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PATHOPHYSIOLOGY OF ENTEROAGGREGATIVE
Escherichia coliINFECTION:

an experimental model utilizing

transmission electron microscopy

Jacy Alves Braga de ANDRADE', Edna FREYMULLER? and Ulysses FAGUNDES-NETO!

ABSTRACT - Context - Enteroaggregative Escherichia coli strains have been associated with persistent diarrhea in several developing
countries. In vivo procedures with animal models as rat, rabbit and gnotobiotic piglets intestinal loops, in vitro assays with cellular lines
like T84, Caco 2, HT29, HeLa e HEp-2 and in vitro organ culture with intestinal fragments have been applied to study these bacteria
and their pathogenicity. Objectives - The present experimental research assessed the pathogenic interactions of three enteroaggregative
Escherichia coli strains, using the in vitro organ culture, in order to observe and compare alterations in different regions of both, the
ileal and the colonic mucosa. Methods - This study applied intestinal fragments from terminal ileum and colon that were excised from
pediatric and adult patients that underwent colonoscopic procedures. Tissue was fixed for transmission electron microscopic study.
Each bacterium was tested with three intestinal fragments for each region. Results - Enteroaggregative Escherichia coli strains colonized
and provoked citotoxic effects in the ileal and colonic mucosa. Total or partial villi destruction, vacuolization of basal cytoplasm
of the enterocytes, epithelium detachment, derangement of the structure and epithelial cell extrusion in ileal mucosa could explain
the perpetuation of the diarrhea. Bacterial aggregates were seen in intestinal lumen associated with mucus and cellular debris and
in the intercellular spaces of the destroyed epithelium, suggesting bacterial invasion that seemed to be secondary to the destruction
of the tissue. Conclusions - Pathogenesis of persistent diarrhea should include alterations in the small bowel structures where the
digestive-absorptive functions take place. In the colonic mucosa the inflammatory lesions could explain the occurrence of colitis.
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INTRODUCTION

Diarrhea caused an estimated 13.2% of children
deaths worldwide, in 20026, The great majority of the
diarrhea episodes in the human host resolve within the
first week, however in children under the age of 5, 3%
to 19% have a persistent evolution lasting more than 2
weeks®), Persistent diarrhea has high impact on infantile
morbidity and mortality rates in developing countries
and more than 50% of the deaths due to diarrhea are
associated to persistent episodes®?. Persistent diarrhea
continues to pose enormous challenges globally. It is
critical to learn more about this disorder, most particularly
how best to define, diagnose, triage and implement
interventions. Research into epidemiology, host response
and etiology should be performed in parallel®.

Epidemiological studies have demonstrated that
enteroaggregative Escherichia coli(EAEC) are frequently
associated with persistent diarrhea in developing countries
4.10.19.30 T Brazil, recent studies showed EAEC as an
important agent of acute diarrhea in children under 5 years
0ld®3. In the USA, EAEC is one of the most common

bacterial pathogens identified in cases of diarrhea not
associated with immunodeficiency or foreign travel®.
It is known that alterations in the small bowel justify the
extension of the diarrheiogenic process® '9. Persistent
diarrhea is often manifested by a chronic enteropathy,
with impaired mucosal healing and diminished digestive
and absorptive capacity®® 9. The causes of persistent
diarrhea in populations are multifactorial such as bacterial
overgrowth®, malnutrition®, direct action of some
enteropathogenic agents on the enterocyte, cow milk and/
or food intolerance as well as prior antibiotic therapy!®*
), Pathogens detected in persistent diarrhea are often not
the same as those detected in the original acute episode,
suggesting that secondary infections may be an important
factor as a cause of the protraction of the diarrhea®.

After epidemiological evidences of the association
between EAEC infection and diarrhea®), efforts have
been made to explain the interaction of these agents
with the intestinal mucosa.

Some Escherichia coli serotypes presenting diverse
adherence properties in tissue culture assays have been
reported as important enteropathogens. One of these
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types of enteropathogenic properties called enteroaggregative
is characterized by the ability of some Escherichia coli strains
(EAEC) to produce an aggregative pattern of adherence
(AA) in cultured HEp-2 cell monolayers®?. AA is identified
by the presence of prominent bacterial auto agglutination on
the cells’ surfaces as well as on the glass coverslip free from
cells. The main characteristic of AA, however, is the layering
of bacteria, best described as a stacked-brick configuration.

The pathogenesis of EAEC is complex and EAEC strains
are very heterogeneous®. Numerous putative virulence
factors have been identified, but the clinical implication of
these factors remain unclear®). More investigations on the
interactions of EAEC with the intestinal mucosa are desirable.

The present study was designed to investigate three EAEC
strains, isolated from infants with persistent diarrhea, interacting
with ileal and colonic mucosa utilizing the transmission
electron microscopy (TEM).

