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ABSTRACT. Enteroaggregative Escherichia coli (EAEC) is an
emergent bacterial pathogen. The first studies in developing
countries with EAEC strains, showed that this bacterium was as-
sociated with persistent diarrhea. However, new studies showed
that EAEC may be associated also with acute diarrhea, with both
nosocomial and community outbreaks worldwide, and as an im-
portant pathogen of diarrheal disease in human immunodeficien-
cy virus-infected adults. EAEC strains are recognized by their
characteristic aggregative adherence or “stacked-brick” pattern
to epithelial cells. Although the pathogenesis of EAEC infection
is not well understood, cellular changes observed in animal
models and in vitro assays, suggested that the alterations in the
intestinal mucosa during EAEC infection are associated with
adherence factors and toxins production. The damage has been
associated with the release of inflammatory mediators, which
may contribute also to the intestinal illness. The dissemination
of the high pathogenicity island from Yersinia pestis evolution-
ary group to EAEC has been show; different studies suggest that
it may contribute to the virulence of EAEC strains. Molecular
methods to investigate the presence of plasmid and chromosom-
al EAEC-associated virulence markers, have been used for the
characterization and epidemiological studies of EAEC strains.
Although the clinical and epidemiological importance of EAEC
have been demonstrated in different studies, Escherichia coli
strains with adherent agreggative phenotype are commonly iso-
lated from healthy children and environmental sources. This
support the necessity to study virulence factors no related with
the cells adherence pattern, that show the specific EAEC patho-
genic clones associated whit intestinal disease.

Key words: Enteroaggregative Escherichia coli, diarrhea, intestinal
damage.
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REVIEW ARTICLE

Enteroaggregative Escherichia coli an emergent
pathogen with different virulence properties

Villaseca JM,* Hernandez U,* Sainz-Espufies TR,** Rosario C,*** Eslava C*

RESUMEN. Escherichia coli enteroagregativa (EAEC) es un pa-
tégeno emergente. Los primeros estudios realizados con cepas
EAEC en paises en desarrollo, mostraron que esta bacteria esta
asociada con diarrea de tipo persistente. Nuevos estudios han
mostrado que estas bacterias pueden, ademéas, ocasionar diarrea
aguda, brotes de diarrea tanto en comunidades como de tipo noS
socomial en diferentes partes del mundo, incluidos paises indus-
trializados. También han sido asociadas como agentes causantes
de diarrea en individuos adultos infectados por el virus de lain-
munodeficiencia humana. Las cepas de EAEC son reconocidas
por el patrén agregativo o de “ladrillos-apilados” que presentan
sobre células epiteliales en cultivo. La patogénesis de la infec-
cion por EAEC no esté del todo entendida. Las alteraciones celu-
lares en ensayos in vitro y modelos animales sugieren que el
dafio, en la mucosa intestinal, esta relacionado con la adherencia
mediada por adhesinas y la produccién de toxinas. Por otro lado
diferentes observaciones sefialan que durante la infeccion por
EAEC se presenta la liberacién de mediadores de la inflamacién,
su presencia en heces sugiere que pudieran contribuir por un lado
al dafio del tejido y de manera consecuente a la enfermedad in-
testinal. Como parte de los factores de virulencia de las cepas de
EAEC, se ha sefialado la existencia de una isla de patogenicidad
que le fue transferida por el grupo evolutivo de Yersinia pestis.
Entre los genes que presenta dicha isla, se encuentran algunos re-
lacionados con sistemas de captacion y transporte de hierro. El
uso de métodos moleculares para |la deteccion de genes de adhe-
sinas y/o toxinas presentes en plasmido o cromosoma, han sido
de utilidad para la caracterizacién y la realizacion de estudios
epidemiol 6gicos de EAEC. Sin embargo, las cepas de Escheri-
chia coli con patrén de adherencia agregativo se aislan frecuente-
mente de nifios sanos y muestras ambientales. Por tal motivo es
necesario realizar estudios sobre factores de virulencia, que per-
mitan contar con un marcador especifico que facilite la identifi-
cacion de las clonas de EAEC responsables de enfermedad intes-
tinal.

Palabras clave: Escherichia coli enteroagregativa, diarrea, dafio in-
testinal.

INTRODUCTION

Escherichia coli (E. coli) is the main facultative anaer-
obe of the large intestine and colonizes the gastrointestina
tract during the first hours of life.1?3 It functions at a micro-
biotic level in the intestine, and has been linked to macro-
biotic functions in terms of nutrition, acting as a vitamin
producer.56

E. coli that belongs to the Enterobacteriaceae family is
ashort Gram-negative bacillus, non-spore forming, fimbri-
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ate with peritrichous flagellum and a capsule or microcap-
sule often present. It grows readily on simple culture or
synthetic mediawith glycerol or glucose as the sole carbon
source and energy. On solid media, colonies are circular
and smooth with a complete edge; some strains produce
mucoid colonies. On media containing washed erythro-
cytes, cell-associated S-hemolysin production can be dem-
onstrated. Different antigens are used to type E. coli
strains, being the most commons the somatic (O), capsular
(K) and flagellar (H) antigens, which contribute to the sero-
typing scheme introduced in 1944 by Kauffmann. Bacte-
riophage and colicine typing are also employed to charac-
terize E. coli strains, but they have not come into general
use.95'112'131

Although regarded as part of the flora of the human in-
testinal tract, several highly adapted E. coli clones have
evolved, which have developed the ability to cause disease
in several areas of the human body. Most of these diseases
are related to mucosal surfaces. However, mucosal coloni-
zation of the intestine and urinary tract often may be as-
ymptomatic, 114146

Theodore Escherich, suspected the association of E. coli
with intestinal infections early in 1885 when the bacteria
wasidentified for the first time. However, it was until 1945
when Bray and other researches demonstrated its involve-
ment in intestinal disease. E. coli associated with enteric di-
arrheal disease includes strains of many different sero-
types, categorized into five major groups according to their
virulence mechanisms: enteropathogenic (EPEC), entero-
toxigenic (ETEC), enteroinvasive (EIEC), enterohemorrag-
ic (EHEC), and enteroaggregative (EAEC). Other strains,
such as diffusely adherent E. coli (DAEC), arelesswell es-
tablished as pathogens,60.63.93,180

ENTEROAGGREGATIVE ESCHERICHIA COLI

Classical EAEC strains are recognized by their charac-
teristic aggregative adherence (AA) or “stacked-brick” ad-
herence (Fig. 1 A), to HEp-2 culture cells monolay-
ers,110116-119 Recently, Gioppo et al.,? described a variant
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of the AA pattern called “chain-like adherence” (CLA),
this new adherence pattern frequently has been observed in
our laboratory also (Fig. 1 B).

EAEC strains are an emergent pathogen causing diar-
rhea 32113128132 The first studies with EAEC strains
showed that this bacteria was associated with persistent (=
14 days) diarrheain children,18:36.9.110 however, new stud-
ies show that EAEC may be associated with acute diar-
rhea.'>” EAEC also is associated with a number of both
nosocomial and community outbreaks worldwide.3381 In
addition, the participation of EAEC as the causative agent
of diarrheal disease in human immunodeficiency virus
(HIV)-infected adults in the developed world has also been
descri bed.42'187'188

The polysaccharide O-antigen from EAEC is composed
of tetrasaccharide repeating units.1® EAEC strains belong
to a large number of different serogroups such as 044,
055, 086, 0111, 0125, 0126, and
0128.27,45,104,160161,166,179,193 In EAEC have been reported
characteristic serotypes, as example 0O44:H18, which re-
sulted positive when was examined by adherence patterns
on HEp-2 cells and DNA hybridization with EAEC
probes. 1335166 Syzart et al., 1 observed heterogeneity both
in serotypes and outer membrane protein (OMP) profiles,
and suggested a great genetic diversity of EAEC. Kahali et
al.,” showed that the majority of EAEC isolates from diar-
rhea patients in Kolkata, India, were not serotypeable
(62%), this support that EAEC strains are an heterogeneous
group. Recently, Y atsuyanagi et al.,1% and Elias et al.,*
using molecular methods (EAEC probes and PCR assays)
have detected the presence of plasmid and chromosomal
EAEC-associated virulence markers among classical EPEC
O serogroups. This suggest the horizontal transference of
virulence genes, between different pathogenic serogroups
difficulting the epidemiological studies.

