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Enteropathogenic Escherichia coli (EPEC) strains deliver effector proteins Tir, EspB, Map, EspF, EspH, and
EspG into host cells to induce brush border remodeling and produce attaching and effacing (A/E) lesions on
small intestinal enterocytes. In this study, the role of individual EPEC effectors in brush border remodeling
and A/E lesion formation was investigated with an in vitro human small intestinal organ culture model of
EPEC infection and specific effector mutants. tir, map, espB, and espH mutants produced “footprint” pheno-
types due to close bacterial adhesion but subsequent loss of bacteria; an espB mutant and other type III
secretion system mutants induced a “noneffacing footprint” associated with intact brush border microvilli,
whereas a fir mutant was able to efface microvilli resulting in an “effacing footprint”; map and espH mutants
produced A/E lesions, but loss of bacteria resulted in a “pedestal footprint.” An espF mutant produced typical
A/E lesions without associated microvillous elongation. An espG mutant was indistinguishable from the wild
type. These observations indicate that Tir, Map, EspF, and EspH effectors play a role in brush border

remodeling and production of mature A/E lesions.

Strains of enteropathogenic Escherichia coli (EPEC), an im-
portant pediatric diarrheal pathogen, colonize the small bowel
and produce characteristic attaching and effacing (A/E) lesions
on small intestinal enterocytes characterized by localized de-
struction of brush border microvilli, intimate bacterial attach-
ment, and cytoskeletal accretion beneath intimately attached
bacteria. Actin polymerization beneath bacteria frequently re-
sults in bacteria sitting on raised pedestal-like structures (23,
32). EPEC strains employ a type III secretion system (TTSS)
to deliver effector virulence proteins into host cells leading to
AJE lesion formation and diarrheal disease (9). Genes encod-
ing A/E lesion formation map to the LEE (locus of enterocyte
effacement) pathogenicity island (28) and within the LEE, Tir,
EspB, Map, EspF, EspH, and EspG are known to be translo-
cated into host cells, although only Tir and EspB have been
shown to be essential for A/E lesion formation (8, 17, 19, 29,
37). Also essential is surface expression of the bacterial adhe-
sion molecule, intimin (10).

Tir is the translocated transmembrane adaptor protein
which links extracellular EPEC to the cell cytoskeleton; the
extracellular domain of Tir binds intimin (10), while the intra-
cellular amino and carboxy termini interact with a number of
cytoskeletal proteins (13, 16). Intimin-Tir interaction triggers
Tir tyrosine phosphorylation and recruitment of Nck,
N-WASP, and Arp2/3, resulting in actin polymerization and
pedestal formation (2). EspB is both a functional component
of the TTSS (translocator protein) and an effector protein
targeted to the host cell cytosol, where it modulates the cell
actin cytoskeleton (35, 36, 39); its role as a translocator makes
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it essential for translocation of other effectors and thus for A/E
lesion formation. EspB from the closely related enterohemor-
rhagic E. coli (EHEC) has been shown to bind and recruits
a-catenin to the EHEC pedestal (26). Map is targeted to and
interferes with mitochondrial function but also promotes rapid
filopodia formation in a Cdc42-dependent manner (18, 19).
EspF is involved in disruption of the tight junction (TJ) barrier,
possibly through manipulation of the actin cytoskeleton (30); it
also plays a role in EPEC-induced host cell death (5). The
function of EspG is not known, although homology with Shi-
gella VirA, which interacts with tubulin and causes microtubule
instability, suggests EspG may play a similar role in EPEC
infection (8, 40). EspH is a modulator of the host actin cy-
toskeleton affecting filopodia and pedestal formation (37).
Thus, a number of EPEC effectors have been shown to mod-
ulate the host cytoskeleton and may be important in the events
leading to A/E lesion formation. The aim of this study was to
define the role of EPEC effectors in brush border remodeling
and A/E lesion formation with an in vitro human intestinal
organ culture (IVOC) model of EPEC infection (23) and de-
fined effector protein mutants.