METHODS

Bacterial strains and culture conditions

EAEC strains: 171-1(ONT: H1), 101-1(ONT: H1) and
71-1(ONT: H33), previously isolated from stool specimens
of hospitalized infants with persistent diarrhea in Séo
Paulo, Brazil, were selected for this study. These strains were
characterized as EAEC based on the production of the AA
pattern in HEp-2 cells adhesion assay®? and EAEC probe
hybridization®. As positive controls, the Prototype strains
042 (O44:H18)®¥ infected fragments were used.

As negative controls, non-infected intestinal fragments
were used.

Strains stored at room temperature in nutrient agar were
routinely grown on triptych soy broth, in a period of 18
hours at 37°C.

In vitro organ culture adhesion assay

Intestinal mucosa was obtained from terminal ileum and
colon excised from pediatric patients in ileal and colonic
surgeries or from ileal and colonic biopsies obtained from
adult patients that underwent colonoscopies. In both cases,
macroscopically normal tissues were selected. The fragments
were collected from 18 colonoscopies, 4 colonic surgeries
and 2 ileal surgeries. For each strain (3 wild strains and the
prototype) we did 3 individual experiments in each site.

The adhesion assays were performed as described by Knutton
et al.?®, with some modifications. Biopsies were transported
to the laboratory, after being placed in modified organ culture
medium (MOCM) adapted from that described by Embaye
et al."9 consisting of NCTC-135 (SIGMA) with 2 mM of
L-glutamin (SIGMA), MTTS8 (FLOW) and new born calf
serum. Some fragments were immediately fixed to microscopic
evaluation (uncultured controls). Fragments were fixed in
paraformaldehyde to be analyzed by TEM. EAEC strains were
tested with three intestinal fragments of each intestinal region.
Three biopsy samples were placed with their villi up on sterile
filters (AP 20; Millipore) in a plastic Petri dish (35 x 10 mm;
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Corning). The level of MOCM containing 1.0% D-mannose
was adjusted to cover the biopsy specimens with a thin film of
medium by capillary action. For adhesion studies, 60 mL of a
bacterial broth culture (overnight cultures at 37°C) was added.
Specimens incubated with tissue culture medium alone without
the addition of bacteria were used as negative controls.

Petri dishes were then incubated at 37°C in a 95% O2 — 5%
CO2 atmosphere, for 2 hours. Then, biopsy samples were washed
4 times with sterile phosphate buffered saline and incubated with
2 mL of MOCM containing 1.0% D-mannose for additional
2, 4 and 6 hours at 37°C. The culture medium was changed
completely every 2 hours to maintain pH and nutrient levels,
without reinoculation with bacterial culture. After these incubation
periods, biopsy samples were washed and prepared for TEM.

Tissue processing

Biopsies were fixed in mK, posfixed in 1% osmium
tetroxide, and after complete sequential dehydration they
were embedded in Araldite resin and maintained for 3 days
at 60°C to polymerize. Ultra-thin sections were electronically
stained with uranyl acetate and lead citrate, and analyzed by
TEM (model 1200 EX-II, JEOL), operated at 80 kV.

Ethical considerations

This study protocol was approved by the Universidade
Federal de Sao Paulo — Escola Paulista de Medicina, Sdo
Paulo, SP, Brazil - UNIFESP-EPM Ethical Commitee for
Human Experimentation. Informed written consent was
obtained from adults and parents of each participating infant.

RESULTS

Adhesion to ileal fragments

Analysis by TEM of infected fragments showed alterations
that comprised microvilli destruction, epithelium detachment
and totally destroyed areas. Bacterial aggregates were seen
directly over the disaggregated surface of the tissue (Figure 1).

FIGURE 1. Ileal fragment infected by 171-1 EAEC strain showing epithelial

surface destruction and adhesion of bacteria over the enterocytes ( ‘ )
(transmission electron microscopy: 3250x)
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Analysis by TEM of the positive control showed alterations
that comprised areas of microvilli destruction, epithelium
detachment, microvilli vesiculation and vacuolization of
the basal cytoplasm of the enterocytes (Figure 2).

FIGURE 2. Ileal fragment infected by the prototype strain 042, showing:
A — Areas of (g ) microvilli with patchy destruction ( ), epithelial
detachment, vacuolization of the cytoplasm of the enterocytes ( * ), and
internalization of some bacterial microorganisms (')

B - High power view of the enterocyte showing bacterial microorganisms
within cytoplasmatic vacuoles (TEM: A- 2600x; B- 3900x)

All the cultures were positive and non-infected ileal
fragments (negative controls) showed no apparent histologycal
lesions (Figure 3).
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FIGURE 3. Non-infected ileal fragment (negative control) showing

intact microvilli (§) and preserved enterocytes. Globlet cells with mucus
production is also seen ( sk ). (TEM: 3250x)

Adhesion to colonic fragments

Analysis by TEM of infected fragments showed the same
alterations observed in the ileal mucosa. Bacterial aggregate
was shown over the destroyed epithelium (Figure 4).

