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Pyelonephritogenic Diffusely Adhering Escherichia coli EC7372 Harboring
Dr-II Adhesin Carries Classical Uropathogenic Virulence Genes

and Promotes Cell Lysis and Apoptosis in Polarized
Epithelial Caco-2/TC7 Cells
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Diffusely adhering Escherichia coli (DAEC) strains expressing adhesins of the Afa/Dr family bind to
epithelial cells in a diffuse adherence pattern by recognizing a common receptor, the decay-accelerating factor
(CD55). Recently, a novel CD55-binding adhesin, named Dr-II, was identified from the pyelonephritogenic
strain EC7372. In this report, we show that despite the low level of sequence identity between Dr-II and other
members of the Afa/Dr family, EC7372 induces pathophysiological effects similar to those induced by other
Afa/Dr DAEC strains on the polarized epithelial cell line Caco-2/TC7. Specifically, the Dr-II adhesin was
sufficient to promote CD55 and CD66e clustering around adhering bacteria and apical cytoskeleton rearrange-
ments. Unlike other Afa/Dr DAEC strains, EC7372 expresses a functional hemolysin that promotes a rapid
cellular lysis. In addition, cell death by apoptosis or necrosis was observed in EC7372-infected Caco-2/TC7
cells, depending on infection time. Our results indicate that EC7372 harbors a pathogenicity island (PAI)
similar to the one described for the pyelonephritogenic strain CFT073, which carries both hly and pap operons.
Cumulatively, our findings indicate that strain EC7372 can be considered a prototype of a subclass of Afa/Dr

DAEC isolates that have acquired a PAI harboring several classical uropathogenic virulence genes.

Urinary tract infections (UTIs) are among the most common
bacterial infections in humans. Escherichia coli, the dominant
etiologic pathogen in UTIs, accounts for more than 80% of all
cases (3). Epidemiological studies show that diffusely adhering
E. coli (DAEC) strains, defined by Scaletsky et al. (53), are
involved in 30 to 50% cystitis in children, 30% pyelonephritis
in pregnant women, and recurrent UTIs in young adult women
(22, 33, 48). In addition, a subset of DAEC strains has been
found associated with diarrhea. The DAEC family consists of
a heterogeneous group of E. coli strains whose virulence fac-
tors, except for their adhesin, remain largely unknown. Some
DAEC strains may be evolutionarily close to enteroaggregative
E. coli (EAEC) (14). On the other hand, a subset of diffuse
adhering strains have been renamed diffusely adhering enter-
opathogenic E. coli (DA-EPEC) because they contain a homo-
logue of the locus of enterocyte effacement pathogenicity is-
land (PAI) and exhibit pathogenic properties characteristic of
enteropathogenic strains (4). DAEC strains express adhesins
of the Afa/Dr family, which include the afimbrial adhesins
AfaE-I (34) and AfaE-III (35), the Dr adhesin (42), and the
fimbrial F1845 adhesin (9). The structural assembly genes cod-
ing for Afa/Dr adhesins are similar in organization, consisting
of operons of at least five genes. Genes A to D, encoding
accessory proteins, are highly conserved between the family
members, whereas the gene E encoding the adhesin molecule
itself is more divergent.
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Afa/Dr adhesins mediate bacterial adhesion in a diffuse ad-
herence pattern to erythrocytes (44) and epithelial cells (5, 6)
by binding to a common receptor, the decay-accelerating factor
(CD55), a complement regulatory protein (36). The CDS5S
molecule has four contiguous short consensus repeat (SCR)
domains, followed by a serine/threonine-rich C-terminal do-
main. A glycosylphosphatidylinositol (GPI) anchor attaches
the molecule to the outer leaflet of the cell membrane. The
Afa/Dr adhesins bind preferentially to the SCR3 domain on
the CD55 molecule (43). CDS55 is present in several tissues,
including renal tissue (Bowman’s capsule and basement mem-
branes) and the uroepithelium of the urinary tract. Afa/Dr
adhesins (F1845 and Dr) recruit the brush border-associated
GPI proteins CD55 and carcinoembryonic antigen (CD66e)
around adhering bacteria (23, 24), suggesting that GPI-associ-
ated signal transduction is important in DAEC pathogenesis.
In addition, Afa/Dr adhesins induce F-actin disorganization
resulting from activation of a GPI-linked Ca®*-dependent sig-
nal pathway in intestinal epithelial cell lines (46).

Recently, a novel CD55-binding adhesin (termed Dr-1I) was
cloned from E. coli strain EC7372, which was recovered from
an acute gestational pyelonephritis patient (49). Dr-1I is 96%
identical to the nonfimbrial adhesin NFA-1, an adhesin asso-
ciated with UTI whose receptor has not been identified (2).
Interestingly, although NFAs have not previously been consid-
ered part of the Afa/Dr family, they are very similar in genetic
organization. Although it shows only 20% identity to the
Afa/Dr adhesins, Dr-IT adhesin displays receptor specificity for
the SCR3 domain of the CD55 molecule. To gain further
insights into the mechanism(s) of pathogenicity of the uro-
pathogenic DAEC strain EC7372, we have examined its inter-



