing to a minor role of the surface protein
ActA in triggering L. monocytogenes uptake by HBMEC. The

highly hemolytic strain L. monocytogenes NCTC 7973 showed
a fourfold-higher invasiveness than the L. monocytogenes EGD
strain.

From our data it is obvious that the listerial surface protein
InlB, which was already shown to be important for hepatocyte
invasion and invasion of some epithelial cell types such as Vero
cells, is also critical for invasion of HBMEC. InlB-mediated
uptake of L. monocytogenes has been shown to be associated
with stimulation of the host cell PI-3 kinase in Vero cells, a
kinase which can be inhibited specifically by the drug wortman-
nin (5, 22). We therefore tested whether wortmannin also

FIG. 2. Invasion and intracellular growth of a GFP-expressing L. monocytogenes strain in HBMEC. HBMEC cultured in 75-ml flasks were infected at a low
multiplicity (MOI 5 5), and the monolayers were observed at different time points. (A to E) Confluent monolayers infected with GFP-expressing L. monocytogenes.
The pictures shown were taken at 2.5 h (D), 4.5 h (E), and 21 h (A, B, and C) postinfection. (B, D, and E) Images from combined phase-contrast and fluorescence
microscopy. Phase-contrast (A), fluorescence (C), and combined (B) images of the same region of the monolayer. (F) Infection of a subconfluent HBMEC monolayer
at 17 h postinfection (combined image). Bars, 50 mm.
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inhibits L. monocytogenes invasion of HBMEC. As shown in
Fig. 5, however, wortmannin had no effect on L. monocytogenes
invasion of HBMEC at concentrations at which the invasion of
Vero cells could be completely blocked (22). Only at very high
concentrations of wortmannin (50 to 100 nM) did we observe
a decrease in the invasion efficiency. As expected, invasion of
L. monocytogenes into HBMEC was highly sensitive to the
microfilament-disrupting drug cytochalasin D but also showed
some degree of sensitivity to nocodazole treatment, which dis-
rupts microtubules. The bacterial viability was not affected by
treatment with the inhibitors (data not shown).

L. monocytogenes spreads from infected P388D1 macrophages
into HBMEC independently from the small internalin InlC. In-
fection of endothelial cells during the course of a listerial infection
may occur either directly or by the spreading of the bacteria
from infected monocytes or macrophages to the endothelial
cells. Such an indirect mechanism of endothelial-cell infection
was already demonstrated for HUVEC that became infected
through the cocultivation with L. monocytogenes-infected U937
macrophages (13). Using the heterologous plaque assay, we
showed that L. monocytogenes is able to spread from mouse
P388D1 macrophages into HBMEC (Fig. 6 and Table 2). Such
heterologous spreading was additionally shown to occur from
infected P388D1 macrophages into epithelial (Caco-2), hepa-
tocyte (TIB-73), and fibroblast-like (Cos-1) target cells. In or-
der to test whether the small internalin InlC (14) is involved in
the heterologous spreading event as speculated earlier (14), we
tested a DinlC in-frame deletion mutant for its spreading abil-
ity in this assay. As seen in Fig. 6 and Table 2, the DinlC mutant
strain behaved like the isogenic wild-type strain. Only the
DplcB mutant and the DplcA DplcB double mutant were neg-
ative in their plaque-forming activity, as expected from pub-
lished data on their behavior in standard plaque assays (6, 44,
50).

DISCUSSION

The final outcome of human infections with L. monocyto-
genes is in most cases meningitis or meningoencephalitis, re-
sulting in a high mortality of the infected individuals (39). Both
types of disease require that the bacteria breach the blood-
brain barrier, but up to now it was not known whether the
bacteria pass through the endothelial cells forming the brain
microvessels or whether they penetrate the epithelial cells of

FIG. 3. Intracellular actin tail formation by L. monocytogenes inside HBMEC.
The HBMEC were infected with L. monocytogenes EGD as described in the text.
At 20 h postinfection the cells were fixed and treated with TRITC-phalloidin to
stain the filamentous actin. A typical actin tail is marked by an arrowhead. Bar,
10 mm.