EPIDEMIOLOGY

Epidemiological studies of diarrhea associated with
EAEC strains have been described worldwide implicated

Figure 1. HEp-2 cells adherence as-
say. A, Classical aggregative adher-
ence pattern (AA) or “stacked-brick”
of EAEC. B, Chain-like phenotype
variant of the AA. Giemsa stained,
100X light microscopy.
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as etiologic agents of infant gastroenteritis, in both devel-
oped and developing countries. In developing countries
with endemic problems of infection, the EAEC strainsin-
fection sources may be associated with foods and water 350
In astudy of Chilean children, Nataro et al.,**° studied a
total of 516 E. coli strains isolated from feces of 154 pa-
tients and 66 controls, and found that EAEC strains were
associated with persistent diarrhea. In India, Bhan et al.,*®
20 showed the participation of EAEC in persistent diarrhea
of children. Cravioto et al.,% studying children less than
two years of age in a household surveillance study in Mo-
relos, Mexico, found that 51% of isolated EAEC strains
were associated with persistent diarrhea. Also, Wanke et
al.,'8 in astudy of ahousehold surveillance of children <5
yearsold, in Fortaleza, Brazil, showed that 20% of isolated
EAEC strains were associated with persistent diarrhea.
Other studies in Bangladesh, India, Brazil, Iran, Ethiopia,
Kenya, and Israel showed an association of EAEC and per-
sistent diarrhea in chil dren.6'11'21'242550’51'55'58'59'94451

However, other studies in developing countries, like
Bangladesh, Peru, and Thailand showed that EAEC was
not identified more frequently in persistent than in acute
diarrhea.®1292 A high frequency of severe acute diarrhea
caused by EAEC strains has been also seen in India8135
and Venezuela.%> More recently, Okeke et al.,1?127 studied
131 EAEC strains isolated from Nigerian children under
five years of age with acute diarrhea and from control sub-
jects. Their results showed that EAEC strains are an impor-
tant causal agent of acute diarrhea. Scaletsky et al.,'*® in a
paired case-control study, examined the association be-
tween HEp-2 adherent E. coli strains and diarrhea. Their
results showed a high frequency of EAEC strains in chil-
dren with diarrhea (20%) when compared with healthy
controls (3%) (p < 0.0001). Recent studies showed that
EAEC is the most prevalent pathotype among diarrhea
caused by E. coli strainsin Congo, Mongolian, Brazilian,
and Thai Chi|dren_84,l42,143,147,152

In developed countries, a study by Chan et al.,*® in east
London, England, showed that EAEC was frequently de-
tected in stool samples from children with persistent and
acute diarrhea. In other study in the same country Knutton
et al.,®! performed a phenotypic and genetic characteriza-
tion of EAEC strainsisolated from children. In western Eu-
rope (Germany), Huppertz et al.,”® recovered EAEC from
2% of children with diarrhea, Presterl et al.,'38 in Austria,
and Pabst et al.,*3? in Switzerland also isolated EAEC from
patients with diarrhea.

Annually, many people travel from developed to devel-
oping countries. Traveler’s diarrhea is a common disorder
in these persons, with an important increase of such cases
being seen around the world.243* Mathewson et al.,%:%7
initially described the association of EAEC strains with

traveler’ sdiarrheain adults traveling from USA to Mexico.
Gascon et al.,% studied 165 returned Spanish travelers with
diarrhea and EAEC was associated with this cases of diar-
rhea. Aldachi et al.,2 showed EAEC prevalence in 26% of
traveler’s diarrheain three different regions of the world
(636 US, Canadian or European travelers with diarrhea):
218 in Guadalajara, Mexico, 125 in Ocho Rios, Jamaica,
and 293 in Goa, India. Other studies made in Spain, USA,
Jamaica, and Asian countries have showed that traveler's
diarrheais caused by EAEC strainsin adult patients travel-
ing from devel oped to developing countries,125141.172,181

In the last few years, a growing number of reports have
shown that EAEC is a potential cause of diarrheain adults
infected with human immunodeficiency virus. Mayer et
al.,1%1 proposed EAEC as a possible cause of diarrhea in
HIV-positive patients. Other studies have showed that
EAEC could be recovered from diarrhoeal stools from VIH
infected patients.42’57'100’107'108’137'187’188 Wanke et al "187
studied 68 HIV infected adults with diarrhea and 60 without
diarrhea to identify the presence of EAEC strains as deter-
mined by Hel a cell adherence. EAEC strains were present
in stools of 30 patients with diarrheaand in 18 without diar-
rhea (p = 0.05), these results found a significant association
between EAEC and diarrheain these patients.

Severa diarrhea outbreaks caused by EAEC strains have
been described. In Mexico, two persistent diarrhea outbreaks
were reported, in these five of the infected children died asa
consequence of the diarrhea. Both occurred in the
malnutrition ward of a pediatric hospital, and were
associated with EAEC strains.® In France, EAEC O111
strains produced an outbreak of diarrhea and hemolytic-ure-
mic syndrome in children.231% |n the United Kingdom,
Smith et al., 1% described four outbreaksinvolving 19, 10, 51
and 53 patients and were associated with EAEC strains.
Cobeljic et al.,* studied an outbreak of diarrheain 19 neo-
nates and infants less than 6 months in a neonatal nursery
ward from Serbia. Pai et al.,'3 described an outbreak of di-
arrhea associated with EAEC in 20 patients from south In-
dia. Also, Spencer et al., 16" in England described four out-
breaks of diarrhea in adult students and infants with
diarrhea. In Tajimi City, Gifu, Japan, Itho et al.,%! described
an outbreak in 2,697 schoolchildren with diarrhea in 16
schools. EAEC were isolated of stool specimens from 30
children. Twenty-seven strains of EAEC were isolated from
12 patients all of serotype, O non determited (OND):H10.

CLINICAL MANIFESTATIONS AND TREATMENT

The infection with EAEC strains is associated with wa-
tery, mucoid and secretory diarrhea, low-grade or absence
of fever and some times vomiting.1%1% Bloody stools are
present in approximately one-third of EAEC infected pa-
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tients.®6 Volunteers infected with prototype EAEC strains
(O44H:18, 042 strain), showed mucoid diarrhea of low
volume and without hidden blood or fecal leukocytes; all
patients remained afebrile, during this study was showed
that the incubation period was between 8 and 18 hours.}#
Bhan et al.,!® during a study performed in Anapur-Palla,
northern India, observed that the lasting diarrhea period
was of 17 days. On the other hand, Steiner et al., 158 ob-
served that a high percentage of patients infected with
EAEC strains showed fecal lactoferrin and high levels of
interleukin-8 (IL-8) in their feces.

The treatment of individuals with diarrhea caused by
EAEC isthe oral rehydratation, utilizing glucose and elec-
trolytes. Some studies have showed that rifaximint®134 and
ciprofloxacin®® decreases the lasting period of diarrhea by
EAEC.

HISTOLOGICAL STUDIES

The pathogenesis of EAEC infection is not well under-
stood. A better understanding may be found by histol ogical
examination of intestine samples from infected patients or
employing animal models, in which several candidate viru-
lence factors have been described.

Tzipori et al.,1’” observed in gnotobiotic piglets, orally
inoculated with EAEC strains of human origin, that the
bacteria caused diarrhea and death in the majority of ani-
mals. The post-mortem histological examination revealed
moderate hyperemia of the distal small intestine and
cecum, swelling of the small intestinal villi, and layers of
aggregated bacteria stacked together in a mucus gel-like
matrix overlying intact epithelium. Although some of the
animals did not experience diarrhea, all of them developed
an unusua mucoid gel closely adherent to the small intesti-
nal epithelium. In addition, the intestinal epithelium dis-
played pitting of goblet cells, suggesting that hyper-secre-
tion of mucus had been stimulated.

Tickoo et al.,'"> showed that EAEC strains of human or-
igin colonize the small and large intestine of rabbits, caus-
ing diarrhea, moderate villous stunting and karyorrhexis.
Vial et al.,18 showed strains using the rabbit and rat ileal
loop models resulted in destructive lesions, characterized
by shortening of the villi, hemorrhagic necrosis of the vil-
lous tips, and a mild inflammatory response with edema
and mononuclear infiltration of the submucosa. Additional-
ly, pitting of goblet cells and embedding of aggregating
bacteria within a periodic acid-Schiff staining blanket was
also observed.