VoL. 68, 2000

CYTOTOXIC ACTION OF DIFFUSELY ADHERING E. COLI EC7372 7019

TABLE 1. Bacterial strains used in this study

Strain Relevant characteristics Reference
EC7372 DAEQC clinical strain isolated from patient with gestational pyelonephritis, expressing Dr-II adhesin 49
TP411 DH5a recombinant strain carrying pTP411 (Amp"), encoding Dr-II adhesin 49
IH11128 DAEC clinical strain isolated from patient with pyelonephritis, expressing Dr adhesin 56
J96 UPEC clinical strain isolated from patient with pyelonephritis, hly™ cnfI™ pap™* 54
DH5a/pOMEO DHS5a recombinant strain carrying pPOMEO (Carb"), encoding cytolethal distending toxin (cdt™") 47
SE124 C600 recombinant strain carrying pSE124 (Kan"), encoding hemolysin (ily™) 17
MG1655 K-12 derivative 10

action with polarized human epithelial cells which express
CD55 (5). We show that EC7372 induces adhesin-mediated
cellular events similar to those previously observed with oth-
er Afa/Dr DAEC strains. In addition, EC7372 induces cel-
lular lysis and promotes cell death by necrosis or apoptosis.
We establish that the pyelonephritis-associated strain EC7372
contains the hemolysin-encoding gene hly4 and our results
strongly suggest that hlyA is located on a known PAI, that of
strain CFT073 (PAlpros3). We present here the first detailed
study on an Afa/Dr DAEC strain in which virulence factors
other than the adhesin have been identified. Our findings in-
dicate that EC7372 can be considered a prototype of a subclass
of uropathogenic Afa/Dr DAEC isolates that have acquired a
PAI harboring several classical UTI virulence genes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used in this study are
listed in Table 1. All bacterial strains were maintained on Luria-Bertani plates;
prior to infection, bacteria were grown in Luria broth (Difco Laboratories) at
37°C for 18 h with appropriate antibiotics.

Cell lines and culture conditions. The Caco-2/TC7 clone (13) was established
from the parental human colonic adenocarcinoma cell line Caco-2 (20), which
spontaneously differentiates in culture (50). Cells were grown in Dulbecco’s
modified Eagle’s minimal essential medium (DMEM,; 4.5 g of glucose/liter; Life
Technologies) supplemented with 15% fetal calf serum (Boehringer) and 1%
nonessential amino acids (Life Technologies). The cells were maintained at 37°C
in a 10% CO,~90% air atmosphere. Differentiated cells at late postconfluence
were used for infection assays (15 days postseeding).

HelLa cells were cultured at 37°C in 5% CO,-95% air in RPMI 1640 medium
(Life Technologies) supplemented with 2 mM L-glutamine (BioWhittaker) and
10% fetal calf serum.

Cell infection assay. Prior to infection, cells were washed twice with phos-
phate-buffered saline (PBS). Infecting E. coli cells were suspended in culture
medium, and 1 ml of this suspension was added to each tissue culture plate in
order to have a multiplicity of infection of 100:1. The infection assay was con-
ducted in the presence of 1% mannose to prevent type 1 fimbria-mediated
binding. The plates were incubated at 37°C in 10% CO,-90% air for the indi-
cated time. Infected cells were then washed three times with sterile PBS to
remove nonadhering bacteria.

Antibodies. The mouse monoclonal antibody CY-CD55 directed against hu-
man CD55 was obtained from Valbiotech (Paris, France). The polyclonal anti-
CD66e rabbit antibody was from Dako (Tebu, France). Fluorescein isothiocya-
nate (FITC)-conjugated goat anti-immunoglobulin G was from Institut Pasteur
Productions (Paris, France). Staining for F-actin was performed with FITC-
labeled phalloidin (Molecular Probes, Inc.). The polyclonal anti-CD55 antibody
used to prevent Dr-II-CD55 interaction was kindly provided by D. M. Lublin
(Washington University, St. Louis, Mo.).

Immunofluorescence. Cultured cells were prepared on glass coverslips in 24-
well tissue culture plates (Corning Glass Works, Corning, N.Y.). Preparations
were fixed for 10 min at room temperature in 3.5% paraformaldehyde in PBS.

CD55 and CD66e clustering around adhering bacteria was detected on un-
permeabilized cell layers by indirect immunofluorescence as described previously
(24). Cell monolayers were incubated with antibodies directed against human
CD55 or human CD66e for 45 min at room temperature, washed, and then
incubated with FITC-labeled secondary antibody.

To visualize F-actin, coverslips were permeabilized with 0.2% Triton X-100 in
PBS for 4 min at room temperature before incubation with fluorescein-phalloi-
din for 45 min at room temperature. The coverslips were then washed three
times with PBS.

Specimens were mounted in Citifluor antifade mounting medium (Citifluor
Laboratories, Birmingham, United Kingdom). Specimens were examined by
epifluorescence using a Leitz Aristoplan microscope. All photographs were taken

on Kodak T-MAX 400 black-and-white or color film (Eastman Kodak Co.,
Rochester, N.Y.).

Hemolysin assay. For qualitative evaluation of hemolysin production, bacterial
strains were inoculated onto Columbia agar plates (Biomérieux, Dardilly,
France) containing 5% sheep blood. Hemolysis was defined as a clear zone
around or under bacterial colonies after 18 h of culture at 37°C.

