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Enteroaggregative Escherichia coli (EAEC) is an important cause of persistent diarrhea in many developing
parts of the world, yet the pathogenetic mechanisms of EAEC diarrhea are unknown. Experiments with animal
models suggest that EAEC strains damage the intestinal mucosa, and a putative cytotoxin has been described.
To characterize the mucosal effects of EAEC, we studied strain 042, which we have shown to cause diarrhea in
adult volunteers. Strain 042 was incubated in an in vitro organ culture model with biopsy-derived normal
intestinal mucosa from pediatric patients. Strain 042 adhered strongly to samples of jejunal, ileal, and colonic
mucosa. In addition, scanning electron microscopic examination of in vitro-infected intestinal biopsies re-
vealed cytotoxic effects marked by exfoliation of mucosal epithelial cells. To develop an in vitro model to study
these effects, we incubated 042 with polarized monolayers of the human intestinal epithelial cell lines Caco-2
and T84. Strain 042 adhered strongly to T84 cells but not to Caco-2 cells. T84 cells infected with 042 displayed
marked toxic effects, most prominently in areas where bacteria were adhering. The apical membrane of
damaged cells exhibited vesiculation and shedding of microvilli. The cytoplasm of affected cells displayed
subnuclear vacuolization, and in some cases, nuclei of affected cells became separated from the surrounding
cytoplasm. Severely affected cells ruptured, releasing their nuclei. Vacuolated remnant cells were seen through-
out the monolayer. Strain 042 was not internalized by T84 cells. We concluded that EAEC strain 042 alters
intestinal cell morphology, ultimately leading to cell death. Although the factor(s) required for this effect
remains to be elucidated, T84 cells may serve as a valuable model in EAEC pathogenesis studies.

Enteroaggregative Escherichia coli (EAEC) has been impli-
cated as a cause of persistent diarrhea among children in
developing parts of the world (3, 4, 8, 14, 36) and may be an
emerging cause of diarrhea in developed parts of the world (7,
23). The mechanism of EAEC diarrheagenicity is uncharacter-
ized, but several putative factors have been reported. Two
distinct fimbrial antigens have been described, either of which
may mediate the aggregative adherence (AA) phenotype in a
particular strain (25, 26). The heat-stable-toxin-like entero-
toxin EAST-1 (for enteroaggregative heat-stable toxin) has been
well-characterized by Savarino et al. (30, 31). Although EAST-
1 elicits self-limited short circuit current rises in rabbit intes-
tinal mucosa mounted in Ussing chambers, an EAST-1-pro-
ducing strain did not cause diarrhea in adult volunteers (25).
Thus, an effect of EAST-1 in vivo is unsubstantiated. More-
over, any model of EAEC diarrheal pathogenesis must explain
the characteristic persistence of EAEC diarrheal episodes.
Several studies with different systems have demonstrated

that EAEC is capable of causing destruction of intestinal mu-
cosa (34, 35). Vial et al. first showed that EAEC strains elicited
severe mucosal damage in rabbit and rat ligated intestinal
loops (35). Tzipori et al. subsequently reported that EAEC

induced much milder, but significant, mucosal changes in the
gnotobiotic piglet model (34). Several investigators have shown
that such mucosal damage also can be demonstrated in human
tissue. Eslava et al. have demonstrated mucosal damage in the
ilea of children succumbing to EAEC diarrhea in Mexico (13).
Those investigators have identified an immunogenic putative
cytotoxin of 108 kDa which elicits mucosal toxicity when in-
jected into rat ileal loops (13). Hicks et al. (16) have recently
shown that some, but not all, EAEC strains are toxic to intes-
tinal tissue obtained from patients at biopsy.
The present studies were undertaken to characterize the

effects of EAEC on intestinal mucosa and to develop a model
for EAEC mucosal toxicity. Since not all EAEC strains are
proven human pathogens, we have focused our studies on a
strain which elicited diarrhea in the majority of healthy adult
volunteers studied at our institution (25).