Recently, Sainz et al., 1% utilizing BALB/c mice as in-
fection model inoculated with the prototype EAEC 042,
strain'® showed that 50% of the animals were colonized.
The intestine necropsy of some infected animals presented
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mucus and blood. Histopathologic evidence confirms the
stimulation of mucus hypersecretion, increased amount of
goblet cells, the presence of bacterial aggregates in the api-
cal surfaces of intestinal epithelial cell and edema in the
submucosa. Similar histological alterations have been ob-
served in autopsy specimens of ileum samples, from chil-
dren who died as consequence of persistent diarrhea asso-
ciated with EAEC infection.*®

Hicks et al.,” examined the interaction between EAEC
and the human intestine using the in vitro organ culture
(IVOC) model. Intestine mucose biopsies obtained from
children were cultured with five different EAEC strains
isolated from infants with diarrhea, and with two well-de-
scribed prototype EAEC strains (17-2 and JIM221). The
prototype strains adhered to jejunal, ileal, and colonic mu-
cosa. However, the wild-type strains showed a variation in
adhesion location: two adhered to al intestinal levels, one
adhered to the jejunum and ileum, another adhered to the
ileum only, and the last one adhered to the ileum and colon.
Adherence was in an aggregative or stacked-brick pattern,
resembling those seen on HEp-2 cells. Electron microsco-
py of theinfected small intestinal mucosarevealed bacteria
in association with a thick mucus layer above an intact en-
terocyte brush border, which contained extruded cell frag-
ments. The mucus layer was not present in the control sam-
ples. EAEC adherence to the colonic mucosa was
associated with cytotoxic effects including microvillous
vesiculation (but without evidence of an attaching/effacing
lesion), enlarged crypt openings, the presence of intercrypt
crevices, and increased epithelial cell extrusion.

Nataro et al.,''> observed in polarized monolayers of
CaCo-2 and T84 intestinal epithelial cellsinoculated with
the 042 EAEC strain, that the bacteria adhered strongly to
the T84 cells but not to the CaCo-2 cells. On the other
hand, T84 cells infected with 042 displayed marked toxic
effects, most prominently in areas where bacteria were ad-
hering. The apical membrane of damaged cells exhibited
vesi culation and shedding of microvilli, the cells cytoplasm
displayed subnuclear vacuolization, and in some cases, nu-
clei of affected cells became separated from the surround-
ing cytoplasm. Severely affected cells release their nuclei,
and vacuolated remnant cells were also seen.

VIRULENCE FACTORS

Adherence. EAEC posses hemagglutinating activity in-
dicative, of their adhesive properties to the intestinal mu-
cose surface. Qadri et al.,1° studied EAEC strains isolated
mostly from children with diarrhea in Bangladesh, India,
Thailand, Central America, and South America. Most of
these strains showed mannose-resistant hemaggl utination
(MRHA), which was inhibit by sialic acid-containing com-
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pounds, suggesting that these compounds may be the re-
ceptors for EAEC on erythrocytes and possibly on the in-
testinal mucose.

EAEC strains cultured at 37°C produced an unusual
fibrillar MRHA of 2.5 nm estimated diameter, that may be
participate in adherence.3° Knutton et al.,®° examined a
collection of 44 EAEC strains isolated from infants with
diarrhea in India and the United Kingdom (Forty-three
EAEC strains were positive with a DNA probe and
MRHA). These strains were studied to see their ability to
adhere in vitro to human intestinal mucosa. All strains ad-
hered only to human colonic mucosa forming localized ag-
gregates. Examination by electron microscopy of infected
colonic mucosaindicated that fimbrial structures mediated
the adhesion. The study showed also the existence of four
morphologically distinct kinds of fimbriae: 6- to 7-nm-di-
ameter hollow cylindrical rodlike fimbiage, 5- to 6-nm-di-
ameter rodlike fimbriae, 2- to 3-nm-diameter fibrillar fim-
briae, and bundles of fine 2- to 3-nm-diameter fibrils.

Nataro et al.,!'! showed that the AA of EAEC is associ-
ated with the presence of a 60-MDa plasmid (pAA). A re-
gion of approximately 12 kb on the pAA cloned in HB101
(pJPN31) was implicated in the AA phenotype. Transmis-
sion electron microscopy of HB101 (pJPN31) reveaed the
presence of bundle-forming fimbriae. A 14-kDa protein
was seen upon polyacrylamide gel electrophoresis and im-
munoblotting of surface shear preparations from fimbriate
clones. Thisisaflexible, bundle-forming fimbrial structure
of 2to 3 nmin diameter, which was designated aggregative
adherence fimbriae | (AAF/1). AAF/I mediate HEp-2 ad-
herence and human erythrocyte hemagglutination in strain
17-2.112113 Moreiraet al.,% have showed the role of AAF/
| in the AA patern and in EAEC biofilm formation. The
agg genes for AAF/I are organized as two separate gene
clusters on the 60-MDa plasmid of strain 17-2, separated
by a9 kb DNA.112 Region 1 contains a cluster of genes re-
quired for fimbrial synthesis and assembly, including the
structural subunit of the fimbriae itself (aggA).1>® Nucle-
otide sequence analysis of theregion 1 cluster suggests that
AAF/I is amember of the Dr family of adhesins, so called
because they mediate adherence to the Dr blood group an-
tigen. Region 2 include AggR, atranscriptional activator of
aggregative adherence fimbria | (AAF/I) expression.1>®
AggR is a memember of the AraC/XylS family of tran-
scriptional regulators.113 Although the AAF/I fimbriae are
bundle-forming fimbriae do not show homology with other
members of the so-called type 4 classes of fimbriae. Using
immunogold electron microscopy and a DNA probe de-
rived from the biogenesis cluster of AAF/I, it has been
found that only aminority of EAEC strains expresses AAF/
[.112113 Czeczulin et al.,3" identified a second plasmid
encoding a fimbriae of 5 nm in diameter (AAF/I1), which

was morphologically, antigenically and genetically distinct
from AAF/I. The aaf genes encoding AAF/Il are also
organized as two unlinked regions; however, in this case,
the fimbrial subunit is removed by more than 15 kb from
the required biogenesis gene cluster. The region 1,
comprising aafA (the corresponding AAF/II structural
fimbrial subunit) and aafR as well as the chaperone aafD;
and region 2, which contains the usher protein aafC. The
biogenesis of AAF/Il also requires the activation of the
transcriptional activator aggR.* Thefisgeneisrequired for
expression of aggR,63 which encoded an activator of AAF/
Il expression acting at the level of the chaperone-encoding
gene aafD.* The product of the yafk gene also is required
for transcription of AA/FIl1-encoding genes.'%® Ruiz-Perez
et al.,'*® have developed an in vitro culture method to
characterize the expression of EAEC strain 042 genes
under conditions mimicking the colonic environment, and
showed that aggR expression is increased under low pH
and relative low osmolarity in the presence of commensal
bacteria. DNA probe analysis showed that AAF/I and
AAF/11 were present in only a minority of EAEC strains
and thus, as it is the case of ETEC strains, intestinal
colonization by EAEC appears to be mediated by one or
more fimbrial antigens.

Bernier et al.,'” identified a third different aggregative
adhesion fimbriae (AAF/I11) in atypical EAEC strain (iso-
late 55,989). The analysis of the agg-3 gene cluster encod-
ing AAF/III fimbriae which is plasmid borne, showed this
cluster to be closely related to agg and aaf which encode
AAF/I and AAF/11, respectively. The biogenesis of AAF/
I11 also requires the activation of the transcriptional activa-
tor aggR. A collection of 25 EAEC strains isolated from
HIV-infected patients presenting persistent diarrhea
showed that only 36% of the strains carried similar se-
guences to those of the agg and aaf operons.