Wild-type EPEC strains colonize human intestinal mucosa,
induce gross brush border remodeling, and produce A/E le-
sions. Normal pediatric duodenal mucosal biopsies taken with
informed consent and ethical approval were maintained in
organ culture and infected for 8 h with overnight Luria broth
cultures of wild-type EPEC strain E2348/69 and defined
E2348/69 mutants (Table 1), as previously described (23). Af-
ter 8 h, biopsies were thoroughly washed, fixed in 3% glutar-
aldehyde, processed for scanning electron microscopy (20),
and examined in a Philips XL30 scanning electron microscope.
Due to limitations of the human intestinal tissue available,
each strain could be examined only twice. Nevertheless, the
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TABLE 1. Strains used in this study
Phenotype
Strain Genotype Reference
BFP Intimin Tir” AJE lesions”

E2348/69 Wild-type EPEC isolate (O127:H6) + + + + 27
UMD901 bfpA mutant - + + + 41
CVD452 escN mutant + + - - 14
UMDS864 espB mutant + + - - 7
ICC171 escF mutant + + - - 38
CVD206 eae (intimin) mutant + - + - 6
E2348/69 tir tir mutant + + - - 17
E2348/69 map map mutant + + + + 19
UMDg74 espF mutant + + + + 5
E2348/69 espG espG mutant + + + + 8
E2348/69 espH espH mutant + + + + 37

¢ Tir translocation into host cells.
b Assessed in HEp-2 cells by the fluorescence actin staining test (22).

results presented were reproducible in both assays and are
representative of the phenotypes observed.

Uninfected mucosa appeared uniformly smooth, although
individual microvilli were not clearly resolved due to the pres-
ence of the brush border glycocalyx; no adherent bacteria were
present in uninfected control tissue (Fig. 1a). After an 8-h
infection with wild-type EPEC E2348/69, a good percentage of
the mucosal surface was colonized by A/E bacteria (Fig. 1b).
Brush border microvilli were now clearly resolved, and there
was typical brush border remodeling with gross microvillous
elongation particularly around the periphery of bacterial mi-
crocolonies and microvillous effacement where bacteria had
produced A/E lesions (Fig. 1c). Three-dimensional bacterial
microcolonies typical of localized adherence seen in tissue
culture cell adhesion assays were not seen—only two-dimen-
sional colonies of A/E bacteria. Cells without adherent bacte-
ria appeared normal and were indistinguishable from unin-
fected tissue. These observations obtained with pediatric tissue
are typical of those previously described for adult tissue (23).
Typical EPEC strains possess a large EPEC adherence factor
(EAF) plasmid which encodes a bundle-forming pilus (BFP)
involved in interactions between bacteria and in adhesion to
host cells (3, 11). An identical pattern of mucosal colonization
to that of the wild type was seen with an E2348/69 bfpA mutant
strain UMD901(Table 1) (Fig. 1d), except that this strain, in
the absence of BFP production, was less efficient than the wild
type at colonizing the mucosal surface, as we previously dem-
onstrated for an EAF plasmid-cured derivative of E2348/69
(23).

EPEC strains lacking intimin are able to induce brush bor-
der remodeling but unable to form A/E lesions. Intimin was the
first protein shown to be essential for A/E lesion formation
(15). Intimate EPEC adhesion and pedestal formation involves
interaction between bacterial intimin and translocated and mem-
brane-inserted Tir. The E2348/69 intimin mutant CVD206 (Table
1) still possesses nonintimate adhesins and a functional TTSS and
can adhere to and translocate effectors into host cells, including
Tir, but is unable to form intimate bacterial adhesion and A/E
lesions (3, 6). In this study, virtually no adherent CVD206 bacte-
ria were seen after an 8-h infection, although large areas of mu-
cosa that had undergone some brush border remodeling were
evident: mucosa with elongated brush border microvilli could be

