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Listeria monocytogenes is a gram-positive, nonsporulating, food-borne pathogen of humans and animals that
is able to invade many eukaryotic cells. Several listerial surface components have been reported to interact with
eukaryotic cell receptors, but the complete mechanism by which the bacteria interact with all of these cell types
remains largely unknown. In this work, we found that L. monocytogenes binds to human fibronectin, a
450,000-Da dimeric glycoprotein found in body fluids, on the surface of cells and in an insoluble component of
the extracellular matrix. The binding of fibronectin to L. monocytogenes was found to be saturable and
dependent on proteinaceous receptors. Five fibronectin-binding proteins of 55.3, 48.6, 46.7, 42.4, and 26.8 kDa
were identified. The 55.3-kDa protein was proved to be present at the bacterial cell surface. The binding of L.
monocytogenes to fibronectin adds to the number of molecules to which the bacterium is able to adhere and
emphasizes the complexity of host-pathogen interactions.

Listeria monocytogenes, a gram-positive, nonsporulating,
food-borne pathogen of humans and animals, is a facultative
intracellular organism widely distributed in the environment.
Human disease due to L. monocytogenes usually occurs in
pregnant women, newborns, the elderly, and immunocompro-
mised patients. Clinical manifestations range from mild flu-like
symptoms and gastroenteritis to septicemia, central nervous
system infections, and feto-maternal infections with abortion,
premature labor, or birth of an infected child (5, 8, 12).

The pathogenicity of L. monocytogenes is due to its capacity
to adhere to, invade, and multiply within a great variety of
normally nonphagocytic cells (enterocytes, hepatocytes, fibro-
blasts, endothelial cells, and dendritic cells). In recent years,
several listerial surface components have been reported to
interact with these eukaryotic cells. Among the listerial mole-
cules, the best characterized are the cell wall-anchored surface
proteins internalin A (InlA) and internalin B (InlB). InlA is
mainly responsible for adhesion to and invasion of enterocytes
by binding to the host cell receptor E-cadherin, whereas InlB is
mainly responsible for the uptake of the bacteria by hepato-
cytes and some epithelial or fibroblast cells by binding to an as
yet unknown receptor. Binding of InlA and InlB to eukaryotic
cells is followed by cytoskeletal rearrangement and internal-
ization of the bacteria in a vacuole (2, 3, 18, 20). The proteins
p60 and ActA were also reported to participate in the invasion
of eukaryotic cells. The cell surface-associated protein p60 is a
murein hydrolase whose activity is essential for bacterial sep-
tation. This protein is also implicated in the invasion of fibro-
blasts and hepatocytes (14, 16, 24, 30). ActA is a membrane-
anchored protein involved in actin polymerization and in the
intracellular bacterial motility leading to bacterial cell-to-cell
spread. ActA was recently shown to bind the host cell heparan
sulfate proteoglycans. This binding appears to play a role in the
invasion of CHO epithelium-like cells (1). Apart from pro-
teins, the bacterial surface polysaccharide a-D-galactose was
also reported to interact with the human hepatocarcinoma cell
line HepG2 and to play a role in the invasion of dendritic cells
(4, 13). Although the cited molecules were proved to partici-

pate in the entry of L. monocytogenes into different mammalian
cell types, mutants with deletions in adhesion protein genes or
wild-type bacteria saturated with immunoglobulin (Ig) directed
to these adhesion molecules were never completely impaired
in their invasion capacity (1, 6, 7, 10, 13, 14, 20).

Due to the large pathogenic spectrum of L. monocytogenes
(from mice to humans) and because of its capacity to invade
many different cell types and tissues, it is very probable that
some bacterial molecules are implicated in the recognition of
components common to all of these numerous infected tissues.
Fibronectin, collagen, laminin, proteoglycans, or other constit-
uents of the extracellular matrix (ECM) are found in all eu-
karyotic cell tissues and are ubiquitously associated with the
cell membrane. ECM components are thus ideal microbial
adhesion targets that many intracellular and extracellular
pathogens, including L. monocytogenes via its binding to hepa-
ran sulfate proteoglycans (1), have exploited for colonization
of tissues and initiation of infection (9, 15, 19, 22, 23, 25, 28).