Sheickh et al.,'%* showed that EAEC strains secrete a
10.2-kDa protein, witch is encoded by the aap gene, local-
ized immediately upstream from the AggR transcriptional
activator. The aap gene was originally designed as aspU
(EAEC secreted protein U) by Czeczulin et al.3 The aap
product has atypical signal sequence and is secreted when
it remains noncovalently attached to the bacterial surface.
This protein is exported by a putative ABC transporter
complex, which is encoded in a genetic locus of the plas-
mid that comprises five genes (aat-PABCD).12* Infection
of colonic biopsies with the wild-type EAEC strain 042
and its aap mutant, revealed an intense autoaggl utination
of the mutant compared with that observed in the wild-type
parent. This data suggest that the aap gene product partici-
pate in the formation of a surface coat that acts to disperse
the bacteria. By the specific activity of the aap gene prod-
uct it was named “dispersin”, suggesting that it could be
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representative of a new functional class of colonization
factors. Serum samples obtained from volunteers naturally
infected with EAEC strains that are dispersin producers, re-
acted with the 10.2-kDa protein. This protein could be con-
sidered as a possible immunogen to prevent EAEC infec-
tions.164

Wai et al.,'8 examined the surface of three EAEC and
three EPEC strains by electron microscopy freeze-substitu-
tion technique and observed an electron dense surface lay-
er on EAEC but not on EPEC strains. The SDS-PAGE
analysis of the outer membrane proteins (OMP) revealed
the existence of a 38-kDa protein in EAEC strains. Using
immunoel ectron microscopy the EAEC surface was seen to
react with an anti 38-kDa-protein serum raised in mice.
The protein could be easily extracted from the bacterial
surface with 5 M LiCl treatment at room temperature. The
hydrophobic surface feature of the EAEC strains was lost
when the 38 kDa was extracted. These observations sug-
gested that the surface protein layer is participating in the
expression of the aggregative phenotype of EAEC strains.
Chart et al.,3! showed that in EAEC (serotypes O44:H18
and 0126:H27) magnesium ions were essential for the ad-
hesion to HEp-2 cells, and the expression of an outer mem-
brane-associated protein of 18-kDa was necessary for the
pellicle formation when growing in L-broth. On the other
hand, Grover et al.,%8 described an 18-kDa adhesin that
binds specifically to a galactose molecule.

Toxins. The cellular aterations observed in animal mod-
els, or inin vitro assays as human intestinal explants or cul-
tured T84 cellsinfected with EAEC, are not accompanied by
internalization or by an intimate attachment of the bacteria.
These and other experimental results suggested that the alter-
ations in the intestinal mucosa observed during EAEC intes-
tinal infection are associated with toxin production.

ENTEROAGGREGATIVE HEAT-STABLE TOXIN

Studies using different models showed that to produce
cellular alterations, genes encoded on the aggregative plas-
mid were required. Savarino et al., 15315 jdentified an open
reading frame encoding a 4,100-kDa protein on the 65-
MDa plasmid, a homologue of the heat-stable enterotoxin
from ETEC. This 38-amino acid protein featuring four cys-
teine residues instead of six, which are characteristic of E.
coli producing ST, and was, designated EAST1 (Enteroag-
gregative heat-stable toxin-1). EAST1 caused increases of
the short circuit current (Iscc) and of the potential differ-
ence (PD) on the rabbit mucosa with the Ussing chamber
model. However, its participation in human disease has not
been demonstrated. Savarino et al.,1551% showed that
EAST1 is present in approximately 40% of EAEC strains
and in asimilar proportion of nonpathogenic E. coli strains.
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Other E. coli categories, most notably EHEC, elaborate
EAST1 with a higher frequency than EAEC.1%4

HEAT-LABILE TOXIN ANTIGENICALLY RELATED
TOE. COLI HEMOLYSIN

Hague et al.,° studied the hemolytic activity of EAEC
strains. These strains showed K- sensitive contact hemol-
ysin activity with sheep erythrocytes when were cultured in
both; Casamino Acids-yeast extract broth supplemented
with 1 mM calcium chloride and in nutrient broth medium.
Fernandez-Prada et al.,>* showed that hemoysin-positive
EAEC strains caused oncosis in human monocyte-derivat-
ed macrophages and apoptosis in J774 cells. On the other
hand, Baldwin et al.,1% identified a protein of approximate-
ly 120-kDa produced by non-hemolytic EAEC strains. Us-
ing Western blot assays, was observed that the protein re-
acted with antibodies raised against the C-terminal region
of E. coli hemolysin. When cultured HEp-2 cells were
treated with the culture supernatants of different EAEC
strains, was observed an increase of intracellular calcium
and the induction calcium-dependent protein phosphoryla-
tion. However, the participation of this protein in intestinal
damage has not been determined.

PLASMID-ENCODED TOXIN

From an EAEC strain isolated during two independent
outbreaks of diarrhea in a Pediatric Hospital in Mexico
City, Eslava et al.,*® identified two proteins of high molec-
ular weight (108-kDa and 116-kDa). These proteins tested
in arat ileal loop model, caused shortening of the villi,
hemorrhage, necrotic alterations and ulceration of the up-
per epithelium. Similar intestinal lesions were described
in post mortem studies of one child who died during the
diarrhea outbreaks. The microscopic study showed that
the ileum was the mainly region affected with necrosis of
the superficial epithelium, ulcerated areas and severe in-
flammatory response consisting of lymphocytes, plasma
cells and eosinophiles in both, the lamina propria and the
submucosa, and hyperplasia of the lymphoid follicles of
these former areas. The colon of this child showed focal
destruction of the crypts and lymphocytic infiltration. Ge-
netic studies developed by Eslava et al.,*® found that the
gene for the 108-kDa toxin was on the 60-M Da adherence-
related plasmid of the 042 EAEC strain. Immunological
studies using serum samples from the children infected
with EAEC during the Mexican outbreaks,*® and other
samples obtained from naturally infected human volun-
teers, 14 showed that this protein is recognized by the se-
rum (Fig. 2). These results have been confirmed in a study
from children in Brazil.»* The DNA sequence analysis of
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the pet gene, showed that Pet toxin is a member of the au-
totransporter (type V) protein family, included in the serine
protease autotransporters of the Enterobacteriaceae
(SPATES) subgroup.”® 73 The product of the pet gene is
synthesized as a 140-kDa precursor molecule which is pro-
cessed at the N and C termini during secretion, allowing
the release of a mature protein into the culture supernatant.
The molecular weight of this protein deduced from the
gene sequences was 104 kDa (GenBank nucleotide se-
guence accession no. AF056581).

The Ussing chambers model demonstrated that Pet induc-
es an enterotoxic effect on rat jejunal tissue.l?? Studies with
cultured HEp-2 and HT29 C1 cells treated with Pet, showed
arelease of the cdllular focal contacts from the glass substra-
tum, followed by complete rounding of the cells and detach-
ment from the glass.12° However, using stained techniques, it
was revealed that > 90% of rounded cells wereviable. A flu-
orescein-labeled phalloidin analysis of the same cells
showed contraction of the cytoskeleton and loss of actin
stress fibers. The preincubation of Pet with phenylmethylsul-
fonyl fluoride (PMSF) a serine protease inhibitor, abrogated
the cytopathic effects completely. Similar results were ob-
served using atoxin obtained from the mutant Pet S260I (de-
ficient in protease activity) where the serine (the catalytic
residue) was changed by an isoleucine. This protein did not
induce cytopathic effects, cytoskeletal damage, or enterotox-
ic effectsin Ussing chambers,116.120

An in vitro assay showed that Pet cleaves pepsin and
human coagulation factor V.0 A study performed by

EAEC strains Pet and Pic producers.

Villaseca et al.,182 showed that Pet produces spectrin
and fodrin (nonerythroid spectrin) disruption. Purified
membranes from erythrocytes and HEp-2 cells incubated
at different times with different Pet toxin concentrations
and analyzed by SDS-PAGE showed degradation of
both @- and -spectrin and -fodrin chains. During the
spectrin degradation, a 120-kDa subproduct of it was
identified using specific anti a- and 8-spectrin antibod-
ies (Fig. 3), indicated that a-spectrin is cleavage in the
middle of the calmodulin binding domain.” Other work
using transfectated cells whit the gene of fodrin corrobo-
rate this results.?®

The spectrin and fodrin disruption induced by Pet was
inhibited by polyclonal anti-Pet antibodies. The participa-
tion of the serine protease motif was confirmed using
PMSF and the Pet S2601 mutant. HEp-2 cultured cellsin
suspension were incubated and analyzed from 3 to 36
hours to evaluate the in vitro Pet effects. SDS-PAGE and
Western blot analysis of HEp-2 protein membranes showed
that @- and B-fodrin chain degradation starts at 12 hours,
and have a total effect at 36 hours.'8? These last results
have been confirmed in a recent study.28

The degradation effects induced by Pet toxin on fodrin,
in suspension cells visualized by immunofluorescence as-
say performed with anti-a- and B-fodrin antibodies,
showed alterations characterized by cellular swelling and
irregular distribution of fluorescence (Fig. 4). These obser-
vations suggest that the fodrin fragmentation induces adis-
arrangement of the cell membrane.182
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Figure 3. SDS-PAGE of membrane proteins from horse red blood cells.
Spectrin degradation induced by Pet toxin from EAEC. The membrane
proteins (10 pg/well) were incubated with different Pet concentrations.
Line: 1, Non treated membrane proteins; Lines: 2-6, protein membranes
treated with different Pet concentrations; 2, 0.312 ug, 3, 0.625 g, 4, 1.25
Mg, 5, 2.5 pg, and 6, 5 pg. Pet induce degradation of a- and f-spectrin
chains producing a 120 kDa spectrin subproduct, the effect is concentra-
tion dependent.