Measurement of cell lysis and sugar protection. Cell lysis was determined by
measuring the release of lactate dehydrogenase (LDH) from epithelial cells in
the culture medium postinfection (Enzyline LDH kit; Biomérieux). For each
bacterial strain, assays were performed in triplicate.

Sugars of different molecular weights and molecular radius were used at 30
mM in DMEM-PBS (1:1) as protectants as previously described (8). Sucrose and
raffinose were purchased from Sigma Chemical Co. Dextran 4 and dextran 8
were purchased from Serva Laboratories.

PCR, Southern hybridization, and DNA sequencing. Colony PCR was carried
out using PCR Beads Ready To Go (Amersham Pharmacia) according to the
manufacturer’s protocol. PCRs were performed with a Gene Amp PCR system
2400 (Perkin-Elmer/Applied Biosystems), and PCR products were examined on
1% agarose gels. PCR for detection of hemolysin (hlyA), cytotoxic necrotizing
factor 1 and 2 (cnfl and -2), and cytolethal distending toxin (cdt) sequences were
performed as follows. After an initial denaturation (5 min at 94°C), samples were
subjected to 30 cycles of amplification, each of which consisted 30 s at 94°C, 30 s
at 57°C, and 1 min at 72°C. A final extension of 10 min at 72°C was performed.
Primers hlyAl (5'-CTC ATT GGC CTC ACC GAA CGG-3') and hlyA2 (5'-
GCT GGC AGC TGT GTC CAC GAG-3'), which are conserved between hlyA
sequences (GenBank accession numbers M10133 and AF037572 to AF037579)
were designed to amplify a 299-bp internal fragment from the AlyA gene. Primers
cnfA (5'-CTG AGC GGC ATC TAC TAT GAA G-3') and cnfB (5'-CCT GTC
AAC CAC AGC CAG TAC-3"), which are conserved between cnfl and cnf2,
were used to amplify a 626-bp internal fragment from cnf genes. Degenerate
primers cdtl (5'-GTW GCR ACY TGG AAY YTK CAR GG-3') and cdt2
(5'-KCM GGY KMR CGR TTR AAA TCW CC-3") were designed by compar-
ing four cdt sequences (GenBank accession numbers U03293, U04208, U89305,
and U53215) to amplify a 500-bp internal fragment from the cdt gene. The
specificity of hly4, cnf, and cdt primers was tested with both positive and negative
controls (see Results).

Detection in EC7372 of sequences encoded by PAlcgrgss (Fig. 7A) was
conducted by PCR on colonies as described above, except that annealing tem-
perature was 55°C and elongation time was 3 min. Positions of the different
primers are shown in Fig. 7A. The left junction of the PAI was amplified with
primers 697 and 698 (32); the right junction of the PAI was amplified with
primers 682 and 684 (32). Primers from PAIcpry;3 were designed according to
the published sequence (GenBank accession numbers AF081283, AF081284, and
AF081285). Primers L6-R (5'-TTC ACG AAG TAA CGC CAG-3') and L6-F
(5'-AGA TGT TAA CTA CCC TGG-3') were used to amplify a 200-bp internal
fragment from L6. Primers hlyD-F (5'-CTG AAG AGG AAG TAC TGC-3")
and hlyD-R (5'-AGA GCA GTA ACC TCC AGC-3’) were used to amplify a
575-bp internal fragment from AlyD. Primers hpl-R (5'-TAC TGA GAT GGC
TTC ATC-3") and hp4-R (5'-GCT GTC GCC AGT CGA TAC-3") were used to
amplify a 1,840-bp fragment extending from hpl to hp4. Primers papAl and
papA2 (11) were used to amplify a 856-bp fragment from papA. Primers R15-R
(5'-CCA GCC TTC CCA GCA ATC-3') and R9-R (5'-ACC TAA CAG CAG
CAC ATC-3") were used to amplify a 4,400-bp fragment extending from R9 to
R15. Primers R4-R (5'-GTA TCA CAT ATC CTG TTG-3') and R4-F (5'-ATT
CGT CAC TGA GCG CTG-3") were used to amplify a 242-bp fragment from
R4. Primers specific for each class of papG alleles have been described previously
(29).

Southern hybridization analysis was carried out using chromosomal DNA
digested by BamHI, size fractionated in 1% agarose gels, and transferred to a
nylon membrane by capillarity as described elsewhere (52). Labeling of PCR-
generated fragments (hlyA fragment or hpl-hp4 fragment) and hybridization (at
42°C) were performed using the ECL direct nucleic acid labeling and detection
system (Amersham Pharmacia) according to the manufacturer’s protocol.

DNA sequencing was performed on purified PCR products (Qiagen gel ex-
traction kit) using a dye terminator cycle sequencing kit with AmpliTaqg DNA
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polymerase (Perkin-Elmer) and an ABI PRISM 310 system. The length of DNA
sequenced from each PCR product was approximately 300 bp.

Apoptosis assay. Caco-2/TC7 cells in culture plates (Corning Glass Works)
were infected with bacteria for 1.5 h. Cells were then washed five times with
sterile PBS to remove nonadherent bacteria, treated by gentamicin (100 pg/ml)
for 1 h to kill extracellular bacteria, and incubated for 8 h at 37°C in 10%
CO,-90% air. As a positive control, cells were cultivated in presence of the
apoptosis inducer NaBt (5 mM; Sigma) as described by Kamitani et al. (31).