In this work, we studied the capacity of L. monocytogenes to
adhere to fibronectin, a 450,000-Da dimeric glycoprotein
found in body fluids, on the surface of cells, and in an insoluble
component of the ECM.

Five previously described (11) nonclonal clinical isolates of
L. monocytogenes (strains 90/636 [sv1/2a, esterase type IB],
90/187 [sv4b, esterase type IIC], 90/207 [sv1/2b, esterase type
IIC], and 91/463 [sv1/2c, esterase type IIF]) were tested for
binding to human fibronectin. L. monocytogenes cells grown
overnight in brain heart infusion (BHI) broth were centrifuged
at 4°C (10,000 3 g), washed three times in phosphate-buffered
saline (PBS), and resuspended in PBS to an optical density at
600 nm of 0.5. Multiwell microtiter plates (Nunc-Immuno-
plate, Maxisorp F 96; Nunc, Roskilde, Denmark) were then
coated with 100 ml of this bacterial suspension (or 100 ml of
PBS as a blank) per well, air dried overnight at 37°C, washed
with PBS, and saturated (300 ml of 2% [wt/vol] bovine serum
albumin-PBS solution per well; incubation for 2 h at 37°C).
After washings with PBST (PBS containing 0.05% [vol/vol]
Tween 20), a human fibronectin (catalog no. 688851; Boehr-
inger, Mannheim, Germany) solution in PBST containing
0.2% (wt/vol) bovine serum albumin (catalog no. A-3803;
Sigma, St. Louis, Mo.) was added at 100 ml per well. After
incubation (2 h at 37°C), washings with PBST, and the addition
of peroxidase-labelled rabbit anti-human fibronectin Igs
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(Dako, Copenhagen, Denmark) (100 ml of a 1/4,000 dilution in
PBST containing 0.2% [wt/vol] bovine serum albumin per well)
and incubation for 1.5 h at 37°C, excess reagent was removed
by successive washings with PBST and PBS, and peroxidase
substrate was added (100 ml [per well] of a 0.1 M sodium
acetate buffer [pH 5.5] containing 3,39,5,59-tetramethylbenzi-
dine at 0.1 mg/ml and 0.01% [vol/vol] H2O2) and the mixture
was incubated for 10 to 30 min at room temperature in the
dark. The reaction was stopped by the addition of 100 ml of 2
M H2SO4 per well, and the A450 of each well was measured in
an enzyme-linked immunosorbent assay (ELISA) plate reader
(Titertek MS 212; ICN, Costa Mesa, Calif.).

In Fig. 1, a typical result obtained with strain 90/636 is shown
(similar results were obtained with the other four strains test-
ed). Soluble fibronectin bound in a dose-related manner to the
strains of L. monocytogenes tested and not to the bovine serum
albumin used as a control. This suggested the presence of one
or more saturable receptors for fibronectin on the cell surface.
As similar results were obtained with all five of the strains
tested, strain 90/636 was choosen for further experiments.

To investigate the chemical nature of the receptor(s), pro-
teins or polysaccharides at the bacterial surface were removed
by trypsin and mild periodate oxidation, respectively. Microti-
ter plates coated with L. monocytogenes (as described above)
were then either incubated with PBS as a control (200 ml per
well); with a solution containing trypsin (catalog no. T-8003;
Sigma) at 10 mg/ml (wt/vol), 10 mM CaCl2, and 20 mM Tris z
Cl (pH 7.4) (200 ml per well; incubation for 2.5 h at 37°C); or
successively with 10 mM Na m-periodate in sodium acetate
buffer (pH 4.5) (200 ml per well; incubation for 1 h at room
temperature in the dark) and 50 mM sodium borohydride in
PBS (200 ml per well; incubation for 30 min at room temper-
ature) as described by Woodward et al. (29). After washings,
some of the wells treated with Na m-periodate and sodium
borohydride were incubated with the solution containing tryp-
sin at 10 mg/ml, 10 mM CaCl2, and 20 mM Tris z Cl (pH 7.4)
(200 ml per well; incubation for 2.5 h at 37°C). Plates were then