Previous data suggest that Pet must bind to the HEp-2 cell
surface, be internalized, and exert a proteolytic attack on an
intracellular host protein. Brefeldin A inhibits the cytopathic
effects of Pet by disrupting its trafficking within HEp-2
cells, which suggests that Pet may employ retrograde trans-
port viathe Golgi apparatus, however, no endoplasmic retic-
ulum retrieval signature is apparent in Pet.*0 Expression of
mature Pet toxin (Passenger domain) in the cytoplasm of
HEp-2 transfectated cells showed condensation of spectrin
cytoskeleton.}’® Dutta et al.,*! analyzed the structure and
function of Pet toxin using scanning linker mutagenesis and
showed the existence of separate functional domain mediat-
ing proteolysis, secretion, and cell interaction.

This has been considered as a new system of cellular
damage identified in bacterial toxins which includesthein-
ternalization of the protease,'?! induction of some un-
known intermediate signaling steps,€3 and finally fodrin
degradation leading to epithelial cell destruction.103

PROTEIN INVOLVED IN INTESTINAL COLONIZATION

Using SDS-PAGE electrophoresis Eslava et al.,*®
showed the presence of a high molecular weight proteinin
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Figure 4. Light (A-D) and fluorescent (E-H) microscopy of HEp-2 cells
treated with Pet toxin during 36 h. A and E, untreated HEp-2 cells. B and
F, cells treated with 10 pg/ml of Pet protein. C and G, 50 ug/ml. D and H,
100 pg/ml. A, B, C, and D, Coomassie blue stained preparations. E, F, G
and H, preparations incubated with anti-a- and anti-f-fodrin antibodies
developed with anti-rabbit antibodies fluorescein labeled. Fodrin degrada-
tion induced by Pet toxin cause cellular alterations characterized by swell-
ing and irregular distribution of fluorescence. Fodrin fragmentation causes
disarrangement of the cell membrane, leading to epithelial cell destruc-
tion. Magnification X 100.

the culture supernatant of EAEC strains of approximately
116-kDa. Westernblot assays showed that this protein was
recognized by serum samples from the children infected
with EAEC*® and serum samples from infected human vol-
unteers.* (Fig. 2). The same results were obtained in a
study performed with infected children in Brazil.1* Hender-
son et al.,”* identified on the chromosome of EAEC strain
042 and Shigella flexneri 2457T (wild-type Shigella flex-
neri 2a) the gene that encodes the 116-kDa EAEC secreted
protein. The chromosomal locus has been designated pic/
set, because it encodes at least two putative virulence fac-
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tors. The Pic sequence is identical to that of the protein
product of the she gene from S. flexneri (Gen Bank acces-
sion no. U35656).14° The product of pic gene is synthe-
sized as a 146.5-kDa precursor molecule which is pro-
cessed at the N and C termini during secretion, allowing
the release of a mature protein into the culture supernatant.
The deduced amino acid sequence of Pic shows that is an-
other member of the autotransporter protein family, includ-
ed in the SPATESs subgroup also. The molecular weight
of this protein, deduced from the gene sequence is of
110-kDa.%.7?

Functional analysis of Pic protein implicatesit in serum
resistance, hemagglutination and mucinase activity. Con-
sidering these properties the protein was named protein in-
volved in colonization (Pic). The chromosomal locus pic/
set of S. flexneri is encoded on a pathogenicity island called
SHI-1.7 In both EAEC and S. flexneri 2a strains, an oligo-
meric enterotoxin called Shigella enterotoxin 1 (ShET1)
can be found. It is encoded completely on the opposite
strand but within the pic gene. ShET1 comprises of asingle
20-kDa catalytic A subunit (encoded by the setA gene) and
five 7-kDa B subunits (encoded by the setB gene). The
ShET1 mode of action has not been defined, but it does not
appear to act through the traditional mediators of toxin-in-
duced intestinal secretion, such as cAMP and cGMP.
EAEC strains possess specialized iron acquisition systems.
Recently, in our laboratory we demonstrated that Pic is ca-
pable of cleavage the human hemoglobin and bound to the
hemine may be for iron acquisition.”” EAEC strains contain
more than one iron transport system and theiron utilization
may be important for pathogenesis.1?®

S. flexneri and EAEC have different pathogenic strate-
gies. S flexneri is alarge-bowel pathogen which causesin-
vasive and inflammatory colitis. Many shigellosis patients
experience a watery prodromal phase, which may be a
manifestation of early small-bowel involvement and to
which ShET1 may contribute. In contrast, EAEC are
thought to be distal small-bowel and/or colonic pathogens,
which typically cause watery diarrhea without evidence of
invasion. However, different studies show that EAEC may
induce mild inflammatory enteritis.16

SHIGA TOXIN

Eight E. coli O111:H2 strains (designated RD1 to RD8)
isolated in France during an outbreak of HUS showed ag-
gregative adhesion (AA), instead of the typical localized
adhesion, to HEp-2 cells and possessed the genetic markers
of EAEC.1% Accordingly, they agglutinated rat erythro-
cytes in the presence of 0.5% mannose and gave positive
PCR amplification with the primer pairs which amplify a
630-bp region of the EAEC probe and the astA determinant

of EAST1. Moreover, they hybridized with the EAEC and
astA probes. The Vero cell assay and the PCR analyses
confirmed that all the strains produced Stx2 only. Nucle-
otide sequence of the B-subunit toxin gene showed 100%
identity with the nucleotide sequence of the stx2 B gene
from the O157:H7 strain EDL933.

All the E. coli O111:H2 strains harbored two plasmids
of approximately 100 and 7 kb, respectively. Southern
analysis showed that the large plasmids hybridized with the
EAEC probe but not with the stx2 probe, which reacted
only with the total cellular DNAs. These results indicated
that the EAEC gene cluster was located on the large plas-
mid, asin the EAEC strain 17-2, and that the stx2 gene was
present within the chromosome, as in the EHEC strain
EDL933. Stx genes are usually phage encoded in both
0157 and non-0157 EHEC, and aA phage regulatory gene,
designated p, is usually located near both the stx1 and stx2
genes., 16

The E. coli O111:H2 isolates were negative in a PCR
assay performed with aprimer pair complementary to p but
hybridized with a probe produced by PCR amplification of
the p gene present in strain EDL933. An attempt to induce
phages was performed by UV light treatment. Lysates of
the E. coli O111:H2 strains did not contain infectious phag-
es, while strain EDL 933, included as a control in al the ex-
periments, consistently yielded lysates containing 104
PFU/mI. The absence of inducible phages, however, does
not exclude the possibility that the stx2 determinant is asso-
ciated with a defective phage, and further work is needed to
clarify thisissue. Stx production and enteroaggregative ad-
hesion ability might be as pathogenic to human as the clas-
sic EHEC.1%

INVASIVENESS

Benjamin et al.,'> showed that some EAEC strains
might invade intestinal epithelial cells in vitro. However,
using the human intestinal explants model infected with
EAEC strains, cell internalization of the bacteriais not re-
vealed. Abeet al.,! using polarized Caco-2 and T84 human
cultured cells and human jejunal and colonic mucosal,
showed that EAEC strain 236 (0111:H12) was adherent to
both polarized cell lines. In addition the two intestinal tis-
sues also showed severe damage and invasiveness on T84
cells and colonic mucosa. The EAEC 042 strain, although
also adhere to the cultured intestinal cellslines, but did not
adhere to or invade jejunal or colonic tissue.