For morphological assessment of cells undergoing apoptosis, cells were stained
with Hoechst 33258 (5 pg/ml; Sigma) for 1 h at 37°C in 10% CO,-90% air and
costained with ethidium bromide (EB; 5 wg/ml; Eurobio, Les Ulis, France)
added just before observation. Immunofluorescent staining and cell morphology
were examined by epifluorescence with filters for UV excitation (<350 nm) and
phase-contrast microscopy using a Leitz Aristoplan microscope. All photographs
were taken on Kodak T-MAX 400 color film (Eastman Kodak).

For flow cytometry analysis, trypsinized cells were pelleted, permeabilized in
70% cold ethanol, and stored at 4°C for at least 24 h. Immediately prior to
analysis, cells were pelleted and resuspended in PBS. Propidium iodide was
added to reach a final concentration of 50 wg/ml. Cells were analyzed for DNA
content on a FACScalibur (Becton Dickinson) flow cytometer after selection on
the basis of light-scattering properties to eliminate cell debris. Due to reduced
DNA stainability, apoptotic cells accumulate in a characteristic sub-G, peak in
the DNA content profile and can thus be quantified (15). Results of one exper-
iment, representative of three, are shown.

Statistical analysis. Values are the means = standard errors of the means
from three separate experiments, each performed in triplicate.

RESULTS

E. coli EC7372 promotes the characteristic Afa/Dr adhesin-
induced cellular responses via the Dr-II adhesin. We have
previously reported that infection of cultured intestinal Caco-
2/TCT7 cells by Afa/Dr DAEC strain C1845 or IH11128, bear-
ing F1845 or Dr adhesin, respectively, induces the recruitment
of CDS55 and CD66e GPI-anchored proteins around adhering
bacteria (24). Recombinant E. coli strains expressing F1845 or
Dr adhesin also display such rearrangements. To investigate
whether strain EC7372, bearing the Dr-II adhesin, induces a
similar phenotype, we examined the distribution of CD55 and
CD66e upon infection of Caco-2/TC7 cells. Immunofluores-
cence experiments using anti-CDS55 and anti-CD66e antibodies
revealed recruitment of CD55 and CDG66e proteins around
adhering EC7372 bacteria at 1.5 h postinfection (p.i.) (Fig. 1C
and D, respectively). Similar clustering of CD55 and CD66e
was observed around adhering TP411 bacteria, which are DH5«
derivatives carrying the Dr-II adhesin operon on a plasmid
(Fig. 1E and not shown, respectively), indicating that CDS55
and CD66e recruitment is directly triggered by the Dr-II ad-
hesin. As expected, no clustering was observed with the non-
adherent strain E. coli DH5a (Fig. 1F).

We have previously demonstrated that Afa/Dr DAEC
strains induce F-actin disorganization in intestinal epithelial
cell lines due to the Afa/Dr adhesin-CDS55 interaction (6). At
1.5 h p.i., the adhering EC7372 strain promoted disorganiza-
tion of the apical F-actin, with the appearance of dense F-actin
at the perijunctional ring of infected cells (Fig. 1B), whereas
noninfected cells displayed a fine flocculated F-actin labeling
at the apical surface (Fig. 1A). This EC7372-induced F-actin
disassembly is identical to effects previously observed with
Afa/Dr strain C1845 and TH11128 (6). As shown in Fig. 1G,
TP411 (Dr-1I") also induced F-actin disorganization, indicat-
ing that the Dr-II adhesin is sufficient to mediate F-actin re-
arrangement.

Taken together, these results demonstrate (i) that E. coli
EC7372 promotes cellular responses similar to those previ-
ously observed upon infection of Caco-2/TC7 cells with other
members of the Afa/Dr DAEC family and (ii) that the Dr-1I
adhesin is sufficient to promote these responses.

E. coli EC7372 induces a rapid hemolysin-dependent cell
lysis. During the experiment reported above, we noticed that
increasing infection time of Caco-2/TC7 cells resulted in cell
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FIG. 1. Changes in the distribution of apical F-actin, CD55, and CD66e in
Caco-2/TC7 cells upon infection by EC7372 and TP411 (Dr-1I"). Cells were
infected for 1.5 h at 37°C. Fixed cells were stained with fluorescein-phalloidin for
F-actin labeling (A, B, and G) or with polyclonal antibodies anti-CD55 (C, E, and
F) or anti-CD66e (D). Apical domains of the cells were examined by epifluo-
rescence microscopy. (A) Uninfected cells show the fine flocculated F-actin
labeling which represents F-actin in the microvilli on the apical surface. (B)
EC7372-infected cells show the typical Afa/Dr-induced F-actin disassembly. (C)
CD55 clustering around adhering EC7372 bacteria. (D) CDG66e clustering
around adhering EC7372 bacteria. (E) CD55 clustering around adhering TP411
(Dr-I1") bacteria. (F) Lack of CD55 clustering with nonadherent DH5a bacte-
ria. (G) TP411-infected cells show the typical Afa/Dr-induced F-actin disassem-
bly. Magnifications, X 100.