MATERIALS AND METHODS

Bacterial strains. EAEC strain 042 (O44:H18) was isolated from an infant
with diarrhea in Lima, Peru, in 1983. The organism adheres to HEp-2 cells in a
“honeycomb” phenotype by virtue of the AAF/II adhesin (24). Volunteers fed
042 developed watery, nonbloody diarrhea without fever or fecal leukocytes (25).
E. coliHS4, a commensal strain shown not to cause diarrhea in humans (20), was
the negative control strain used in cell culture studies; E. coliHB101 (5) was used
as a negative control strain in organ culture studies. All strains were routinely
stored at 2708C in Trypticase soy broth with 15% glycerol.
Strain 042 was cured of its 65-MDa adherence-encoding plasmid by the intro-

duction of an incompatible temperature-sensitive plasmid, pMR5 (28), and sub-
sequent cure of the latter plasmid at 448C. The plasmidless 042 derivative strain
[designated 042P(2)] is biochemically identical to the parent but does not ad-
here to HEp-2 cells. Antibiotic resistance markers of pMR5 (ampicillin and
kanamycin resistance) are not expressed by 042P(2).
Tissue culture methods. T84 and Caco-2 cells were grown as polarized mono-
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layers on collagen-coated polycarbonate filters as previously described (32, 37).
For time course experiments, bacteria were pelleted onto monolayers as de-
scribed by Donnenberg et al. (11). Tissue culture monolayers were glutaralde-
hyde fixed and embedded as previously described (22) and examined on a JEOL
JEM 1200EX11 transmission electron microscope and a JEOL JSM 35C scan-
ning electron microscope.
In vitro organ culture (IVOC). For IVOC studies, test bacterial strains were

subcultured into brain heart infusion broth and incubated at 378C without agi-
tation for 18 h. Endoscopically and histologically normal mucosal samples from
the transverse colon were obtained from three pediatric patients (ages, 12 to 15
years) undergoing endoscopic investigation for possible inflammatory bowel dis-
ease. In the adhesion assay, done essentially as described by Knutton et al. (18,
19), intestinal mucosa was incubated with the E. coli strain for 8 h in 95% O2–5%
CO2. The tissue culture medium was a 1:1 mixture of NCTC-135 medium (Sigma
Chemical Co., St. Louis, Mo.) and Eagle’s minimum essential medium (Sigma)
containing 0.5% (wt/vol) D-mannose. After incubation with bacteria, tissue spec-
imens were washed three times in fresh culture medium to remove any nonad-
herent bacteria and processed for scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). A JEOL JSM 5300 was used for SEM,
and a JEOL JEM 1200EX11 was used for TEM.
Enumeration of adherent bacteria was performed by counting bacteria from

10 random fields at a fixed magnification of 33,500. The median number of
adhering bacteria per field was calculated, and data were compared by using the
Mann-Whitney test, in which P , 0.05 was taken as significant.

RESULTS

Effect of EAEC 042 and 042P(2) on intestinal explants.
Previous reports have suggested that EAEC strains are capable
of eliciting destructive, cytotoxic effects in rat and rabbit mod-
els (35). Recently, Hicks et al. have shown that some EAEC
strains bind to and damage human intestinal explants in cul-
ture (16). For this reason, we performed experiments to de-

termine whether a known human pathogenic EAEC strain, 042
(not previously examined by Hicks et al.), is capable of causing
damage to human intestinal mucosal tissue in culture and wheth-
er the adherence plasmid is necessary for this effect. Fresh
jejunum, ileum, and colon mucosal explants obtained from
three pediatric patients were harvested and incubated with
strain 042 in tissue culture medium for 8 h. SEM of 042-in-
fected tissue revealed the presence of bacteria heavily crusted
over the mucosal surface of each intestinal specimen (Fig. 1a).
The adherence was similar to that reported by Hicks et al. for
other EAEC strains (16) in that the bacteria adhered in an
aggregative pattern, but the density of colonic adherence ap-
peared markedly greater for 042 than for other EAEC strains,
despite identical methods. Enumeration of adherent bacteria
by SEM revealed that the number of bacteria adhering to
colonic specimens was significantly greater than that of bacte-
ria adhering to specimens of small bowel mucosa (median
numbers of adherent bacteria per field, 29.5 and 2.6; P ,
0.0001).
In addition to adherence, disruption of the mucosal surface

was also apparent by SEM (Fig. 1a and b). Toxic effects on
colonic mucosa were particularly severe and were character-
ized by dilatation of the crypt openings, development of prom-
inent intercrypt crevices, and exfoliation of colonic entero-
cytes. Rounded enterocytes were observed on the surface of
the mucosa, most prominently around intercrypt crevices. The
openings of goblet cells were found to be pitted and devoid of
their apical mucus plugs. With the exception of cellular extru-