THE YERSINIA HIGH PATHOGENICITY ISLAND

Y. pestis have the pgm (pigmentation) locus of 102-kb
of chromosomal DNA, which is composed of two distinct
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parts; the pigmentation segment hms (hemin storage) of 68
kb, which confers a pigmented phenotype on colonies
grown on Congo red-agar plates and the other one of ap-
proximately 35 kb named “high-pathogenicity island”
(HPI). The HPI, is absolutely necessary for expression of
thetrait of virulenceto mice of Y. pestis, Y. pseudotubercu-
losis serotype O1, and Y. enterocolitica biotype 1B
strains.1%9

The HPI have virulence genes involved in iron uptake,
of these the irpl and irp2 genes coding for the iron-re-
pressible high-molecular-weight proteins HMWP1 and
HMWP2, which presumably areinvolved in the production
of yersiniabactin; and the fyuA or psn gene (for ferric yers-
iniabactin uptake or pesticin sensitivity) encoding for yers-
iniabactin receptor FyuA that also serves as a receptor for
pesticin,1%?

Schubert et al.,’>° demonstrated that the HPI of the Y.
pestis evolutionary group is disseminated among species of
the family Enterobacteriaceae which are pathogenic to hu-
mans. In their study Schubert et al. showed that the irp2
and fyuA sequencesin EAEC and E. coli blood culture iso-
lates were presents in 93 and 80% respectively and only in
27% of EIEC strains, 5% of ETEC and EPEC strains, but in
none of the EHEC, Shigella, or Salmonella strains investi-
gated. The HPI in Yersinia and most other enterobacteriais
integrated in an asn tRNA locus and carries a P4-like inte-
grase gene, suggesting that the island spread among entero-
bacteria by horizontal transfer, and that this transfer was
mediated by a P4-like bacteriophage.®

When the nucleotide sequences of fyuA gene from
EAEC 17-2 strain, Y. pestis, Y. pseudotuberculosis, and Y.
enterocolitica were compared an identity of 99.6, 99.8, and
98.8% respectively was observed. The fyuA genes from
EAEC and Y. pestis, showed that only five of nine nucle-
otide substitutions caused amino acid mismatches. The
G+C content of the fyuA gene was 56.2 mol%, which is
much higher than the overall G+C content of E. coli (48 to
52 mol%) or Y. enterocolitica (46 to 50 mol%) chromo-
somes. The sequences of the EAEC 17-2 and EIEC E12860
irp2 fragments are identical and have 99.7, 99.7 and 98.6%
identity with those of Y. pestis, Y. pseudotuberculosis, and
Y. enterocaolitica, respectively. The fyuA-irp gene cluster of
Yersinia spp islargely conserved among different HPI-pos-
itive E. coli strains and the fyuA-irp gene cluster of E. coli
strains is more closely related to the HPIs of Y. pestis and
Y. pseudotuberculosis than to the HPI of Y. enterocolitica
serotype 08.1%9

In astudy by Xu et al.,1% was observed that HPI-har-
boring E. coli was the third most frequently isolated enter-
ic pathogen from patients with diarrhea in China. In this
study also was observed that the clinical symptoms differ
from those caused by enteroadhesive E. coli. Vomiting and
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abdominal pain were recorded for 33.33 and 66.67% of the
patients, respectively. Stools with blood were observed for
9.52% of the patients. Twenty-four of 42 (57%) patients
experienced a temperature over 37.4°C.

Recently Okeke et al.,12° in a phenotypic assay showed
that EAEC strains posses a specialized iron acquisition sys-
tem. The genes fyuA, pic, and the geneiucA (for the synthe-
sis of siderophore) were detected in 85.7, 61.9%, and 76.2
of the EAEC strains, respectively.

Although the aggregative adherence pattern on cultured
HEp-2 cells of EAEC is the gold standard for the identifi-
cation of this group of E. coli strains, only some virulent
clones are responsibles to cause diarrheal disease. Have
been show that the HPI contribute to the virulence of Y.
pestis evolutionary group, the existance of HPI in EAEC
strains isolated from patients with diarrhea suggest its par-
ticipation as afactor implicated in the evolution of the diar-
rheogenic EAEC strains.

INTESTINAL INFLAMMATION

EAEC can bind to human colonic mucosa, with forma-
tion of athick mucus layer and production of intestinal in-
flammation.%%168191 A mild inflammatory response with
edema and mononuclear infiltration of the submucosa was
observed during EAEC infection of animals.*81%0 The intes-
tinal alterations observed in a child who died as a conse-
guence of EAEC infection, showed an intense inflammatory
response with lymphocytes, plasma cells and eosinophiles.*®

During a study of infant diarrhea in Fortaleza, Brazil,
children with persistent diarrhea associated with EAEC in-
fection showed intestinal inflammation determined by sig-
nificative elevations of fecal lactoferrin (stable neutrophil
product and sensitive marker for fecal neutrophils) and in-
terleukin-8 (IL-8), a neutrophil chemokine,52:94.168.186 De.
tection of high concentration of fecal cytokinesin patients
with EAEC diarrhea suggests increased production and se-
cretion from an inflamed bowel. In inflammatory bowel
disease it has been confirmed that levels of fecal cytokines
interleukin-13 (IL-18), tumor necrosis factor alpha (TNF-a),
and IL-8 are elevated.26:83170 Jiang et al.,%® have showed
that individuals with a homozygous genotype -251 AA sin-
gle-nucleotide polymorphismo (SNP), in the promotor re-
gion of IL-8 gene, are associated with EAEC diarrhea.

Bouckenooghe et al.,22 demonstrated that naturally oc-
curring EAEC diarrheain travelers was associated with fe-
cal lactoferrin. Greenberg et al.,” studied the intestinal in-
flammatory response of traveler’'s diarrhea acquired in
Goa, India, and Guadal ajara, Mexico. Fecal lactoferrin also
was found in stool samples in which EAEC strains were
isolated. Travelersto Indiawho had EAEC-associated diar-
rhea showed elevated levels of fecal IL-8, IL-13, and IL-1
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receptor antagonist (IL-1ra). Patients with EAEC associat-
ed diarrhea from Mexico, 2 of 15 produced IL-8, and 5 of
16 produced detectable levels of IL-15.

Jiang et al.,8 showed an association between the pres-
ence of EAEC plamid-borne virulence factors aggA, aggR,
aap (aspU), and aafA, and the presence of fecal cytokines.
The presence of aggR or aafA, or more virulence factors, in
EAEC from patients with diarrhea was associated with a
statistically increased concentration of 1L-8 and INF-y in
feces, compared with that in EAEC negative for these fac-
tors. Symptomatic infection with EAEC isolates positive
for aafA were associated with elevated levels of fecal IL-
13, and symptomatic infection with EAEC isolates positive
for aap (aspU) were associated with elevated levels of fe-
ca IL-1ra

Huang et al.,” showed that 72% of EAEC that carrying
the virulence factors aggR, aggA, and aap (aspU) isolates
from patients with traveler’s diarrhea elicit IL-8 produc-
tion, when was examined on intestinal adenocarcinoma
HCT-8 line. However, 40% of those EAEC not carrying
virulence factors also €elicit I1L-8 production. EAEC strains
tested on Caco-2 cells were seen to induce release of |L-8,
apparently via a novel heat-stable, high molecular weight,
chromosomally encoded protein. 68 The cloning, sequenc-
ing and expression of this biologically active |L-8—releas-
ing factor from EAEC, has been identified as a flagellin
(FIiC-EAEC), principal component of EAEC flagella.3®
Flagella purified from EAEC 042 and several other EAEC
isolates potently release IL-8 from Caco-2 cells; an engi-
neered aflagellar mutant of 042 does not induce IL-8 re-
lease. FIiC-EAEC-induced IL-8 secretion requires TLR5-
dependent p38 mitogen-activated protein kinase (MAPK)
activation.®® The IL-8 released from epithelial cells, in re-
sponse to EAEC, could act as the first step in a secretory
cascade by recruiting neutrophilsin the intestinal epitheli-
um. Epithelial cells release 5’ -adenosine monophosphate,
which in turn is converted by a 5’ -nucleotidase on the api-
cal surface of enterocytesto adenosine, an agonist for chlo-
ride secretion.1%9

Partially purified Pet and Pic proteinsinoculated in the
rat ileal loop model caused shortening of the villi, hemor-
rhage, necrotic alterations, ulceration of the upper epithe-
lium and an intense inflammatory response characterized
by mononuclear and polymorphonuclear phagocytes.*®
Rico et al.,2* showed than Pet protein induce an increase
in leucocytes quimiotaxis and raising in neutrophil respi-
ratory burst.

These findings show new mechanisms by which EAEC
may cause intestinal inflammation, leading to absorption
disturbances that contribute to persistent diarrhea, and as a
consequence, growth impairment that is characteristic of
human infection by this organism.