lysis. Using phase-contrast light microscopy, we showed that
EC7372 induced lysis in a time-dependent manner (Fig. 2A to
E): cell lysis became apparent at 2 h p.i. (Fig. 2C), and at 4 h
p.i. the cell monolayer was entirely destroyed (Fig. 2E). The
extent of cell lysis was assessed by measuring LDH release
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FIG. 2. Detection of cell lysis by phase-contrast microscopy in EC7372-infected Caco-2/TC7 cells as a function of the time. (A) Uninfected cells; (B to E)
EC7372-infected cells at 1, 2, 3, and 4 h p.i, respectively; (F) TP411 (Dr-1I")-infected cells at 4 h p.i. Magnifications, X25.

from EC7372-infected Caco-2/TC7 cells. The kinetic of LDH
release in the cell culture medium correlated with the morpho-
logical analysis of cell lysis (Fig. 3). We observed similar effects
of EC7372 infection on the HeLa cell line, demonstrating that
the EC7372-induced cell lysis was not specific to the Caco-2/
TC7 cell line. On the other hand, neither cell lysis (Fig. 2F) nor
LDH release (Fig. 3) occurred when the cells were infected
with the recombinant strain TP411 (Dr-II"), indicating that
the Dr-II adhesin is not sufficient to promote cell lysis. Fur-
thermore, no cell lysis was observed at 4 h p.i. with the DAEC
strain IH11128 harboring the Dr adhesin (not shown). Taken
together, these results indicate that strain EC7372 promotes
cell lysis in different cell lines by a virulence factor distinct from
the Dr-II adhesin.

To identify the virulence factor expressed by strain EC7372
which promotes cell lysis, we investigated by PCR analysis the
presence of genes encoding known cytotoxins such as hemoly-
sin (hlyA), cytotoxic necrotizing factors (cnfl and -2), and cy-
tolethal distending toxin (cdt). As shown in Fig. 4, the use of
specific hlyA primers allowed amplification of a DNA fragment
of the same size with strain EC7372 and with the positive
control J96. In contrast, no amplification was found with
DAEC strain TH11128 or the nonpathogenic E. coli strain
MG1655. No amplification was detected using cnf and cdt
primers in strains EC7372 and IH11128, whereas amplified
DNA fragments were obtained with positive control strains
(J96 and DH50/pOMEO).

In agreement with the detection of 4ly4 DNA sequence in
EC7372, we observed a clear zone of hemolysis under EC7372

colonies cultured on sheep blood agar. Hemolysin cytolysis is
known to result from formation of aqueous pores (7, 58).
Because of the rapidity of the EC7372-induced lysis, we deter-
mined the size of the pores by using sugars of increasing mo-
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FIG. 3. Release of intracellular LDH from Caco-2/TC7 cells infected with
EC7372 as a function time. S7372 is the spent culture supernatant of EC7372 (18
h in culture). Data are presented as the percentage of LDH released from the
infected cells; 100% release (3,000 U of LDH/ml) was obtained by lysing the cells
with distilled water. Values are the means * standard errors from a minimum of
three experiments.



7022 GUIGNOT ET AL.

12345678910111213

FIG. 4. Detection of toxin-encoding genes in strain EC7372 by PCR analysis.
Lanes 1, 100-bp DNA ladder; 2 to 5, PCR with Aly4 primers on MG1655, SE124
(hly*), EC7372, and TH111-28; 6 to 9, PCR with cnf primers on MG1655, J96
(enf*), EC7372, and 1H111-28; 10 to 13, PCR with cdt primers on MG1655,
DH5a/pOMEO (cdt™), EC7372, and 1H111-28.

lecular weights as protectants (8). Neither sucrose (effective
diameter, 0.9 nm) nor raffinose (molecular diameter, 1.3 nm)
was able to completely protect cells against the EC7372-in-
duced lysis (1.5 and 24.6% inhibition of cell lysis, respectively),
whereas complete inhibition of cell lysis was obtained when
cells were treated with dextran 4 (molecular diameter, ~3 nm)
or dextran 8 (molecular diameter, ~6 nm). These results indi-
cate that strain EC7372 induces cell lysis by formation of pores
of approximately 3 nm, which is consistent with other results
obtained with purified E. coli hemolysin (8). Surprisingly, we
found that the sterile supernatant of an 18-h culture of strain
EC7372 failed to induce cell lysis (Fig. 3). A similar result was
obtained with sterile supernatants of cultures grown for 2, 5, or
7 h (data not shown). One could speculate that efficient lysis
might be dependent on cell contact mediated by the Dr-II
adhesin. However, prevention of interaction of Dr-II with
CD55 and CD66e (24) by using polyclonal anti-CD55 and
anti-CD66e antibodies did not inhibit cell lysis (94% of LDH
release at 4 h p.i.), suggesting that binding of the Dr-II adhesin
to its receptors is not required for efficient lysis.

E. coli EC7372 promotes apoptosis and/or necrosis on Caco-
2/TCT7 cells depending on infection time. Massive disruption of
the host cell membrane by pore-forming toxins overwhelms the
cellular homeostasis and results in cell destruction by necrosis.
Pore-forming proteins can also induce other subtle biochemi-
cal changes, which may result in cell death by apoptosis (39).
To determine the mechanism by which Caco-2/TC7 cells died
upon EC7372 infection, we investigated nuclear morphologies
of the cells by DNA staining and light microscopy. We used the
DNA dye Hoechst 33258, which stains normal and apoptotic
nuclei blue, whereas EB stains the nuclei of necrotic cells
orange-red because staining occurs only when the cell perme-
ability is altered.