FIG. 4. Invasion of HBMEC by different Listeria strains and different in-
frame deletion mutants of L. monocytogenes. HBMEC were infected (MOI 5
20), and the percentages of the following intracellular bacteria were calculated at
1.5 h postinfection as described in the text: L. monocytogenes EGD (A), L.
monocytogenes NCTC 7973 (B), L. innocua (C), L. monocytogenes DprfA (D), L.
monocytogenes DactA (E), L. monocytogenes DinlA (F), L. monocytogenes DinlB
(G), L. monocytogenes DinlAB (H), and L. monocytogenes DinlC (I). p, P , 0.01
versus strain EGD; pp, P , 0.001 versus strain EGD.

FIG. 5. Cytochalasin D and nocodazole but not wortmannin inhibit invasion
of HBMEC by L. monocytogenes. HBMEC were infected with L. monocytogenes
EGD in the presence or absence of different inhibitors. The inhibitors cytocha-
lasin D, nocodazole, and wortmannin were dissolved in dimethyl sulfoxide. The
monolayers were pretreated with the inhibitors for 45 min, and the infection was
performed as described in the text. Lanes: A, without inhibitor; B and C, no-
codazole (10 and 20 mM); D and E, cytochalasin D (0.1 and 1 mM); F to I,
wortmannin (5, 10, 50, and 100 nM). p, P , 0.01 versus no inhibitor; pp, P ,
0.001 versus no inhibitor.
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the choroid plexus, thus gaining access to the cerebrospinal
fluid. Epithelial cells from the porcine choroid plexus have
been successfully cultured in vitro (17) but, to our knowledge,
human epithelial-cell cultures derived from the choroid plexus
are not available and in vitro analyses of the interaction of
these cells with bacteria causing meningitis have not been
performed. However, microvascular endothelial cells derived
from human brain surgery and microvascular endothelial cell-
derived cell lines (32) are now available that allow the analysis
of bacterium-brain microvascular endothelial cell interactions.
The simian virus 40-transformed human microvascular endo-
thelial cells used in this study show all of the relevant markers
of primary human microvascular endothelial cells (45, 47) and
represent a much better model system for studying L. mono-
cytogenes-endothelial cell interaction than the previously used
human umbilical vein endothelial cells (13, 18, 33, 42, 43).

Using serum-free conditions, we show here that L. monocy-
togenes is able to invade HBMEC, replicate, move intracellu-
larly, and spread into neighboring cells, thus going through the
complete intracellular life cycle described for L. monocytogenes
for other mammalian cell systems (26, 41, 48). The listerial
invasion frequency for HBMEC (ca. 5% of the inoculum) was
lower than that for HUVEC (18) or epithelial cells (29) but,
once inside, the bacteria replicated and the number of intra-
cellular bacteria increased 15-fold over a period of 18 h postin-
fection; this finding is in accordance with earlier findings for
L. monocytogenes infections of other mammalian cell types. An
isogenic nonhemolytic mutant of L. monocytogenes 10403S
showed a somewhat reduced invasiveness. To our surprise, how-
ever, even the nonhemolytic L. monocytogenes strain showed
some intracellular multiplication between 6 and 24 h postin-
fection. This intracellular multiplication might be either due to
a listeriolysin-independent escape of the bacteria into the cyto-
plasm, which has been reported to occur in L. monocytogenes-
infected human Henle 407 epithelial cells (34), or due to some
intraphagosomal replication, as demonstrated for phosphati-
dylinositol-specific phospholipase C (PI-PLC)-expressing L. in-
nocua strains in J774 macrophages (40). Using a GFP-express-

ing L. monocytogenes strain (8), we microscopically monitored
invasion and intracellular growth and found that both conflu-
ent and semiconfluent HBMEC monolayers became infected.
Since the gfp gene was put under the transcriptional control of
the actA promoter, which is highly active, whereas the bacteria
reside inside the host cell’s cytoplasm (8), GFP-labeled bacte-
ria became visible approximately 2 h postinfection. Therefore,
GFP expression under the control of the actA promoter also
allows the use of GFP expression as a marker of intracytoplas-
mic localization. Looking carefully at the monolayers, we often
found that cells that became infected by L. monocytogenes were
not fully integrated into the monolayer but were located on top
of other HBMEC. This location probably gives the bacteria
access to those areas of the cell that allow efficient adhesion
and invasion but which otherwise are protected by neighboring
cells in an intact monolayer. This observation is also in line
with the notion that subconfluent monolayers are more readily
infected compared to confluent ones (data not shown). Surpris-
ingly, even heavily infected HBMEC monolayers at late time
points postinfection still appear undamaged, suggesting that
HBMEC are highly resistant to lysis by intracellular L. mono-
cytogenes.

