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The observation that E-cadherin is the principal epithelial receptor for the bacterial pathogen Listeria
monocytogenes led us to investigate whether N-terminal fragments of E-cadherin containing the L. monocyto-
genes binding domain could inhibit entry of the bacteria into cultured epithelial cells. Here we demonstrate that
a conditioned medium from a gastric cancer cell line (Kato III) that carries a truncating CDH-1 mutation 3�
of the L. monocytogenes binding domain can inhibit the uptake of the bacteria into Caco-2 cells. The inhibitory
activity of the Kato III conditioned medium could be mimicked by incubation of the bacteria with a recom-
binant 26-kDa N-terminal E-cadherin peptide prior to infection. Furthermore, these data suggest that cleavage
of the 80-kDa extracellular domain of E-cadherin from the cell surface may provide an innate form of pathogen
defense by acting as a decoy receptor for L. monocytogenes.

Listeria monocytogenes is the causal agent of listeriosis, a
severe food-borne disease that has a high infant mortality rate,
induces miscarriage, and promotes meningitis in immunocom-
promised individuals (23). It is internalized into epithelial cells
by a process that requires binding of the bacterial protein
internalin A (InlA) to the homophilic cell to cell adhesion
protein E-cadherin (16). The location of the InlA binding
domain in the extracellular domain of E-cadherin (11) would
suggest that E-cadherin peptides containing this site may be
capable of inhibiting the L. monocytogenes infection process.

To investigate this question, we first examined the inhibitory
effect of conditioned medium from the gastric cancer cell line
Kato III. Kato III carries a G-to-A transversion at position
1008 of CDH-1. This frameshift mutation leads to splicing at an
intronic cryptic splice sequence (19) that would be predicted to
give rise to a secreted 25-kDa N-terminal E-cadherin peptide.
Since the InlA binding site (11) is contained within the pre-
dicted 25-kDa E-cadherin fragment (corresponding to amino
acids 1 to 178 of the mature protein), we hypothesized that this
fragment would retain affinity for L. monocytogenes and be able
to inhibit the infection process.

To examine this hypothesis, we used the in vitro infection
model described by Mengaud et al. (16) to investigate the
effect of the Kato III conditioned medium on the entry of L.
monocytogenes (NCTC 7973/ATCC 35152, serotype 1a; 10 bac-
teria/cell) into Caco-2, a colorectal cancer cell line (ATCC
CRL-2102 [5]) that strongly expresses E-cadherin (16). When
the Caco-2 culture medium was changed from the standard
fetal bovine serum-supplemented (10%) Dulbecco modified
Eagle medium (DMEM) medium (Gibco-BRL) to condi-
tioned serum-free RPMI 1640 medium (Gibco-BRL) from
Kato III cells, the numbers of L. monocytogenes successfully

invading the Caco-2 cells was reduced to 22% � 8.6% of the
control levels obtained in DMEM medium (Fig. 1A and Table
1). The infection levels were not significantly affected by chang-
ing the DMEM medium to RPMI 1640 medium. To confirm
these results, Kato III cells (a kind gift from Kazuya Shinmura)
were cocultured in RPMI 1640 medium in trans-well chambers
above Caco-2 cells at a 1:1 ratio and a density of 105 cells/ml.
These cells were allowed to equilibrate overnight in serum-free
RPMI 1640 medium prior to inoculation of L. monocytogenes
into the Caco-2 compartment below the trans-well insert. Un-
der these conditions, the level of infection of the Caco-2 cells
was reduced to 26% � 7.2% (P � 0.01) of the infection level
observed when the Caco-2 cells were cultured in the absence of
Kato III cells. The Kato III conditioned medium had no sig-
nificant effect on the viability of the bacteria (results not
shown). In contrast to the inhibitory effect of the Kato III
medium, the addition of conditioned serum-free medium from
an unrelated cell line (gastric cancer cell line AGS; ATTC
CRL-1739 [1]) to the Caco-2 cells or coculture with AGS cells
in trans-well chambers had no effect on the uptake of bacteria
into the Caco-2 cells (Fig. 1B).