Caco-2/TC7 cells infected with EC7372 for more than 3 h p.i.
were detached from the dishes and stained orange-red, indi-
cating cytotoxicity by necrosis (data not shown). However, fea-
tures of apoptosis were detected when the infection time was
reduced to 1.5 h. After infection, cells were treated with gen-
tamicin to kill adhering bacteria and were incubated further at
37°C. After 4 h, cells started to display the characteristic fea-
tures of apoptotic morphology (not shown), but the effect was
even clearer after 8 h (Fig. 5C). Intense cytoplasmic vacuol-
ization, reduced size, and enhanced fluorescence of condensed
and marginated nuclear chromatin were clearly visible. In
these conditions, the number of necrotic cells was not signifi-
cant. A similar morphology was observed when the apoptosis
inducer NaBt was added to Caco-2/TC7 cells (31) (Fig. 5B). In
contrast, cells infected with the recombinant strain TP411 (Dr-
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I1") (Fig. 5D) or with the DAEC strain TH11128 bearing Dr
adhesin (data not shown) showed morphologies similar to
those observed in noninfected cells (Fig. 5A), indicating that
neither apoptosis nor necrosis was induced.

To confirm the EC7372-induced apoptosis and to quantify
the process, we performed flow cytometric experiments. A
typical flow cytometric hallmark of apoptosis is the appearance
of a distinct sub-G,; hypodiploid peak, where dying cells local-
ize due to their reduced amount of DNA (18). Propidium
iodide staining generates fluorescence and allows the identifi-
cation and quantification of cells in different phases of the cell
cycle, as well as detection of the sub-G; peak. In EC7372-
infected cells (Fig. 6C), we observed a sub-G, peak containing
16% apoptotic cells, versus 2% in noninfected cells (Fig. 6A)
or in cells infected with the recombinant strain TP411 (Dr-1I™)
(Fig. 6D). A level of 32% apoptotic cells was found in NaBt-
treated cells used as a positive control (Fig. 6B).

Taken together, these results indicate that strain EC7372
induced apoptosis in Caco-2/TC7 cells infected for a short
period or necrosis when the infection time was increased. In
contrast, the recombinant strain TP411 (Dr-II") and other
DAEQC strains failed to promote apoptosis or necrosis.

EC7372 harbors a PAI similar to that of the pyelonephrito-
genic strain CFT073. Southern analysis indicated that the hlyA4
gene of EC7372 is present as a single copy and is chromosom-
ally encoded (not shown). In uropathogenic E. coli (UPEC)
strains, hly genes are often part of large virulence chromo-
somal clusters called PAIs (16). For example, the pyelonephri-
togenic strain CFT073 harbors a 58-kb PAI that contains both
hly and pap operons (26, 32) (Fig. 7A). Primers specific for the
left and right junctions of this PAI have been designed to
amplify fragments of 1.4 and 3.1 kb, respectively, from CFT(073
genomic DNA (32). Using these specific primers, we found
that similar fragments could be amplified from strain EC7372
(Fig. 7B, lanes 2 and 3). As expected, such fragments could not
be amplified from the K-12 derivative MG1655 (data not
shown). In addition, PCR products were amplified from strain
EC7372 using primers specific to the papA gene (Fig. 7B, lane
4). The PapG adhesin occurs in three known molecular vari-
ants (classes I to IIT). Using oligonucleotides specific for each
class (29), we demonstrated by PCR experiments that, similarly
to CFT073, EC7372 carries the class II papG allele (data not
shown). Because PCR fragments corresponding to hlyA, pap,
and the left and right junctions of PAligyy75 could be ampli-
fied from EC7372, we hypothesized that EC7372 contains a
PAI analog of PAl grg73-

We investigated the extent of similarity between EC7372
sequences and PAli prg,3 by performing PCR with several
couples of primers, covering different areas of the island (Fig.
7A). All five sets of primers tested gave amplification of DNA
fragments with the expected size when EC7372 was used as the
template (Fig. 7B, lanes 5 through 9), whereas no such frag-
ment was amplified from the MG1655 control (not shown). In
addition, DNA sequencing of four of these PCR fragments
(L6, hiyD, hpl-hp4, and R4) showed that sequence identity
between EC7372 and CFT073 ranges from 99.3 to 100%. To
determine whether the hly4 gene is included in the PAI, we
performed a Southern hybridization analysis of EC7372 chro-
mosomal DNA digested with BamHI. We used as probes a
DNA fragment from the hlyA gene and a DNA fragment which
is linked to AlyA in PAl gy5, hpl-hp4 (Fig. 7A). Both hlyA
and hpl-hp4 probes hybridized to a BamHI restriction frag-
ment of approximately 8 kb (data not shown). By analogy with
the CFT073 genetic organization (Fig. 7A), it is likely that Aly4
and hpl-hp4 are carried by the same restriction fragment in
EC7372. Taken together, these results strongly suggest that the
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FIG. 5. Apoptotic cells in EC7372-infected Caco-2/TC7 cells. Cells were infected for 1.5 h, treated for 1 h with gentamicin, incubated for 8 h at 37°C, and then
costained with Hoechst 33258 and EB. (A) Uninfected cells; (B) cells treated with the apoptosis-inducer NaBt; (C) EC7372-infected cells. Magnifications, X<40. The
insert shows at higher magnification (X100) an apoptotic cell in EC7372-infected cells. (D) TP411 (Dr-1I*)-infected cells. Magnification, X40. Arrows denote cells

displaying apoptotic morphologies.

hlyA gene of strain EC7372 is encoded by a PAI similar to the
one described for the UPEC strain CFT073.

