








FIG 4 Colonization of colonic epithelium by EHEC is not affected by Stx
production. (A) Scanning electron microscopy of biopsy samples from the
transverse colon infected with Stx-negative strain TUV93-0 or 85-170 for 8 h.
Images are representative of those from two independent experiments per-
formed in duplicate. Bar = 2 wm. (B) Colonic biopsy samples were infected
with wild-type (WT) EDL933 or an isogenic Stx deletion mutant (Astx) for 8 h.
Samples were viewed by scanning electron microscopy, and epithelial coloni-
zation was quantified by recording the presence or absence of adherent bacte-
ria in approximately 250 fields of view. Colonization is expressed as the per-
centage of the fields of view containing adherent bacteria. Data are shown as
means = SEMs from two independent experiments performed in triplicate.
(C) Polarized T84 cells were infected with wild-type EDL933 or EDL933 Astx
for 6 h. The numbers of adherent bacteria were quantified by plating serial
dilutions of cell lysates and determining the numbers of CFU. Colonization is
expressed as the percentage of adherent bacteria relative to the inoculum. Data
are shown as means = SEMs from five independent experiments performed in
duplicate.

colonized sample areas yielded 25.99% = 7.19% for the wild type,
whereas no areas with adherent bacteria (0%) were detected for
any of the mutant strains. Immunofluorescence staining and
transmission electron microscopy were subsequently used to eval-
uate A/E lesion formation. As shown in Fig. 6, adherent EHEC
bacteria were associated with EspA filaments and translocated Tir
and demonstrated intimate attachment and microvillous efface-
ment. In contrast, adherence of EDL933 to polarized T84 cells was
not significantly affected by the absence of EspA, EscN, or intimin
(Fig. 7A). Immunofluorescence staining of EDL933-infected po-
larized T84 cells demonstrated the formation of EspA filaments,
but translocated Tir was absent in monolayer-associated cells (Fig.
7B) and detected only in detaching cells which had lost cell polar-
ity (data not shown).

High levels of oxygen suppress EHEC adherence and A/E le-

sion formation on human colonic biopsy sampleur previous
studies have demonstrated inhibition of EHEC T3S and A/E lesion
formation on polarized T84 cells by oxygen (20). To investigate
whether oxygen also affected EHEC A/E lesion formation on co-
lonic biopsy samples and might explain the lack of colonization
observed in previous studies (17, 18), IVOC was performed under
high (95%, as in previous studies [17, 18]) or atmospheric (20%,
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FIG 5 EHEC colonization of colonic biopsy samples is dependent on intimin
and T3S. Scanning electron micrographs of biopsy samples from the transverse
colon infected with wild-type (WT) EDL933 or isogenic EspA, EscN, or in-
timin (eae) mutants for 8 h. Images are representative of those from four
independent experiments performed in duplicate. Bars = 10 pm.

as in this study) oxygen levels. As shown in Fig. 8, colonization of
EDL933 was significantly inhibited under oxygen-rich conditions.

We also performed IVOC under microaerobic (~1.5% oxy-
gen) conditions similar to those in the environment in the human
colon but observed severe epithelial cell extrusion even on nonin-
fected samples after 5 h of incubation (data not shown).

DISCUSSION

EHEC is considered a colonic pathogen, and the clinical histopa-
thology of HC is predominantly observed in the ascending and
transverse colon (1, 22). However, the intestinal pathogenesis of
EHEC has not been well explored, and this is partly due to the lack
of suitable animal model systems. Major obstacles include the
failure of EHEC to efficiently colonize the mouse or rabbit intes-

)

FIG 6 EHEC bacteria form typical A/E lesions on human colonic biopsy
samples. Colonic biopsy samples were infected with EDL933 for 8 h. Immu-
nofluorescence staining was performed for EspA (A) or Tir (B) in green and E.
coli in red. (C) Transmission electron micrograph showing intimate EHEC
adherence to host cell membrane and loss of microvilli. Images are represen-
tative of those from two independent experiments performed in duplicate.
Bars = 2 pm (A, B) or 0.5 pm (C).
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FIG 7 Adherence of EHEC to polarized T84 cells is independent of intimin
and T3S and does not involve Tir translocation. (A) Polarized T84 cells were
infected with wild-type (WT) EDL933 or isogenic EspA, EscN, or intimin (eae)
mutants for 6 h. The numbers of adherent bacteria were quantified by plating
serial dilutions of cell lysates and determining the number of CFU. Coloniza-
tion is expressed as the percentage of adherent bacteria relative to the inocu-
lum. Data are shown as means = SEMs from four independent experiments
performed in duplicate. (B) Immunofluorescence staining of polarized T84
cells infected with EDL933 for 6 h. Green, EspA and Tir; red, E. coli. Images are
representative of those from two independent experiments performed in du-
plicate. Bars = 5 pm.