As was evident from the pictures of the heavily infected foci
originating from single infected cells, intracellular movement and
cell-to-cell spread occur in L. monocytogenes-infected HBMEC.
However, actin tails were only rarely found in L. monocyto-
genes-infected cells at 6 h postinfection. At 20 h postinfection,
the intracellular bacteria were all covered with F actin and
became visible upon TRITC-phalloidin staining, but actin tails
were again rarely found and in most cases they were relatively
shorter than the actin tails documented from L. monocyto-
genes-infected Caco-2 and PtK2 epithelial cells (7, 27, 31) and
J774 macrophages (48). This suggests that the process of G
actin recruitment or actin tail formation is slower in HBMEC
than in other cell types such as PtK2 cells or Caco-2 cells,
which were mostly used to analyze listerial intracellular move-
ment. Whether these shorter actin tails are due to differences
in listerial ActA expression or to differences in the concentra-
tion of cellular G actin (or other cellular molecules necessary
for this process) is not known at present.

Internalin (InlA) was thought to be the major invasion factor
of L. monocytogenes (16), but it became clear that this protein
is of dominant importance only in the invasion of Caco-2
epithelial cells. In contrast, InlB was shown to be the critical
protein for the invasion of numerous other cell lines, such as
HeLa, HEp-2, Henle 407, L929, and Vero cells and hepato-

FIG. 6. Results of heterologous plaque assays with L. monocytogenes EGD,
L. monocytogenes DinlC, and L. monocytogenes DplcB demonstrating the PC-
PLC-dependent but InlC-independent spread of L. monocytogenes from P388D1
macrophages to different mammalian cell types, including fibroblasts, epithelial
cells, hepatocytes, and HBMEC.

TABLE 2. Summary of the results of the
heterologous plaque assays

Target cell line

Plaque formationa with L. mono-
cytogenes strain:

WL-105
(DplcA)

WL-103
(DplcB)

WL-106
(DplcA
DplcB)

DinlC
(DinlC)

EGD
(WT)

HBMEC (human brain,
endothelial)

1* 2 2 1* 1*

Cos-1 (green monkey
kidney, fibroblast)

1 2 2 1 1

Caco-2 (human colon,
epithelial)

1 2 2 1 1

TIB 73 (mouse liver,
hepatocyte)

1 2 2 1 1

a 1, Plaques formed on monolayer of target cells; 2, no plaques formed on
monolayer of target cells; *, plaques were diffuse due to a lack of complete cell
death. WT, wild type.
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cytes (5, 11, 29). The findings presented here add HBMEC to
this growing list of cell types for which efficient invasion of
L. monocytogenes depends only on InlB. Our data are also in
perfect agreement with the recent report of InlB-dependent
HUVEC invasion (33). At present there is no way to predict
which of the two proteins is the invasion factor for a given cell
line. This might change as soon as the cellular receptor for InlB
is known. Whether the cellular receptor for InlA, E-cadherin
(30), is expressed on HBMEC is, to our knowledge, not yet
known and it is also not known whether InlA binds to the vas-
cular homologue of E-cadherin, VE-cadherin. From the sequence
similarity of InlA and InlB on one side and E-cadherin and
VE-cadherin on the other side, one might speculate that InlB,
which is absolutely required for HBMEC invasion, might be
the ligand of VE-cadherin and thereby triggers L. monocyto-
genes invasion. However, it is also not known whether VE-cad-
herin is expressed by the endothelial cells used here. The data
presented here also demonstrate a strong dependence of the
invasive capacity of L. monocytogenes for HBMEC on the pres-
ence of the transcriptional regulator PrfA, since a DprfA mutant is
reduced in its invasiveness to the same extent as the DinlB mutant.
This PrfA dependence can be based on two different possibilities.
First, under the experimental conditions used here, inlB expres-
sion could be PrfA dependent, resulting in the prfA mutant’s lack
of InlB protein on the listerial surface and hence a lack of inva-
sion. The regulation of inlB expression is not yet fully understood,
but it is known that the inlB gene is transcribed from multiple
PrfA-dependent and PrfA-independent promoters that are lo-
cated either in front of the inlA gene (resulting in bicistronic
transcripts) or in the intergenic region between the inlA and the
inlB genes (4, 12, 29). The second possibility to explain the PrfA
dependence of HBMEC invasion is that InlB might confer inva-
siveness to L. monocytogenes only together with an additional, as
yet unknown protein, the expression of which is strictly PrfA
dependent. We recently reported on an InlA- and InlB-indepen-
dent invasion of HUVEC by L. monocytogenes (18), but in con-
trast to the experiments described here, the invasion of HUVEC
was analyzed in the presence of 20% pooled human serum, which
might lead to an enhanced “nonspecific” uptake of the bacteria as
described by others for HUVEC invasion in the presence of FCS
(13).