FIGURE 4. Colonic fragment infected by 171-1 EAEC strain showing:
A - Bacterial aggregate over the destroyed epithelium () and between
globlet cells (M)

B - High power view of a microorganism that is seen between an enterocyte
and a globlet cell (). (TEM: A — 2600x; B — 6500x)
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In the colonic lumen, bacteria involved by cytoplasmatic
vacuoles were seen within the cells (Figure 5A) and near
of collagen fibers in the disrupted submucosa (Figure 5B).
Analysis by TEM of positive controls showed bacteria near
of epithelial surface, microvilli vesiculation and vacuolization
of basal cytoplasm of the enterocytes (Figure 6A). Bacteria
were also seen near the collagenous fibers in submucosa
region (Figure 6B).

All the cultures were positive and analysis of negative
controls showed intact epithelium with preserved enterocytes
as well as globlet cells (Figure 7).

FIGURE 5. Colonic fragment infected by 171-1 EAEC strain showing:
A - Several microorganisms within a detached enterocyte ( / ). (TEM: 6500x)
B - Several microorganisms around collagenous fibers in the disrupted
sub mucosa ( ‘ ). (TEM: 6500x)
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FIGURE 6. Colonic fragment infected by the prototype strain 042 showing:
A - Several microorganisms over the microvilli ( § ) and within a detached
enterocyte from the basal membrane (TEM: 2600x)

B - Presence of the microorganisms within the mucosa around the collagenous

fibers ({) (TEM: 6500x)

FIGURE 7. Non-infected colonic fragment (negative control) showing
preserved enterocytes as well as globlet cells ( s ). (TEM: 3250x)
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DISCUSSION

Alterations in small bowell could justify the extension of the
diarrheiogenic process® !¢ 1), There are evidences that EAEC
can colonize both, the small bowell and colonic mucosa, but
there may be variations among different strains® 23244546,

The analysis of EAEC strains in several models, such as
in vivo assays in animal models“! >4 and in vitro organ
culture with isolated enterocytes®® or cellular lines like T84,
Caco 2, HT29, HeLa e HEp-24- 12213 and with intestinal
fragments®> 2329 have shown that a plausible explanation
for the persistent nature of EAEC disease involves intestinal
mucosal damage. However, the mechanism of this mucosal
damageis not fully understood. In spite of the fact that several
studies have emphasized the association of EAEC with the
colonic mucosa™ ), some authors have demonstrated that
EAEC strains are also able to colonize the small bowel®3%),
Human and animal studies indicate that EAEC is able to
bind to jejunal, ileal and colonic epithelium®:49,

Several studies have demonstrated different degrees of
alterations in the small bowel mucosa'®!” due to persistent
diarrhea. Enteric pathogens commonly cause illness by
damaging the cells of the villous tip or secreting toxins, which
bind to the enterocytes. Recovery from a diarrheal illness
occurs only when the villous epithelial cells are replaced.
Thus, abnormalities that result in delayed intestinal epithelial
regeneration might be expected to prolong illness?.

Ethical limitations have made it difficult to obtain intestinal
fragments from pediatric patients for in vitro organ culture
assays and some authors have used tissue from adults instead®*
4549 Yamamoto et al.*>9 found similar levels of adherence
in the mucosa of children and adults. Based on these data,
in the present study we have used intestinal mucosa obtained
from both children and adults.

The three studied strains colonized ileal and colonic mucosa.
With reference to citotoxic effects, important alterations
were observed in both regions of the digestive tract. The
alterations that were described in the ileal mucosa could
explain the perpetuation of diarrhea. It has been hypothesized
that diarrhea illness may initiate a process that contributes in
continuing mucosal injury. In vivo, food malabsorption and
microbial antigens may stimulate an immune response that
perpetuates the damage to the mucosa’?, On the other hand,
the absence of defense mechanisms in assays performed in
vitro could justify the citotoxic alterations.

The evaluated intestinal fragments showed total or partial
villi destruction, vacuolization of the basal cytoplasm of
the enterocytes, epithelium detachment, derangement of
the tissue structure and epithelial cell extrusion. Aggregates
of bacteria were seen in the intestinal lumen associated
with mucus and cellular debris and within the destroyed
epithelium, suggesting that an invasion process occurred
secondary to tissue destruction. Some areas exhibited total
epithelial destruction with absence of microvilli. These
lesions confirmed the results of Vial et al.*® that showed in
rat and rabbit intestinal loops, significant destructive lesions
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suggesting cytotoxic effects more severe in the distal than in
the proximal small bowel.