tinal tract without prior removal of the resident microflora (23)
and the expression of the Stx receptor Gb3 by mouse and rabbit
intestinal epithelium, in contrast to the situation in humans (24—
26). Therefore, cell culture models have been widely applied, and
the T84 human colon carcinoma cell line has been used in many
EHEC studies, as it has the structural characteristics of colonic
crypt cells (27) and, like human intestinal epithelium, does not
express significant amounts of Gb3 and is resistant to Stx cytotox-
icity (26).

In our study, we have found that EHEC bacteria adhering to
polarized T84 cells do not form typical A/E lesions. While forma-
tion of the EspA filament and microvillous effacement were evi-
dent, no Tir translocation or actin polymerization was detected in
association with adherent bacteria. In addition, EHEC coloniza-
tion was not significantly affected by the absence of EspA, intimin,
or T3S, which suggests the involvement of other adherence fac-
tors, such as fimbriae, autotransporters, or flagella (28). These
findings are consistent with those of previous studies, which have
failed to detect EHEC actin pedestals in confluent T84 cells (29,
30). Interestingly, EHEC bacteria were still able to modulate host
cell signal transduction and function, such as intracellular calcium
levels, epithelial barrier function, and ion transport, which sug-
gests that T3S into polarized T84 cells can occur independently of
the intimin-Tir interaction or actin polymerization (29-32).

Itis currently unknown which bacterial factors cause microvil-
lous effacement during EHEC infection, but findings on the re-
lated A/E pathogen EPEC appear to be dependent on the model
system used, with adherence phenotypes even differing between
Caco-2 cell subclones (33). Whereas microvillous effacement and
bacterial sinking in Caco-2 cells have been reported to be depen-
dent on intimin and Tir (34), EPEC mutants with mutations in
intimin or Tir still cause microvillous effacement and effacing
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FIG 8 EHEC A/E lesion formation on colonic biopsy samples is suppressed by
oxygen-rich conditions. IVOC of colonic biopsy samples with EDL933 was
performed for 8 h under high (oxygen) or atmospheric (air) oxygen levels.
Samples were viewed by scanning electron microscopy, and epithelial coloni-
zation was quantified by recording the presence or absence of adherent bacte-
ria in approximately 250 fields of view. Colonization is expressed as the per-
centage of fields of view containing adherent bacteria. Data are shown as
means = SEMs from two independent experiments performed in triplicate. *,
P < 0.05.

footprints in pediatric duodenal IVOC (35). On the other hand,
EPEC microvillous effacement in porcine ileal IVOC appears to be
intimin dependent but independent of Tir (36). Our study on
polarized T84 cells demonstrates that EHEC effacement can occur
independently of Tir translocation into the host cell membrane.

A different EHEC adherence phenotype was apparent on non-
polarized T84 cells at monolayer margins or on detaching cells,
where translocated Tir and actin pedestals were observed. This
could be due to the availability of phosphatidylethanolamine or
other receptors for EHEC binding which become exposed on the
cell surface after apoptosis or cell shedding (37, 38). The ability of
EPEC to form actin pedestals on polarized T84 cells suggests that
this pathogen uses different receptors for initial binding than
EHEC and that these receptors are readily expressed on the apical
cell membrane. Another possibility for the failure of EHEC to
form actin pedestals on polarized T84 cells might be related to
particular properties of the apical T84 cell membrane which
would prevent proper EHEC Tir insertion or clustering by in-
timin.