A volunteer challenge study has confirmed that EAEC
strain IM221 caused diarrheain 5 of 16 volunteers.®® Bac-
terial enteropathogens can induce an intestinal immune re-
sponse after an episode of diarrhea.5%18° Gomez et al.,%
studied the secretory immunoglobulin A (slgA) responses
to EAEC JM221 of volunteers. sIgA was extracted from
stools obtained prechallenge and 7 days postchallenge.
Specific sIgA titers were determined with IM 221 antigens
(water-extractable surface antigens, whole cells, li-
popolysaccharides, and outer membrane proteins). Five
subjects who became ill had fourfold or greater risesin ti-
ters against each of the four antigens. Five subjects who re-
mained healthy following challenge did not exhibit signifi-
cant rises in titers to any JM221 antigens, but their mean
titers were significantly higher than the mean prechallenge
titers of the volunteers with diarrhea, suggesting that high
intestinal sIgA titers may be protective. Sutjita et al.,172
studied the intestinal immune response to EAEC strains
among travelers with diarrhea. The study population con-
sisted of U.S. adults travelers with acute diarrhea acquired
during a stay in Guadalajara, Mexico (June to September
1998). Paired stool samples from patients with diarrhea
(caused by EAEC) were slgA positives to outer membrane
proteins antigen from EAEC. Fernandes et al.,% have
showed that IgA from human colostrum inhibits adhesion
to HEp-2 cells, and that these antibodies reactive to 15-kDa
protein (compatible with the subunits of AAF/11) and oth-
ers antigens and may protected against EAEC infection.

EAEC STRAINS IDENTIFICATION METHODS

EAEC can be identified using different procedures.
Metabolic properties are determined by biochemical tests.
Immunological assays are used to identify different bacteri-
al antigens. Molecular biology procedures can be used to
determine the virulence associated genes and the clonal re-
lationship of the microorganisms. Nataro J. P.,*'° have sug-
gests that the identification of AggR o members of the
AggR regulon may identify pathogenic EAEC strains (typ-
ical EAEC). Finally, in vitro systems allow gene expres-
sion to be determined, whilsh in vivo studies such as animal
models or human volunteers are used to identify the clini-
cal symptoms and histological alterations induced by mi-
croorganisms.

EAEC strains form clumps visible as a scum at the sur-
face of a Mueller-Hinton broth shaker culture. The sensi-
tivity and specificity of clump-formation test were each
about 90%. The identification of EAEC by scum formation
is a simple, rapid and inexpensive test.>82 Wakimoto et
al.,8% have showed that a quantitative biofilm assay is con-
venient and useful to screen EAEC, although HEp-2 cell
adherence assay is need for confirmation.



Villaseca et al Enteroaggregative Escherichia coli an emergent pathogen 151

HEP-2 CELLS ADHERENCE ASSAY

The aggregative phenotype of E. coli strains is deter-
mined by testing for attachment in HEp-2 cells at 3 h assay.
The HEp-2 cells adherence assay described by Cravioto et
al.,® remains the “gold standard” for identifying EAEC
strains. Although reproducible, differences in interpretation
associated with lector experiences are common. Recently
Migdady et al.,1%2 described an adherence test using forma-
linfixed HEp-2 cells. This assay modification isimportant as
it may be possible to use the cells to 28 days after initial
preparation, sensitivity from 94 to 98% in determining the
enteroaggregative adherence pattern of E. coli was achieved.

Currently, in many laboratories, EAEC is detected from
mixed cultures by analyzing individual colonies with the
adherence test. However, this technique is cumbersome
and inefficient if large numbers of colonies from stool sam-
ples must be analyzed.

MOLECULAR ASSAY S

The identification of virulence properties is important
for epidemiological studies. The specific genes associated
with virulence can be identified using different molecular
procedures. Genetic techniques have been shown to be
highly effective in detecting and identifying EAEC. Some
studies have compared the presence of EAEC markersin
strains isolated from children and adults with and without
diarrheain different geographic regions,*6:56.126,127.136,152

The DNA hybridization test using the EAEC probeisan
alternative method for identification and has been found to
be both sensitive and specific. Specific DNA probes have
enormous advantages over in vitro assays, with a greater
number of bacterial colonies being tested rapidly and easi-
ly, and an interpretation that is generally more objective.

EAEC plasmids are closely linked to their virulence
mechanism. DNA probes derived from adherence and tox-
in-related sequences have been constructed and used in hy-
bridization assays for the detection of EAEC in epidemio-
| Ogl cal studies. 13,49,111,112,144,154

In addition to their putative role in the pathogenesis of
diarrheal disease, fragments from the large plasmid have
been used as DNA probes to diagnose EAEC infections.3
The EAEC probe currently used for diagnosis consist of a
fragment from the plasmid of the EAEC strain 17-2, EAEC
probe (a 1-kb EcoRI-Pstl fragment of pCVD432 from
EAEC adherence plasmid). Baudry et al.,'3 found that only
56 of 63 strains with the aggregative adherence pattern hy-
bridized with the EAEC probe. Although this probe was
not obtained from a virulence region, it has been shown to
be highly specific identifying E. coli strainswith the aggre-
gative phenotype.#7:158.174
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Gomes et al.,%2 evaluated the relationship between ag-
gregative adherence pattern and EAEC probe. In E. coli
isolates from 1- to 4-year-old children with and without
acute diarrhea, in Sao Paulo, Brazil, in 1,801 isolates ob-
tained from 200 patients and 200 age-matched controls.
The adherence patterns found were classified as aggrega-
tive (typical AA), aggregative in a 6-h assay (AA that
could be clearly discerned only in the 6-h assay, AA6h),
and aggregative predominantly in coverslips (AAcs). The
results showed than 256 isolates were typical AA, 27
AAG6h, and 132 AAcs. The EAEC probe detected 190 of
the 256 isolates with typical AA and 5 of the 132 isolates
with AAcs (sensitivity, 47.0%), none of the isolates that
showed AA6h reacted with EAEC probe and only 29 iso-
lates don not showing reaction with different AA types
(specificity, 97.9%). The association between the aggrega-
tive adherence pattern and patients with acute diarrhea and
controls was of 21.5% and 19%, respectably (p = 0.89).
The association between EAEC probe and acute diarrhea
was of 13.0% in patients and 17% in the controls (p =
0.19). The prevalence of aggregative adherence pattern
combined with related EAEC probe was 10.5% of isolates
of patients and 13% in the controls (p = 0.4). In this study
the aggregative adherence pattern and EAEC probe does
not were associated with acute diarrhea.

In a prospective study, carried out in two urban centers
in northeastern Brazil 158 also was evaluated the relation-
ship between aggregative adherence pattern and EAEC
probe. Forty children with acute diarrhea (16.9%) and 38
children without diarrhea (16.4%) were infected with
EAEC; thus, there was no correlation between EAEC car-
riage and diarrhea (p = 1.00). Similarly, there was no age-
related association of diarrhea with the presence of EAEC
in feces. However, in a group aged 0 to 5 months, the fre-
guency of EAEC isolation was twofold higher for children
with diarrhea. EAEC failed to hybridize with the EAEC
probe. Twenty-one (8.9%) of EAEC isolates from children
with diarrhea hybridize with the EAEC probe, while 27
(11.75%) hybridize with EAEC isolates from control group
(p = 0.39). Eslava et al.,*® showed that 15% of EAEC
strains from various epidemiological studies hybridized
with the pet gene.

Okeke et al.,’26 showed that only 26% of EAEC isolates
from Nigeria hybridized with the conventional EAEC
probe, 63.4% hybridized with the probe for AAF/1, 35.1%
for AAF/11, 22.1% EAST1, 45.8% Pet, 8.4% Aap (AspU),
37.4% pAA replicon, 100% with the AggR probe, and <
5% hybridized with probes for the chromosomally encoded
alphahemolysin and the Pic/ShET1. However, only associ-
ation of AAF/11 with diarrhea was observed (p < 0.002).

Other studies have showed different results. Elias et
al.,* detected AAF/I and AAF/II in 19.2% and 7.7%, re-
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spectively, of EAEC strains from S&o Paulo, Brazil. Czec-
zulin et al.,®8 found that 32% of EAEC strains from various
epidemiologic studies hybridized with the AAF/I probe and
18% hybridized with the AAF/II.

The reason why not all EAEC strains hybridize with the
probe is unknown. However, it has been hypothesized that
different categories of EAEC strains exist.1316% [t would be
interesting to assess whether heterogeneity of the strains
with respect to probe hybridization is correlated with dif-
ferencesin their virulence.