FIG. 1. Electron photomicrographs of in vitro-cultured human colonic tissue infected with EAEC strain 042 for 8 h. (a) SEM of 042-infected colon showing densely
adherent bacterial growth on the mucosal surface. Bar, 50 mm. (b) Higher magnification of 042-infected colon showing dilated crypt opening and aggregating bacteria.
Bar, 5 mm. (c) Uninfected colonic tissue. Bar, 50 mm.
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FIG. 2. TEM of T84 cell monolayers infected for 6 h. (a) Control strain E. coli HS4. The appearance of the cells is similar to that of uninfected T84 cells. (b to
e) EAEC strain 042. Note the presence of adherent bacteria (b to e), loss of microvilli (c and d), ballooning of the apical cytoplasm (c), subnuclear vacuolization (c),
and membrane vesiculation (b and d). Rupture of the cytoplasm in a severely affected cell is also visible (e). Bar, 1 mm.
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sion, these marked changes were not observed in small bowel
specimens (data not shown).
Multiple putative virulence determinants have been associ-

ated with the 65-MDa plasmid of strain 042, including adher-
ence to HEp-2 cells by virtue of the AAF/II adhesin and
expression of EAST-1 (24). To assess the effect of the 65-MDa
plasmid in mucosal damage, 042 cured of its adherence plas-
mid [designated 042P(2)] was also incubated with specimens
of pediatric intestinal mucosa. By SEM, 042P(2) was found to
elicit substantially less mucosal adherence than 042 (median
numbers of adherent bacteria per field, 29.5 and 0.0; P, 0.05).
In addition, the appearance of the colonic mucosa was indis-
tinguishable from that of negative control and uninfected ex-
plants, lacking all toxic effects which were characteristic of the
wild-type parent strain (data not shown).
Effect of 042 on Caco-2 and T84 cells.We sought to develop

an in vitro system to characterize the effects observed in the
IVOC model. Caco-2 and T84 cells were separately incubated
with 042 for 6 h. After this time, the cells were fixed, stained,
and examined by TEM (Fig. 2). Strain 042 adhered in loose
aggregates to the surface of the T84 cells (Fig. 2b and d); most
of the bacteria adhered to each other and not to the apical
surfaces of the cells, apparently via flexible fimbria-like struc-
tures observed under high magnification to extend from the
bacteria. The bacteria were not embedded within an obvious
extracellular substance. High magnification of the apical mem-
brane under adherent bacteria did not show intimate adher-
ence (Fig. 2c), as is characteristic of enteropathogenic E. coli
(EPEC). There was no discernible condensation of filamentous
actin beneath the adherent bacteria, and internalization of
bacteria was not observed. In contrast to T84 cells, 042 did not
adhere to the surface of the Caco-2 cells.
Whereas Caco-2 cells infected with 042 appeared normal,

infected T84 cell monolayers displayed marked cytotoxic ef-

fects. These effects were characterized by vesiculation of the
apical brush border (Fig. 2d); in many cells, this resulted in
total absence of the microvilli. Aggregates of vesicles often
adhered to bacteria. Vesiculation and all other toxic effects
were most severe in areas where bacteria adhered to the cells.
The cytoplasm of affected T84 cells showed marked changes.