DISCUSSION

In this study, we investigated the pathogenicity of the pyelo-
nephritogenic DAEC strain EC7372, which expresses a novel
Afa/Dr adhesin, Dr-II (49). Despite the low level of homology
between Dr-II and other members of the Afa/Dr family of
adhesins, Dr-II binds to the SCR3 domain of the CD55 mol-
ecule. Interaction of Afa/Dr adhesins with the CD55 molecule,
whose major function is to protect the cells against lysis by
autologous complement, can be considered as a prototypic
example of the cross-talk between a pathogen and the host
cells (1) in which interaction of bacterial adhesin with a mem-
brane-associated receptor leads to a signal transduction pro-
moting cellular responses. Binding to the CD55 molecules by
Afa/Dr adhesins triggers clustering of CD55 and CD66e mol-
ecules around adhering bacteria and F-actin disassembly (6,
24). CD55 binding is necessary but not sufficient to promote
these responses: we have shown that a mutant of the Dr ad-
hesin, in which the aspartic acid at position 54 is replaced by a
cysteine, retained the ability to bind CDS55 but failed to induce
CDS55 and CD66e clustering (24) or actin reorganization (45).
Despite the fact that Dr-II has a proline at the position corre-
sponding to Asp54, we found that interaction of EC7372 with

cultured human intestinal Caco-2/TC7 cells induces cellular
responses similar to those displayed by other Afa/Dr adhesins.
These phenotypes are promoted by the Dr-II adhesin, because
identical results are observed with a recombinant strain carry-
ing only the Dr-1I adhesin. Therefore, the low level of homol-
ogy between Dr-II and other Afa/Dr adhesins allows both
recognition of the SCR3 domain of the CD55 molecule and
induction of CD55-mediated cellular responses. This result
is in agreement with the hypothesis that the Afa/Dr DAEC
strains develop a common mechanism of pathogenicity through
interaction of their adhesins with the CD55 GPI-anchored
protein.

Despite these features shared with the other Afa/Dr DAEC
strains, EC7372 was involved in a distinct process leading to
rapid cell lysis, as shown by microscopy analysis and LDH
release measurements. Our results reveal the presence of hlyA
sequence encoding a functional hemolysin in strain EC7372.
Hemolysin is a potential virulence factor of UPEC which can
cause multiple effects, including release of iron from erythro-
cytes and direct toxicity to host cells, enhancing inflammatory
response and allowing bacteria to penetrate the renal intersti-
tium (28, 38, 55). Hemolysin is a member of the family of RTX
toxins, which promote cytotoxicity by pore formation in the cell
membrane. The kinetic of cell lysis appears to be faster than
for some other UPEC strains encoding hemolysin (38), since
the cell monolayer was completely destroyed at 4 h postinfec-
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FIG. 6. Apoptosis in EC7372-infected Caco-2/TC7 cells revealed by flow cytometric analysis. Cells were labeled with propidium iodide before cell cycle analysis by
flow cytometry. Nuclear propidium iodide fluorescence intensity was measured on a linear scale, and histograms were derived from analysis. The area marked M1
contains the apoptotic cell population. (A) Noninfected cells; (B) NaBt-treated cells; (C) EC7372-infected cells; (D) TP411 (Dr-I1")-infected cells. NaBt-treated and

EC7372-infected cells exhibited a distinct sub-G, peak.

tion. Protection experiments using EC7372-infected cells show
a predicted pore diameter of approximately 3 nm, which is in
agreement with previous results obtained for purified E. coli
hemolysin (8). The ability of DAEC strain EC7372 to rapidly
destroy polarized epithelial cells evokes the newly character-
ized pathotype named cell-detaching E. coli (CDEC) (25). This
rapid cell-detaching activity, observed on epithelial HeLa cells,
is due to a hemolysin similar to the one seen in UPEC (17, 19,
37). Cell detachment has been observed with some diffusely
adhering isolates, but it has not been established whether these
strains belong to the Afa/Dr DAEC family. Surprisingly, we
failed to detect cell lysis using EC7372 supernatant, suggesting
that EC7372 does not secrete a functional hemolysin and/or
that cell contact is important for efficient cell lysis. Prevention
of the interaction between Dr-II adhesin and CD55 and CD66e
using polyclonal antibodies did not prevent lysis, suggesting
that the binding of Dr-II to its receptors is not required for
efficient cell lysis.