seen, and, in some areas of such modified mucosa, regions of
microvillous effacement were present (Fig. 2). Such features were
never seen on uninfected mucosa, on mucosa infected for 8 h with
a commensal E. coli strain, or on mucosa incubated with culture
medium from an 8-h CVD206 infection from which the bacteria
had been removed, indicating that they were probably caused by
CVD206 bacteria. This conclusion is supported by observations
from short IVOC infections in which bacteria primed as ready to
produce A/E lesions (4) were incubated with mucosal biopsies in
suspension on a rotary mixer (3). Following a 1.5-h IVOC infec-
tion, CVD206 bacteria were seen adhering to the mucosa in small
microcolonies and had induced localized microvillous remodeling
but without intimate attachment or A/E lesions (Fig. 2, inset) (3).
These observations are consistent with CVD206 being able to
adhere to the mucosa initially, probably via BFP (3), and trans-
locate effectors which induce microvillous elongation and efface-
ment. In the absence of intimin-Tir interaction and A/E lesion
formation, BFP-mediated bacterial dispersal (1, 25) would then
explain the lack of adherent bacteria seen after 8 h.

EPEC strains deficient in type III secretion adhere and
produce a noneffacing bacterial footprint. Mutants deficient in
critical components of the EPEC TTSS do not produce a
functional translocation apparatus (24, 38) and are therefore
unable to translocate effectors into the host cell to produce
AJE lesions. They do, however, produce BFP and express sur-
face intimin. Three TTSS mutants lacking EscN, EscF, and
EspB (Table 1) were examined in 8-h IVOC assays, and these
strains produced a new adherence phenotype that we have
termed a “noneffacing footprint” (Fig. 3). Some bacteria
showed close adherence to the mucosal surface, although this
could not be intimin-Tir intimate adherence, since Tir is not
being translocated; other bacteria, however, appeared to have
come away from the surface, leaving a bacterial footprint which
clearly outlined the shape of the bacterium (Fig. 3). To form
this type of footprint, there has been limited elongation of
some brush border microvilli around the bacterium, but this
appears quite distinct from the gross microvillous elongation
seen with wild-type EPEC. In this phenotype, the tips of brush
border microvilli are clearly resolved, showing that no efface-
ment has taken place. To produce a footprint presumably
requires interaction between molecules covering the bacterial
surface and receptors on the host cell surface. Although an
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FIG. 1. Scanning electron micrographs showing uninfected duodenal mucosa (a) and mucosa infected for 8 h with wild-type E2348/69 (b and
c¢) and E2348/69 bfpA mutant strain UMD901 (d). Control tissue displayed a uniformly smooth mucosal surface with the outline of individual
enterocytes visible, although even at high power, brush border microvilli were not resolved (a, inset); uninfected mucosa lacked any adherent
bacteria (a). Following an 8-h infection with E2348/69, a large percentage of the mucosal surface was colonized by adherent bacteria (b, asterisk).
Adherent bacteria had produced A/E lesions, and there was gross microvillous elongation, particularly around the periphery of bacterial
microcolonies (c¢). Similar features were seen with the bfp4 mutant strain (d). Size bars: a, 5 pm (inset, 0.5 wm); b, 10 wm; ¢ and d, 1 pm.
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FIG. 2. Scanning electron micrographs showing duodenal mucosa infected for 8 h and 1.5 h (inset) with intimin (eae) mutant strain CVD206.
After 8 h, virtually no adherent bacteria were seen, although areas of mucosa with elongated brush border microvilli could be seen and, in some
areas of such remodeled mucosa, regions of microvillous effacement appeared to be present (asterisk). Adherent CVD206 bacteria were present
following a short 1.5-h infection, and these were associated with areas of brush border remodeling (inset). Size bars, 0.5 pm.

intimin mutant, CVD206, appeared to be similarly able to
efface brush border microvilli, its inability to produce a bacte-
rial footprint suggests that intimin may be important. Under
the infection conditions being used, intimin is the major pro-
tein expressed on the bacterial surface (21), and since no Tir
has been translocated into the host cell membrane, such a
footprint might indicate interaction between intimin and a host
cell intimin receptor. Numerous pieces of evidence have indi-
cated the presence of a host cell intimin receptor (10), and one
putative receptor is nucleolin. First demonstrated to bind in-
timin y of EHEC (33), nucleolin was recently shown to bind
EPEC intimins o and B with the same affinity, albeit lower
avidity than binding to Tir (34). Whatever the nature of this
bacterium-cell interaction, removal of bacteria to reveal a foot-
print would suggest that the interaction is not particularly
strong. We have previously shown that EPEC strains express-
ing intimin but lacking other initial attachment factors such as
BFP and a functional TTSS are unable to adhere to brush
border cells (3). Lack of a functional TTSS in these strains
suggests that BFP may also be important to promote initial
attachment prior to the more close attachment seen in the
noneffacing footprint.