washed with PBS and saturated (300 ml of 2% [wt/vol] bovine
serum albumin-PBS solution per well; incubation for 2 h at
37°C). Binding of human fibronectin (fibronectin at 25 mg/ml
[wt/vol] in PBST containing 0.2% [wt/vol] bovine serum albu-
min [100 ml per well]) was then assayed by ELISA as described
above. Fibronectin binding to treated and untreated cells was
then compared. Figure 2 shows that the binding of fibronectin
to trypsin-treated cells was strongly reduced, indicating that
the receptor(s) is in great part proteinaceous. Treatment of the
cells with Na periodate did not affect the binding of fibronec-
tin, but polysaccharides at the cell surface seem to protect
some of the fibronectin-binding protein(s) as bacterial incuba-
tion with Na periodate before trypsinization further reduced
fibronectin binding to L. monocytogenes cells.

L. monocytogenes proteins that bind fibronectin were next
identified by ligand affinity. To that end, bacteria grown over-
night in 10 ml of BHI broth at 37°C were washed with PBS,
resuspended in 1 ml of PBS containing 10 mM phenylmethyl-
sulfonyl fluoride and 1 mM EDTA, and finally lysed by soni-
cation (Sonics and Materials, Inc., Danbury, Conn.) with ice
bath cooling. The sonicate was then fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (4 and 12%
polyacrylamide for stacking and separating gels, respectively)
under denaturing conditions. Electrophoresed components
were then transferred from the polyacrylamide gel to polyvi-
nylidene difluoride (PVDF) membranes (Immobilon-P; Milli-
pore, Bedford, Mass.) by the use of a Transblot unit (217
Multiphor 2; LKB, Bromma, Sweden). The transfer buffer
contained 20% (vol/vol) methanol, 0.039 M glycine, and 0.048
M Tris (pH 8.8), and runs were made at 0.8 mA/cm2 of mem-
brane for 2 h. Transblotted PVDF membranes processed as
described by the producer were first incubated for 30 min with
PBS containing 3% (wt/vol) bovine serum albumin (room tem-
perature) and then for 2 h (at 37°C) with human fibronectin
(an 80-mg/ml solution in PBST containing 0.2% [wt/vol] bovine
serum albumin). After repeated washings with PBST, mem-
branes were incubated for 1.5 h with peroxidase-labelled rabbit
anti-human fibronectin Igs (Dako) (1/1,000 dilution in PBST

FIG. 1. Binding of soluble fibronectin to L. monocytogenes. Intact L. mono-
cytogenes 90/636 cells were immobilized on a microtiter plate and incubated with
increasing concentrations of fibronectin. After washings, bacterial attachment of
fibronectin was quantitated spectrophotometrically by an ELISA with peroxi-
dase-labelled rabbit anti-human fibronectin Ig and tetramethylbenzidine as the
substrate. Each square represents the average of three separate determinations
after subtraction of the background value (0.082) obtained in the absence of
added fibronectin. Blank values obtained when similar experiments were done in
the absence of L. monocytogenes cells were lower than 0.06 optical density (OD)
unit. Standard errors not comprised within squares are indicated by bars.