A typical affected cell exhibited a dome-shaped morphology in
which the apical plasma membrane was denuded of microvilli
and appeared to be “ballooning” out from the normally flat
brush border (Fig. 2c and e). The apical cytoplasm appeared
hypodense and devoid of organelles; such cells also typically
developed increased vacuolization of the basolateral cytoplasm
(Fig. 2c and d). Tight junctions were morphologically intact
(Fig. 2c). In severely affected cells, the nuclei were separated
from the surrounding cytoplasm (Fig. 2b). Upward migration
of nuclei toward the apical cytoplasmic membrane was a char-
acteristic feature, and in some cells the nuclei were observed to
be expelled through the cytoplasmic membrane (Fig. 2d). The
cell nuclei themselves were relatively unaffected, as were the
mitochondria. There was no morphologic evidence of apopto-
sis. The monolayer also featured remnant cells, which ap-
peared to be much smaller than normal T84 cells and were
anucleate and vacuolated (Fig. 2d). The position of remnant
cells, or of areas where the cells themselves were exfoliated,
was generally indicated by the presence of a cleft in the mono-
layer.
SEM of 042-infected T84 cell monolayers revealed less ob-

vious changes than those revealed by TEM (Fig. 3). Aggregates
of bacteria were found to adhere to the monolayer, and there
was thinning of the normally dense microvillar lawn. Infection
with control strain HS4 yielded a normal microvillar layer.
Time course of cytotoxic effect on T84 cells. To characterize

further the cytotoxic effects induced by 042, we repeated the
above experiments but observed the monolayer after 1, 3, or
6 h of infection with 042 or control strain HS4. In this series of
experiments, the bacteria were pelleted onto the monolayer to
obtain uniform contact between the bacterial inoculum and the
T84 cells. One hour after infection, the monolayer was appar-
ently unaffected and was indistinguishable from HS4-infected
or uninfected monolayers. After 3 h, the 042-infected mono-
layer revealed adherent bacteria and mild toxic effects (Fig.
4a). The most obvious effects were seen where bacteria ad-
hered and consisted of vesiculation of the microvilli, which
were generally fewer in number. In addition, some ballooning
of cells was observed, with the result being an uneven apical
brush border on the monolayer; less than 50% of the cells in
any given monolayer were abnormal. There were no discern-
ible cytoplasmic changes at 3 h. None of these changes were
observed in HS4-infected or uninfected monolayers.
After 6 h of incubation, the brush border of 042-infected

monolayers was markedly uneven, with many bulging cells and
extensive loss of microvilli (Fig. 4b). Most cells in the mono-
layer were affected. At this time point, the cytoplasm of af-
fected cells was severely disrupted, as evidenced by apical cy-
toplasmic clearing and vacuolization (Fig. 2). There was
exfoliation and rupture of cells, and nuclear extrusion was
observed. Several nuclei were separated from the surrounding
cytoplasm. Remnant cells were heavily vacuolated.
Effect of the AA plasmid on T84 toxicity. IVOC studies

suggested that the EAEC plasmid is required for induction of
mucosal cytotoxicity, as well as adherence. We therefore incu-
bated T84 cells with the plasmid-cured strain and compared
the effects with those induced by the 042 parent. After 6 h of
incubation, T84 monolayers infected with the plasmid-cured
strain failed to demonstrate adherent bacteria and exhibited no
cytotoxic effects. Strain 042P(2)-infected monolayers were in-

FIG. 2—Continued.

VOL. 64, 1996 CYTOTOXICITY OF EAEC 4765



distinguishable from monolayers infected with strain HS4
(data not shown).

DISCUSSION

The pathogenetic mechanism of EAEC diarrhea is un-
known. The most plausible explanation for the persistent na-
ture of EAEC disease involves intestinal mucosal damage elic-
ited by these organisms, as observed by other investigators in
animal models (34, 35). More recently, such effects have been
observed in autopsy specimens from infected patients (13) and
upon infection of intestinal mucosae cultured in vitro (16).
However, the cause of this mucosal damage is not known.
As a first step in the study of EAEC cytotoxicity, we have

demonstrated toxic effects of a proven human EAEC pathogen
in organ culture of intestinal explants from children. EAEC
strain 042 was found to elicit epithelial cell extrusion in pedi-
atric jejunum, ileum, and colonic specimens. Furthermore,
crypt dilatation and microvillous vesiculation were seen in co-
lonic specimens. These findings were similar to those observed
with other EAEC strains (16). Our observations were extended
by incubating 042 with T84 and Caco-2 cells in vitro. We found
that 042 adhered substantially more to T84 cells and that this
adherence was followed by a time-dependent toxic effect on
the T84 cells but not the Caco-2 cells. The toxic effect appar-
ently began with disruption of the microvillar layer, with shed-
ding of the microvilli by vesiculation, followed by clearing of
the apical cytoplasm. Subsequently, subnuclear vacuolization
developed and the nuclei assumed a more apical position
within the cells. Severely affected cells ruptured and exfoliated
from the monolayer.
The reason why T84 cells are susceptible to the toxic effects