Brush border microvilli are not usually clearly resolved by
scanning electron microscopy due to the presence of the brush
border glycocalyx (Fig. 1a). Interestingly, with these TTSS mu-
tants, it was noticeable that noneffaced microvilli at the site of
bacterial attachment were now clearly resolved but were not
resolved on a closely adjacent mucosal surface (Fig. 3b, aster-
isk) which appeared like normal uninfected mucosa. A similar
effect was seen with an E2348/69 espF mutant (see below).
These observations suggest that adherent EPEC cells may have
the ability to remove the brush border glycocalyx, something
that might be required to facilitate intimin interaction with Tir
during A/E lesion formation or intimin interaction with a host
cell receptor as postulated here.

EPEC strains deficient in Tir produce an effacing bacterial
footprint. Tir is the translocated transmembrane adaptor pro-
tein which links extracellular EPEC to the cell cytoskeleton
and is the only EPEC effector reported to be essential for A/E
lesion formation. Hence, in the absence of Tir, EPEC cannot
form an intimate intimin-Tir interaction or induce pedestal
formation. In an 8-h IVOC infection, a Tir mutant adhered to
the brush border and induced remodeling, including microvil-
lous effacement at the site of bacterial attachment, although
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nfected for 8 h with TTSS mutant strains CVD452 (escN) (a) and ICC171

(escF) (b). Some bacteria adhered closely to the mucosal surface, but other bacteria had come away, leaving a bacterial footprint associated with
noneffaced microvilli, the tips of which were clearly resolved in areas of bacterial attachment; microvilli were not resolved in adjacent uninfected

areas of mucosa (b, asterisk). Size bars, 0.5 wm.

gross microvillous elongation was not apparent; other bacteria,
however, appeared to have come away from the brush border
surface, leaving a bacterial footprint (Fig. 4). This footprint,
however, was distinct from the noneffacing footprint described
above for some TTSS mutants in that brush border microvilli
had been effaced at the site of bacterial attachment, leaving a
hollow structure devoid of microvilli which outlined the shape
of the bacterium (Fig. 4, inset). Consequently, we have termed
this phenotype an “effacing bacterial footprint.” This footprint

phenotype is independent of Tir but consistent with a require-
ment for effector protein translocation to induce microvillous
effacement; as with the TTSS mutants, the actual footprint
could indicate interaction between surface intimin and a host
cell intimin receptor.

EPEC strains deficient in Map and EspH produce a pedes-
tal footprint. Map and EspH have both been implicated in
filopodia formation and modulation of the host cell actin cy-
toskeleton in undifferentiated epithelial cells (18, 37). Since
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FIG. 4. Scanning electron micrographs showing duodenal mucosa infected for 8 h with an E2348/69 fir mutant strain. Some bacteria adhered
closely to the mucosal surface, but other bacteria had come away, leaving a bacterial footprint associated with cavities of effaced brush border

microvilli (inset). Size bar, 0.5 um (inset, 0.2 um).

filopodia formation occurs rapidly on bacterial contact with
cells, we examined Map and EspH mutants (Table 1) after
short 1.5-h as well as 8-h IVOC infections. Little or no adhe-
sion and brush border remodeling was observed after 1.5 h
(data not shown), and so any role of these effectors in rapid
brush border remodeling events could not be assessed. How-
ever, after 8 h, Map and EspH mutants both induced brush
border remodeling and produced what appeared to be typical
AJ/E lesions (Fig. 5). However, there were some differences
from the wild-type strain in that elongation of noneffaced mi-
crovilli, particularly in the EspH mutant, appeared to be at-
tenuated and some bacteria that had clearly formed pedestals
had come away, leaving a third type of bacterial footprint,
which we have termed a “pedestal footprint.” Clearly defined
pedestal structures had formed, but the overlying bacterium
was no longer present (Fig. 5, insets). We have never seen
pedestal footprints with wild-type E2348/69, suggesting there is
something defective with A/E lesions produced by the Map
and EspH mutants. These mutants might express reduced sur-
face intimin or translocate reduced amounts of Tir, resulting in
a weaker intimin-Tir interaction, but this was not apparent
following fluorescence imaging of intimin and Tir in infected

HEp-2 cells (data not shown). More likely, based on their
recognized cytoskeleton-modulating effects (18, 37), Map and
EspH effectors might, in some way, be modulating Tir inter-
action with the cytoskeleton, which in turn modulates Tir-
intimin interaction.