Infection studies were also carried out with AGS cells (using
serum-free F-12 medium), a cell line that expresses low levels
of E-cadherin (1, 9; unpublished observations). The number of
intracellular L. monocytogenes recovered from AGS cells was
15- to 20-fold lower than were recovered from Caco 2 cells (see
Table 1). Nevertheless, the addition of Kato III conditioned
serum-free RPMI 1640 medium reduced the level of infection
to 17% � 8.3% of the standard infection compared to a re-
duction to 83% � 11.2% when the infection was carried out in
RPMI 1640 medium alone.

To further test the hypothesis, we constructed a recombinant
26-kDa E-cadherin peptide (EC-26) corresponding to amino
acids 1 to 192 of the mature protein. EC-26 was constructed by
PCR amplifying human cDNA with the primers FER1f (5�-A
GCACGTCGACTAACTCCTCTCCTGGCCTCAGA-3�) and
FER1r (5�-GAGTCTAGAAAGGTCAGCAGCTTGAACCA
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C-3�) and ligating the product into the His6-tagged vector
pPROEX-1; the recombinant protein was purified from trans-
formed DH5-� cells by using nickel-nitrilotriacetic acid aga-
rose resin (Qiagen) and then gel purified (22). The addition of
increasing concentrations (5, 45, and 90 �g) of EC-26 to L.
monocytogenes suspensions prior to infection of Caco-2 cells
led to a concentration-dependent decrease in invasion of
Caco-2 cells by L. monocytogenes (Fig. 2). Thus, 90 �g of
EC-26 decreased the infection to 22% of the control infection
level. A mutant EC-26 peptide (EC-26M) carrying a proline-
to-glutamate amino acid substitution at position 16 of the ma-
ture E-cadherin protein was also constructed. This change has
been shown to abrogate the binding of E-cadherin to InlA (11).
The EC-26 M expression construct was derived from the EC-26
construct by using the QuickChange site-directed mutagenesis kit
(Stratagene) and oligonucleotides FER2f (5�-GCTGCCCAGAA
AATGAAAAAGGCGAATTTCCTAAAAACCTGGTTCAG-
3�) and FER2r (5�-CTGAACCAGGTTTTTAGGAAATTCG
CCTTTTTCATTTTCTGGGCAGC-3�). Incubation of L.
monocytogenes with increasing amounts of EC-26M failed to
significantly inhibit the infection of Caco-2 cells (Fig. 2).

To provide further evidence that the inhibitory effect of the
EC-26 peptide was a consequence of a specific interaction with
InlA, an in vitro binding assay was developed. In this assay

FIG. 1. (A) Kato III conditioned medium blocks uptake of L.
monocytogenes into Caco-2. For the standard infection, L. monocyto-
genes infection of Caco-2 monolayer took place in serum-free DMEM.
The level of infection was normalized to represent 100%. Remaining
columns: RPMI 1640 medium, infection was carried out as in the
standard infection but in serum-free RPMI 1640 medium; Kato III
conditioned medium, infection of Caco-2 monolayer in serum-free
Kato III-conditioned RPMI 1640 medium; standard trans-well, bacte-
ria were added to a Caco-2 monolayer grown in a trans-well chamber
and equilibrated in serum-free RPMI 1640 medium; Kato III/trans-
well, Kato III cells were cultured in trans-well inserts above a Caco-2
cell monolayer at a 1:1 ratio. Both cell layers were equilibrated over-
night in serum-free RPMI 1640 before addition of L. monocytogenes to
the Caco-2 layer. An asterisk denotes a significant difference at P �
0.01. (B) Effect of AGS-conditioned medium on the uptake of L.
monocytogenes into Caco-2. Infection conditions were as described in
panel A except that the RPMI 1640 medium and the Kato III-condi-
tioned RPMI 1640 medium were substituted with F-12 medium and
AGS conditioned F-12 medium, respectively. Std., standard.