Despite the presence of colonic pathology, it has been contro-
versial whether EHEC can colonize human colonic epithelium in
vivo, as adherent bacteria have not been reported during clinical
infections (15, 39). It has been argued that this may be because of
the progressed stage of disease at the time of endoscopy, when
bacterial adhesion may have diminished or be difficult to identify
due to extensive tissue damage (1, 17). In contrast, EHEC infec-
tions in gnotobiotic piglets, infant rabbits, and neonatal calves
have shown colonization of the terminal ileum, cecum, and colon
(12—14, 40). Adherent bacteria were associated with characteristic
A/E lesions accompanied by intimate attachment and loss of mi-
crovilli, and adherence was dependent on intimin-Tir interaction
(12, 13, 41). Ileal and colonic A/E lesions have also been repro-
duced in bovine intestinal IVOC and shown to be dependent on
Tir (42). In contrast, human IVOC studies using pediatric biopsy
samples have demonstrated EHEC binding and A/E lesion forma-
tion on terminal ileum but not colon (17, 18). However, some
minimal nonintimate adherence to colonic explants was observed
after previous incubation of EHEC with terminal ileal biopsy sam-
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ples (17). These findings have led to the hypothesis that EHEC
initially colonizes the terminal ileum and Peyer’s patches, where
bacteria are primed for subsequent spread and infection of the
colon. Similar colonization dynamics have been described for the
mouse A/E pathogen Citrobacter rodentium, which demonstrates
primary adherence to the lymphoid cecal patch before establish-
ing colonization of the colon (43). Interestingly, a recent study
using human intestinal xenografts in mice has reported T3S-de-
pendent EHEC A/E lesion formation on human colon but not on
small intestine (44).

In our study, we have found EHEC colonization of human
terminal ileum and colon ex vivo. Typical A/E lesions similar to
those previously described on terminal ileal biopsy samples were
observed on colonic explants, demonstrating intimate attach-
ment, microvillous effacement, and Tir translocation beneath ad-
herent bacteria (18, 45). Interestingly, colonic A/E lesions were
not accompanied by elongation of the surrounding microvilli, as
observed on terminal ileum. This has also been observed on bo-
vine IVOC and human intestinal xenografts and might reflect dif-
ferences in the organization of the brush border cytoskeleton in
the small intestine and colon (42, 44). Similar to previous human
intestinal xenograft and animal studies, A/E lesion formation on
human colonic explants was dependent on T3S and intimin (13,
41, 44).

In addition to Tir, the host cell protein nucleolin has been
described to be a host receptor for intimin (46), and previous
studies have shown that Stxs enhance EHEC adherence to HeLa
cells and intestinal colonization of mice by inducing surface ex-
pression of nucleolin (19). As former human IVOC studies have
been performed with Stx-negative EHEC strains (17, 18), we in-
vestigated whether Stxs could promote colonic adhesion. Our
findings on Stx-negative mutants showed that Stx production did
not significantly affect EHEC adherence to human colonic epithe-
lium, which agrees with previous results in infant rabbits, where
Stx expression did not alter colonization levels (13).

Other differences from earlier human IVOC studies by Phillips
and colleagues (17, 18) which might explain the discrepancies in
colonic colonization include the use of adult versus pediatric bi-
opsy samples and lower oxygen concentrations during IVOC.
Whereas the influence of age on EHEC colonic infection has not
been investigated, IVOC studies with EPEC have demonstrated no
significant difference in EPEC binding to adult versus pediatric
biopsy samples (47). As we also observed EHEC colonization of
pediatric colonic biopsy samples, age was not the determining
factor for our findings.

In contrast, we found that the high oxygen levels (95%) com-
monly used in IVOC to ensure sufficient tissue oxygenation and
survival (21, 48) suppressed EHEC adherence to colonic biopsy
samples. This is in agreement with the findings of our previous
study demonstrating that lower oxygen levels promote EHEC ad-
herence and T3S on polarized T84 cells (20). Similar results have
been reported for bovine intestinal IVOC, where the EHEC colo-
nization observed with air (20% oxygen) was improved compared
with that achieved with 95% oxygen without compromising tissue
integrity (42). Lower oxygen levels are also likely to explain EHEC
A/E lesion formation in human colonic xenografts (44). Interest-
ingly, high oxygen levels did not abolish EHEC A/E lesion forma-
tion on terminal ileal biopsy samples (17, 18), suggesting higher
levels of adherence to the small intestine than to the colon. This
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might be related to a thinner mucus layer with less microbiota and
easier access to the epithelium (49).

In summary, our study demonstrates for the first time that
EHEC forms typical A/E lesions on human colon ex vivo which are
dependent on T3S and intimin. Importantly, A/E lesion forma-
tion is dependent on oxygen levels and suppressed by the oxygen-
rich culture conditions generally used in IVOC. In contrast, ad-
herence to polarized T84 cells is mediated by factors other than
EspA and intimin and does not involve Tir translocation into the
host cell membrane. This study emphasizes the difference be-
tween cell culture experiments and more relevant model sys-
tems, such as IVOC, and suggests that during human infection
EHEC forms stable A/E lesions which are likely to contribute to
colonic pathology.
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