FIG. 2. Effect of trypsin hydrolysis and periodate oxidation of L. monocyto-
genes cells on the binding of soluble human fibronectin. Intact L. monocytogenes
90/636 cells immobilized on a microtiter plate were treated with PBS, Na perio-
date, trypsin, or both Na periodate and trypsin. After washings, the bacteria were
incubated with fibronectin (25 mg/ml). The attachment of fibronectin was quan-
titated spectrophotometrically by an ELISA with peroxidase-labelled rabbit anti-
human fibronectin and tetramethylbenzidine as the substrate. Binding data are
presented as the means 6 the standard deviations for six determinations. OD,
optical density.
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containing 0.2% [wt/vol] bovine serum albumin). After succes-
sive washings with PBST and PBS, a color reaction was devel-
oped by addition of a-chloronaphthol (Bio-Rad, Richmond,
Calif.) to a final concentration of 2.8 mM in the presence of
0.015% (vol/vol) hydrogen peroxide. Fibronectin bound mainly
to two proteins of 55.3 and 42.4 kDa but also reacted slightly
less with proteins of 48.6, 46.7, and 26.8 kDa (Fig. 3, lane 4).
No reaction occurred when the membrane was incubated with
the antifibronectin Ig in the absence of fibronectin (results not
shown). When similar experiments were done with cell wall
extracts of the bacteria prepared as described by Tabouret et
al. (27), a 55.3-kDa protein was found to react strongly with
fibronectin, indicating that at least one of the identified fi-
bronectin-binding proteins is expressed at the cell surface of
bacteria grown in BHI at 37°C. As conformational fibronectin-
binding sites should be destroyed by the denaturing procedure
used, it is conceivable that more fibronectin-binding proteins
exist.

In conclusion, we report here that L. monocytogenes is able
to specifically bind to fibronectin, a glycoprotein component of
body fluids, of the surface of cells, and of the ECM. Fibronec-
tin has been reported to play a prominent role in multiple
cellular processes, including cell-cell and cell-ECM adhesion,
cell migration, differentiation, platelet function, wound heal-
ing, and interaction with the cytoskeleton. All of these func-
tions are related to the capacity of fibronectin to interact with
a great variety of other molecules, e.g., collagen, heparin, fi-
brin, DNA, proteoglycans, integrins, and others. Moreover, by
developing the ability to bind fibronectin, several prokaryotic
and eukaryotic pathogenic microorganisms have exploited the
adhesion properties of fibronectin to mediate adherence to
and colonization and invasion of host cells and tissues. All of
these processes involve the binding of specific surface recep-
tors to discrete domains of the fibronectin molecule (9, 15, 19,
22, 23, 25, 28).

The role of fibronectin-binding activity in the pathogenesis
of listerial infection remains to be elucidated. A first hypoth-

esis would be that the coating of bacteria with fibronectin leads
to attachment to host cells by a two-step mechanism. The first
step would be mediated by fibronectin and/or other ECM
components and would be relatively nonspecific in that it
would occur with a great variety of host cell types and mole-
cules. This initial adherence would facilitate the interaction
with a second receptor (e.g., InlA, InlB, p60, etc.), resulting in
high-affinity, host cell-specific attachment and leading to inter-
nalization of the bacteria by previously described mechanisms.
On the other hand, it is still possible that fibronectin, by a
bridging mechanism with b1-integrin via the RGD sequence of
fibronectin, allows L. monocytogenes to use this eukaryotic
receptor for entry (at a low level) into certain host cells. In this
connection, certain pathogens, such as Mycobacterium leprae,
M. bovis BCG, and Streptococcus pyogenes, have already been
reported to use fibronectin to invade eukaryotic cells (17, 21,
26). A last hypothesis would be that the coating of the bacte-
rium with fibronectin may mask L. monocytogenes and prevent
its recognition by the host immune system and would thus
represent another mechanism developed by the bacteria to
evade the host defense system.

The binding of L. monocytogenes to fibronectin, described in
this paper, adds to the number of molecules to which the
bacterium is able to adhere and emphasizes that, as in other
bacterial pathogens, adherence to host tissues is a very com-
plex and multifactorial mechanism.

We are grateful to M. Braibant for reading the manuscript.
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