FIG. 2. Effect of EC-26 (u) and EC-26M (■ ) peptides on the
uptake of L. monocytogenes into Caco-2. L. monocytogenes was incu-
bated with increasing amounts of EC-26 and EC-26M peptides for 1 h
at 37°C prior to infection of Caco-2 monolayers in DMEM medium
(an asterisk denotes a significant difference at P � 0.01). �, no added
peptide.

TABLE 1. Inhibition of entry of L. monocytogenes into epithelial cell lines by conditioned Kato III medium

Cells and culture conditions Avg no. of intracellular
bacteria/cella

% Cells infected (range
over replicates)a

Relative
infection (%)b

Caco-2
Standard conditions 5.34 � 1.26 41–66 100
Kato III conditioned plus RPMI 1640 medium 1.18 � 0.46 7–16 22
RPMI 1640 medium alone 4.58 � 0.35 35–65 92

AGS
Standard conditions 0.35 � 0.18 1.8–5.4 100
Kato III conditioned plus RPMI 1640 medium 0.06 � 0.03 0.3–0.9 17
RPMI 1640 alone 0.26 � 0.04 1.3–5.0 83

a Determined from a minimum of nine replicate experiments.
b That is, with respect to standard conditions.
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aliquots of L. monocytogenes were incubated with either EC-26
or EC-26M in serum-free RPMI 1640 medium containing 2
mM Ca2�. The bacteria were then pelleted and washed con-
secutively in phosphate-buffered saline (PBS) and 10 mM
EDTA. Since chelation of Ca2� by EDTA disrupts the inter-
action between E-cadherin and InlA (15, 16), it was predicted
that if the interaction between EC-26 and L. monocytogenes
was mediated by InlA, it would be disrupted by EDTA. After
incubation of EC-26 with L. monocytogenes, aliquots were re-
moved from the suspension, the pellet, and the wash fractions
(Fig. 3A). These aliquots were then analyzed by Western hy-
bridization with an anti-His antibody. The EDTA wash re-
leased the majority of EC-26 from the bacterial pellet, whereas
washing with PBS had little effect. In comparison, when EC-
26M was incubated with the bacteria the EDTA wash was no
more efficient at eluting the peptide from the bacteria than was
the PBS wash (Fig. 3B). This observation is consistent with the
calcium dependency of the interaction between L. monocyto-
genes InlA and E-cadherin (15, 16).

Taken together, these results provide strong evidence that
E-cadherin peptides containing the InlA binding site are able
to bind L. monocytogenes in a calcium-dependent manner and
inhibit the entry of the bacteria into epithelial cells. It is nota-
ble that E-cadherin tends to undergo cleavage by metallopro-
teases (18), resulting in the release of a soluble 80-kDa extra-
cellular domain fragment (2, 7, 18, 24). It is probable that the
80-kDa fragment also retains the ability to inhibit L. monocy-
togenes infection and therefore may act as a decoy receptor for
L. monocytogenes. Since the expression of metalloproteinases
can be induced by nonspecific inflammatory reactions and a
broad range of pathogenic virulence factors (4, 6, 12–14, 17, 20,
21), the shedding of the 80-kDa E-cadherin fragment from the
surface of epithelial cells may also be stimulated during the

early stages of L. monocytogenes infection. It is also notable
that a germ line CDH-1 mutation (1008G3T) equivalent to
the Kato III CDH-1 mutation has been described in a New
Zealand Maori family with the familial cancer syndrome he-
reditary diffuse gastric cancer (8). It will be intriguing to de-
termine whether this mutation and other germ line CDH-1
mutations occurring 3� of the InlA binding site (3, 10) could
have provided carriers with an evolutionary advantage that has
outweighed the increased cancer risk.
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