Pore-forming toxins, including Staphylococcus aureus alpha-
toxin, Actinobacillus leukotoxin, and E. coli hemolysin, can
induce cell death by either apoptosis or necrosis, depending on
toxin concentration (39). Pores induced by pore-forming toxins
result in increasing cytosolic Ca®*, concentration which could
be the signal for initiation of apoptosis (12, 41). Fernandez-

Prada et al. (19) showed that E. coli hemolysin induces necrosis
on human monocyte-derived macrophages and induces apo-
ptosis on the macrophage cell line J774, suggesting that these
two cell lines can be more or less sensitive to membrane dam-
age. We investigated the mechanism by which the differentiat-
ed intestinal Caco-2/TC7 cells died upon infection by EC7372
and demonstrated host cell death with features of apoptosis or
necrosis, depending on infection time. Caco-2/TC7 cells in-
fected with strain EC7372 for more than 2 h undergo necrosis.
In contrast, cells exposed to EC7372 for 1.5 h undergo apo-
ptosis, as determined by characteristic morphological changes
and emergence of a sub-G, peak. Our results suggest that
Caco-2/TC7 intestinal cells are rather slow to undergo apopto-
sis, since clear features of apoptosis were detected when cells
were incubated for several hours at 37°C after the bacteria
have been removed. We present here the first report of induc-
tion of apoptosis in polarized epithelial cells by a hemolysin-
producing strain. Hemolysin expressed by strain EC7372 is
likely to be responsible for apoptosis; however, this inference
can be definitively validated only by using an isogenic Aly mu-
tant. In addition, we cannot exclude the contribution of some
other factor(s). In vivo, it is unclear whether EC7372 would
induce necrosis or apoptosis. DAEC strain EC7372 was recov-
ered from a patient with gestational pyelonephritis, which has
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been defined histologically as a destructive inflammatory pro-
cess. In vivo, necrotic cells generate a strong inflammatory re-
sponse. Apoptotic cells could also play a proinflammatory role,
since it has been reported that apoptosis promoted by Shigella
flexneri or Listeria monocytogenes can initiate an inflammatory
response (51, 60). Therefore, both apoptosis or necrosis could
contribute to EC7372 pathogenesis in vivo.

Hemolysin genes are often genetically linked to P pilus
genes (pap) and grouped with other virulence factors on large
DNA regions called PAIs, which have probably been acquired
by horizontal gene transfer (16, 21). Five different PAIs that
encode hemolysin have been described for UPEC strains. Our
results strongly suggest that strain EC7372 carries a PAI sim-
ilar to the one described for the highly virulent pyelonephri-
togenic strain CFT073 (26, 32). PAl g1y carries hly and pap
clusters, a putative iron transport system, and several other
genes whose functions are unknown. Chromosomal left and
right junctions appear to be similar in EC7372 and CFT073,
suggesting that the PAI is inserted at the same site in both
strains. Sequences derived from PAI 1,5 have been found in
several clinical isolates and appeared to be significantly asso-
ciated with acute pyelonephritis and cystitis (26). However, this
is the first report of the presence of this PAI in a DAEC strain.
This feature is probably not restricted to EC7372, since a
recent epidemiological study has described other isolates har-
boring Afa/Dr adhesin, the pap operon, hly4, and a marker
from PAlcprg7s (30), suggesting strongly that those strains
harbors a PAI similar to PAlzyys3. Therefore, we propose
that EC7372 be considered a prototype of a subclass of Afa/Dr

R15R
>

R15

R4R R4-F

R4

> Position of the primers used in PCR experiments

== Fragments amplified by PCR in EC7372

FIG. 7. Detection by PCR of PAlcprys3 sequences in strain EC7372. (A)
Schematic representation of PAIgrg73 (26) and positions of the primers com-
plementary to PAlgr(73 sequences used to amplify DNA fragments in EC7372.
ORFs, open reading frames. (B) Amplification in EC7372 of DNA fragments
using primers complementary to PAlcgrg73 sequences. Lane 1; 1-kb DNA lad-
der. PCR fragments of the expected sizes were amplified from EC7372 with
PAIcpro73 right-junction primers (lane 2), PAlgrg73 left-junction primers (lane
3), papA primers (lane 4), L6 primers (lane 5), hlyD primers (lane 6), hpl-hp4
primers (lane 7), R9-R15 primers (lane 8), and R4 primers (lane 9). Lane 10,
100-bp DNA ladder.

DAEQC strains that harbor a uropathogenic PAI (PAl-gro73)-
The fact that EC7372 expresses hemolysin and encodes type P
pili was not expected because epidemiological studies on uro-
pathogenic strains indicated a lack of association between
Afa/Dr adhesins and these classical UPEC-associated viru-
lence factors (3, 21, 59). In the case of EC7372, hemolysin may
play a role in the cytotoxic destruction of cells from the luminal
side of the renal tubular epithelium, which lacks the CDS55
receptor, and allow the bacteria to penetrate the interstitium.
Moreover, the association of different adhesins might improve
colonization because the P pili and Afa/Dr adhesins display
different cellular tropisms (40, 57). EC7372 contains a papG
allele from class II, which is the predominant genotype found
in acute pyelonephritis strains (27), and it has been proposed
that the PapG; 4, type of adhesin may enhance the ability of E.
coli to infect the kidneys. The presence of multiple adhesins
allows the recognition of various receptors along the urinary
tract and may be an important factor in the development of
EC7372 pathogenicity.
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