of 042, while Caco-2 cells are not, is unknown. Polarized T84
cells are phenotypically similar to colonic crypt cells, whereas
polarized Caco-2 cells express brush border enzymes which
suggest that they best represent a mid-villous small intestinal
epithelial cell (9, 17, 27). The difference in susceptibility be-
tween these two cell lines parallels the observation that 042
exhibits greater toxicity to colonic specimens in organ culture
than to those derived from the small bowel mucosa.
The effects exhibited by EAEC are reminiscent of, although

not identical to, the effects induced by other bacteria and

enteric toxins. The Bacteroides fragilis enterotoxin has been
shown to induce denuding of the microvilli and ballooning of
the apical membrane; however, the effects of the B. fragilis
enterotoxin also include disruption of some tight junctions and
surface blebbing, which are not induced by EAEC (6, 10, 33).
Vesiculation of the microvilli is induced by other enteric bac-
teria, most notably, EPEC (12, 15). In fact, the effects of EAEC
on T84 monolayers are similar to the attaching-and-effacing
lesion of EPEC, with the prominent exception of intimate
adherence, which EAEC does not exhibit; we have therefore
termed the phenotype induced by 042 in T84 cells “noninti-
mate effacing.” Extrusion of cells and apical cytoplasmic pallor
are also seen with EPEC infection (29). However, the cytoskel-
etal changes induced by EPEC, featuring actin accumulation
under the adhering bacteria, are not observed with EAEC, nor
is invasion observed in the T84 model. Invasion has been
reported for some EAEC strains (2), although our model sug-
gests that invasiveness is not required to induce toxic effects.
Membrane vesiculation has been reported to be due to a

severing of microvillar actin by villin in the presence of ele-
vated intracellular calcium concentrations (21). Indeed, Bald-
win et al. have described elevated intracellular calcium con-
centrations in HEp-2 cells induced by strain 042 (termed strain
JPN10 in their report) (1). We are currently investigating the
role of intracellular calcium concentrations in the induction of
the cytopathic effects we have observed.
We have shown here that the presence of the large AA

plasmid of EAEC is required for expression of the cytotoxic
effect. In a recent study, we found that this is not due strictly to
the effect of adherence, as insertion mutants which are nega-
tive for AA still elicit toxic effects in the IVOC model, albeit to
a lesser degree (24). These data suggest that a diffusible cyto-
toxin is either encoded by the plasmid itself or dependent upon
a plasmid gene for expression.
We hypothesize that the putative cytotoxin of EAEC results

in the cellular effects we have observed and may account for
the characteristic persistence of EAEC diarrhea. According to
our paradigm, EAEC infection may lead to damage to the
absorptive epithelium of the small and large intestines, which
may result in malabsorption of water and solutes. Diarrhea
may be exacerbated by intestinal secretion stimulated by one or
more enterotoxins. Epidemiologic studies suggest that EAEC-

FIG. 3. SEM of T84 cell monolayers. (a) Monolayer infected with 042 for 6 h. Note adherent bacteria and the paucity of microvilli compared with uninfected
monolayer (b). Bars, 1 mm.

4766 NATARO ET AL. INFECT. IMMUN.



caused persistent diarrhea appears to be a greater problem in
areas in which malnutrition is highly prevalent (3, 4, 14). In-
deed, Cravioto et al. have observed a highly virulent, lethal
outbreak of EAEC diarrhea in the malnutrition ward of a
Mexico City hospital (13). In addition, EAEC has recently
been implicated as a cause of diarrhea in human immunode-
ficiency virus-infected patients (23). The persistent nature of
symptoms may be due to delay in the repair of the damaged
mucosa manifested by malnourished or otherwise compro-
mised hosts. In addition, the dense AA exhibited by EAEC
isolates may also contribute to persistent colonization and
damage. Studies are under way to test this paradigm, as well as
to characterize further the cytotoxic effects of EAEC.
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