EPEC strains deficient in EspG are indistinguishable from
the wild type. The function of EspG is unclear, although, like
VirA in Shigella, it might function in modulation of the micro-
tubule cytoskeleton (40). In an 8-h IVOC infection, an EspG
mutant (Table 1) produced brush border remodeling and A/E
lesions typical of wild-type E2348/69 (Fig. 6). EspG is not
required for A/E lesion formation in undifferentiated cells (8),
but it is possible that it might play a role in A/E lesion forma-
tion in intestinal epithelial brush border cells but was not seen
in this study because of genetic redundancy. Some EPEC
strains, including E2348/69, possess the EspC pathogenicity
islet which encodes Orf3, a homologue of EspG (8). It is now
becoming clear that EPEC strains possess additional non-
LEE-encoded effectors that are delivered to host cells (12).
Translocated Orf3 could therefore be compensating for the
lack of EspG, thus resulting in an EspG mutant behaving like
the wild type.
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FIG. 5. Scanning electron micrographs showing duodenal mucosa infected for 8 h with E2348/69 map (a) and espH (b) mutant strains. Both
strains induced microvillous effacement and formed A/E lesions, although unlike the wild type, some bacteria had come away from what appeared
to be perfectly formed pedestals (a and b, insets). Size bars: a and b, 0.5 wm (insets, 0.2 pm).

EPEC strains deficient in EspF do not induce microvillous
elongation. EspF has been implicated in disruption of cell TJs
but not in A/E lesion formation (30). In an 8-h IVOC infection,
an EspF mutant (Table 1) produced typical A/E lesions with
localized effacement of brush border microvilli (Fig. 7). How-
ever, with this mutant the remaining noneffaced microvilli were
highly uniform in length, which is very different from that
observed with wild-type E2348/69-infected cells, in which mi-
crovilli are frequently highly elongated; microvilli in EspF mu-
tant-infected cells were typical of normal brush border mi-
crovilli, although looking at Fig. 7 one might get the impression
that the microvilli of infected cells are elongated compared to
those of adjacent uninfected cells. This is because, as we have
previously shown, EPEC-infected cells become raised above
the level of surrounding uninfected cells (23), giving the im-
pression that normal microvilli of infected cells are elongated.
These observations suggest that EspF might play a role in
brush border remodeling in addition to its role in modulating
TJ structure and function (31).

While this study has identified some interesting new intesti-
nal brush border phenotypes associated with intimin, TTSS,
and effector protein mutants, the study failed to identify dis-
tinct functions associated with individual effector proteins in
relation to the brush border remodeling events that occur
during A/E lesion formation. This probably reflects the fact
that, with single-gene-knockout mutants, one is not observing
the effects of a single effector protein but rather the net effect
of the remaining effectors. The identification of specific effec-

FIG. 6. Scanning electron micrograph showing duodenal mucosa
infected for 8 h with an E2348/69 espG mutant strain. Bacteria pro-
duced A/E lesions and brush border remodeling indistinguishable from
that of wild-type strain E2348/69. Size bar, 0.5 pwm.
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FIG. 7. Scanning electron micrograph showing duodenal mucosa infected for 8 h with an E2348/69 espF mutant strain. This strain colonized
the mucosa and produced typical A/E lesions (inset). Noticeably, infected cells were raised above the surrounding uninfected mucosa and uneffaced
microvilli were all uniformly long and not elongated; microvillous tips were also resolved in infected cells compared to adjacent uninfected cells.
Size bar, 0.5 um (inset, 0.2 wm).
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