A deletion in the gene inlC encoding the small secreted in-
ternalin InlC, for which no function is known, did not result in
a significant alteration of the invasive capacity. This result is
similar to the results of invasion assays performed with the
DinlC mutant and other cell types such as Caco-2 (14). On the
other hand, a deletion in the actA gene, the product of which was
shown to participate in mediating invasion into different cell
types (1), results in a weak but reproducible reduction of the
invasive capacity. ActA probably binds to host cell heparan
sulfate proteoglycan receptors, which are found mainly on the
basolateral sides of epithelial and endothelial cells and may
contribute to the invasion of HBMEC.

The recent reports (5, 22) of an InlB-triggered activation of
the PI-3 kinase being necessary for invasion of Vero cells prompt-
ed us to evaluate the role of PI-3 kinase in HBMEC invasion.
However, our experiments in the presence of the PI-3 kinase
inhibitor wortmannin did not reveal any inhibitory effect of this
drug on L. monocytogenes invasion of HBMEC at concentra-
tions sufficient to completely inhibit Vero cell invasion. This
surprising result shows that the link between InlB-mediated in-
vasion and PI-3 kinase activation shown in Vero cells is obvi-
ously not a general phenomenon, as already mentioned in a
recent study by Ireton and Cossart (21). Possibly, InlB binds to
different receptors on different cell types that might be con-
nected to different signaling pathways, some of which may not

involve activation of PI-3 kinase. Cytochalasin D sensitivity of
the invasion process was found as expected, but it was also found
that the microtubule-depolymerizing drug nocodazole weakly,
but reproducibly, inhibited invasion, adding another example
to the growing number of cases in which, in addition to the
well-known actin-based invasion mechanism, microtubules
play a role in the uptake process of L. monocytogenes (19, 25).

The actin-based intracellular movement and cell-to-cell spread
of L. monocytogenes were studied in detail in recent years by
using cell culture and in vitro systems. However, besides the
actin nucleator protein ActA (9, 24), only the plcB gene prod-
uct, a broad-spectrum phospholipase called PC-PLC, was shown
to be involved in cell-to-cell spread by being necessary for the
lysis of the double-membrane vacuole (44, 50). The spread
from cell to cell was mostly analyzed by evaluating plaque
formation efficiency in monolayers of L2 or 3T3 fibroblasts (24,
27). Heterologous spreading of L. monocytogenes was demon-
strated only once from human U937 monocyte-like cells into
HUVEC by Giemsa staining of the infected HUVEC mono-
layer (13). In the present study we describe a new method of
heterologous plaque assays in which the transfer of the bacte-
ria from one cell type to another can be monitored. This assay,
which involves the use of preinfected macrophages and mono-
layers of epithelial, fibroblast, hepatocyte, or endothelial cells,
allowed us to demonstrate that (i) L. monocytogenes spreads ef-
ficiently from macrophages into all these cell types, (ii) the
phospholipase PC-PLC is necessary for spreading from one
cell type to another, and (iii) the PI-PLC and the small inter-
nalin InlC are not necessary for efficient heterologous spread-
ing. The small internalin InlC is secreted into the cell culture
supernatant in vitro and is efficiently synthesized in the late stage
of a macrophage infection when L. monocytogenes starts spread-
ing (14). It was therefore suggested that this protein could upon
secretion interact with the host cell membrane during the spread-
ing process (14). Our data, however, clearly argue against such a
role for InlC. The plaques formed upon heterologous spreading
in the different cell types varied slightly in size and shape showing
that the spreading efficiency of L. monocytogenes differs with the
cell types used. In contrast to all of the other cells, the plaques
formed on the HBMEC monolayers are hardly visible since only
some of the infected cells died, resulting in very faint plaques.
Taken together with the results obtained with the GFP-express-
ing bacteria, this finding shows the high resistance of HBMEC
to killing by intracellular L. monocytogenes. Whether this resis-
tance to bacterial killing is also observed in the in vivo situation
of infected experimental animals will be analyzed in the future.
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