PCR technique is an assist in the detection of EAEC.78
Schmidt et al.,162 developed a PCR with primers comple-
mentary to the EAEC probe. A primer pair complementary
of the EAEC probe was designed for PCR amplification of
a630-bp region. The analysis of the EAEC probe sequence
revealed no significant similarity to any known bacterial
gene. E. coli strains which demonstrated aggregative ad-
herence to HEp-2 cells, 86% were positive with the EAEC
PCR and all these strains reacted with the EAEC probe. In
contrast, only 0.96% of the strains representing other cate-
gories of diarrheagenic E. coli demonstrated a positive
PCR result. The PCR was also successful in screening for
the presence of EAEC in enriched cultures grown from
stool specimens. PCR assay was more rapid, simple, and
highly sensitive that cell culture assays and colony hybrid-
ization, and can be recommended as a screening method
for EAEC detection.

Scaletsky et al.,1%8 studied the correlation of the aggre-
gative adherence pattern with DNA probe and EAEC PCR
assays for the identification of EAEC from children, less
than 2 years of age with or without diarrhea, from
different urban centers of Brazil. A total of 1,428 isolates
obtained from 338 patients and 322 controls children
were studied. The presence of bacterial clusters in an
attacked-brink configuration was used to identify the
EAEC strains and two AA pattern types were detected:
162 typical AA and 27 AA6h. The EAEC probe detected
88 of the 162 with AA, 8 de 27 isolated with AA6h
(sensitivity, 50.2%), which is in accordance with the
levels of sensitivity found in other studies.®74188 The
EAEC probe reacted with only 33 isolates showing none
of the different AA types (specificity, 97.3%). Of 162
isolated with AA, 86 were positive with the EAEC PCR
and all of these strains reacted with the EAEC probe.
EAEC PCR was sensitivity and specificity similar to
those of the EAEC probe. EAEC PCR assay could be used
instead of the DNA probes as a screening method for typ-
ical EAEC carrying the EAEC probe sequence in the clin-
ical laboratory. In this study although EAEC was very
frequently found in these children, this do not were
associated with acute diarrhea. Ruttler et al.,'*
determinate 94.4% sensitivity and 78.26% specificity for

AAF/1- and EAST1-PCR, in comparation with the cell
culture assay, in E. coli strainsisolates from patients uless
than 2 years of age with acute diarrhea in Mendoza,
Argentina.

Vilaet al., 18! studied the prevalence of genes encoding
putative virulence factors in EAEC traveler’'s diarrhea
strains, using EAEC PCR assays. The results showed alow
prevalence of genes for Pet (4.3%), ShET2 (4.3%), and
AAF/11 (8.7%), and AAF/I was not detected in any EAEC
isolates. However, ShET1 and Pic (She) were present in
most EAEC strains (56.5%), a rate similar (57%) to that
found by Czeczulin et al.,®8 using Pic/ShET1 probe. Fur-
thermore, Suzart et al.,1’* observed the Pic sequence in
100% of typical EAEC pCVD432 probe positive. Pic/
ShET1 may be an important virulence factor in traveler's
diarrhea.

The presence of EAEC plamid-borne genes aggA, aggR,
aap (aspU), and aafA among E. coli isolates from 176 pa-
tients with traveler’ s diarrhea was studied by Jiang et al., 8
using PCR assays. The rate of occurrence of one or more
putative EAEC virulence factors was of 60 (70%) of 86
EAEC isolates from travelers with diarrhea, and only 7
(8%) of 90 in patients with diarrhea who were infected
with nonadherent E. coli. The two most prevalent virulence
factorswere aggR and aggA, in 41% and 32%, respectably,
of EAEC strains. The 10% of EAEC strains showed in
combination the virulence factors aggR and aap (aspU).
The combination of virulence factors aggA, aggR, and aap
(aspU) in EAEC strains was 9%. In others studies using
PCR technique, Tsai et al.,178 detected that the aggA gene
is in EAEC isolated from diarrhea patients in Taiwan.
Studies in Tokyo, Japan, Ogata et al.,'2> have showed that
aggR-positive EAEC is a significant causative agent in
traveler’ s diarrhea, and Y amazaki et al 192 showed that pet
gene was detected in 23%, among enteropathogenic E. coli
aggR positives isolates from sporadic diarrhea cases.
Kahali et al.,®” detected two or more of these virulence
genes in 90.1% of EAEC isolates from hospitalized
patientsin Kolkata, India.

Suzart et al.,1”3 reported the existence of aap genein all
the EAEC strains with the pCV D432 probe positive but
only in 12.5% of the probe negative strains. Similar results
were obtained by Sheikh et al.,184 observing a 80% of posi-
tive strains for the aap gene.

A novel PCR multiplex assay was developed by Cerna
et al.,?° This has been used for EAEC detection. Three
plasmid-borne genes AA probe, aap (aspU) and aagR were
analyzed. One or more of the genes were detected in 86%
of EAEC strains.

EAEC PCR showed some disagreement. It is possible
that E. coli strains, which hybridized with the EAEC probe,
exhibits sequence variation in the primer binding sites and
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gave a negative PCR result. Mutations in the genes neces-
sary for adherence may induce that EAEC do not adhere to
HEp-2 cells and show EAEC PCR and EAEC probe posi-
tive. In this study EAEC PCR- and EAEC probe-positive
strains did not show the expected aggregative pattern but
exhibited diffuse adherence. Also, E. coli strains attached
to HEp-2 cellsin the characteristic aggregative pattern but
EAEC probe and PCR negative were detected. However,
Baudry et al.,3 in a previous study showed than strains
with diffuse adherence were EAEC probe negative. Fur-
thermore, others studies have a so shown that not all EAEC
strains hybridize with the EAEC probe. 13160

The EAEC probe or the adherence test must still supple-
ment the PCR to identify the disease-causing strains. A
three-step schedule for EAEC identification may be practi-
cal for the clinical laboratory.162 In the first step, overnight
cultures from stools are screened by the PCR method as de-
scribed above. The PCR may also be directly performed
with stool samples, but such a procedure will need to be
standardized. In the second step, only samples which are
PCR-positive should be analyzed for strain identification.
This must be performed for single colonies with either the
cell culture tests or the EAEC probe. Because one EAEC
probe-positive strain was found to be negative in the cell
culture assay, the typical aggregative pattern can only be
determined by cell culture. Therefore, the adhesion test ap-
pears to have the highest level of specificity and is recom-
mended to be used as a definitive confirmation test. The
third step should include species identification by biochem-
ical testing of positive colonies; this can be followed by O
and H antigen determination. For epidemiological purpos-
es, molecular typing by DNA fingerprinting may be helpful
to determine the clonal relatedness of strains.'6? Efforts to
identify a DNA sequence that correlates with the AA phe-
notype represent a challenging avenue of investigation and
could lead to a more practical assay that allows definitive
epidemiological studies in the pathogenesis of diarrhea.

DISCUSSION AND CONCLUSIONS

EAEC strains are considered as an emergent pathogen
associated with different types of diarrheal disease. Al-
though EAEC strains are recognized by their characteristic
aggregative adherence or “ stacked-brick” pattern to epithe-
lial cells, this feature is observed both in virulent (diarrhea
associated) and non virulent (environmental and non diar-
rhea associated) strains.

The serotyping of EAEC strains show the existence of
many different serotypes associated principally with the
adherence pattern, but not with clinical or pathogenic prop-
erties. On the other hand the molecular analysis of EAEC
pathogenesis, show that the virulence factors of these
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strains are encoded on mobile genetic elements such as
pathogenicity islands, transposons, bacteriophages and
plasmids. This observations support the horizontal transfer-
ence of these virulence factors and as consequence the
emergence of different clones, some virulent strains that
cause diarrhea and some other non virulent strains.

The clinical and epidemiological importance of EAEC,
support the necessity of guide studies on virulence mecha-
nisms, tissue damage and immune response of the infected
host. The search on cellular adhesion and toxins receptors,
the cell signal transduction events and the characterization
of new chromosomal and plasmidic genes, between other
studies could be contribute to a better understanding of the
basic mechanisms and pathophysiology of prolonged and
acute diarrheain EAEC infected patients.

On the base of these new research, could be possible
outline strategies for the development of diagnosis, treat-
ment, and prevention of EAEC infections. Finally a clonal-
lity relationships study of EAEC, may to clarify on the evo-
lution of this E. coli diarrheogenic group.
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