Hicks et al.?» showed that EAEC strains interact with
jejunal, ileal and colonic mucosa. They suggested that EAEC
could provoke citotoxic changes only in colonic epithelium,
although excess of cell extrusion was noted in the small bowel
specimens®. Similar results were found by Nataro et al.®¥
with EAEC prototype strain 042. They showed that T84
cells infected by 042 strains displayed marked toxic effects
prominently in areas where bacteria were adhered.

The present study showed that EAEC strains had the
same type of interaction and production of mucus in both
assessed regions of the digestive tract.

It is known that clinical manifestations of EAEC
diarrhea vary from individual to individual, depending
upon the genetic composition of the host. The distribution
of interleukin-8 (IL-8) genotypes in symptomatic and
asymptomatic subjects infected with EAEC has been
studied. These differences may define populations with
more susceptibility to EAEC infection®”.

As described before, EAEC strains seem to have affinity
with regions that are rich in mucus“V. There was increased
mucus discharge in both evaluated regions that were infected
by these EAEC strains. The pathogenesis of persistent diarrhea
should include alterations in the small intestinal structures
where the digestive-absorptive functions take place.

Secondary internalization was observed in both regions
of the digestive tract. In the ileum, the presence of bacteria
seen within the cells could provoke more exposition to toxins
or other substances that cause lesions and, consequently,
malabsorption of nutrients and favoring the penetration of
bacterial and food antigens. These antigens might stimulate
an immune response that perpetuates the injury of the mucosa
and consequently the persistence of diarrhea.

The available data do not allow a complete understanding
of EAEC pathogenesis, yet several hypotheses have been
formulated. It is supposed that the pathogenesis involves three
stages: 1- adherence to the intestinal mucosa by aggregative
adherence fimbriae and adherence factors; 2- production of
mucus by bacteria and the host cell forming a biofilm on
the surface of the enterocytes; and 3- release of toxins and
elicitation of an inflammatory response, mucosal toxicity and
intestinal secretion®! 2639 The gastrointestinal disturbances
provoked by EAEC must occur by a complex host-pathogen
interaction involving host genetic susceptibility, heterogeneity
of virulence among EAEC strains and the amount of bacteria
of the infected host.

In conclusion, this study, which examined the interaction
of three EAEC strains with human intestinal tissues, has
confirmed that EAEC colonizes both the small bowel and
the colonic mucosa. EAEC infection may lead to damage
to the absorptive epithelium of the small bowel, resulting
in perpetuation of diarrhea. In the colonic mucosa the
inflammatory lesions described in the present study could
explain the colitis that had been reported in children suffering
from EAEC infection! 133,
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microscopia eletronica de transmissdo. Arq Gastroenterol. 2010;47(3):306-12.

RESUMO - Contexto - A Escherichia coli enteroagregativa esta associada a diarréia persistente em varios paises em desenvolvimento. Procedimentos

in vivo empregando modelos animais como ratos, coelhos e algas intestinais de suinos gnotobioticos, e modelos in vitro com linhas celulares, tais

como: T84, Caco 2, HT29, HeLa e HEp-2 e cultura de 6rgdo in vitro s3o empregados no estudo desta bactéria e de sua patogenicidade. Objetivos -

Neste trabalho foram avaliadas as interagdes de trés cepas de Escherichia coli enteroagregativa usando cultura de 6rgdo in vitro, com o objetivo de

observar e comparar as alteragdes em diferentes regides do intestino: mucosa ileal e mucosa colénica. Métodos - Este estudo empregou fragmentos

de ileo terminal e colon extraidos de pacientes submetidos a colonoscopia. Os fragmentos intestinais infectados in vitro foram fixados para avaliagao

em microscopia eletronica de transmissao. Cada cepa bacteriana foi testada com trés fragmentos intestinais de cada regido. Resultados - As cepas

estudadas colonizaram e provocaram efeitos citotoxicos no ileo e no célon. Alteragdes na mucosa ileal, tais como: destruigdo parcial ou total das

vilosidades, vacuolizagao do citoplasma basal dos enterdcitos, destacamento do epitélio e desarranjo da estrutura com extrusdo de células epiteliais

poderiam explicar a perpetuagdo do processo diarréico. Agregados bacterianos foram vistos no limen intestinal associados a muco e restos celulares

e nos espagos intercelulares do epitélio destruido sugerindo invasdo bacteriana que pareceu ser secundaria a destruigao do tecido. Conclusdo - A

patogénese da diarréia persistente deve incluir alteragdes no intestino delgado aonde ocorrem as fungdes digestivo-absortivas. Na mucosa colonica

as lesoes inflamatodrias observadas justificariam a ocorréncia de colite.

DESCRITORES - Escherichia coli. Diarréia. Microscopia eletronica de transmissao.
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