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Abstract

Enteropathogenic Escherichia coli (EPEC) infections are a
leading cause of infant diarrhea in developing countries. Re-
cently eaeA, a gene necessary for the characteristic intimate
attachment of EPECto epithelial cells in tissue culture, was
described. Weconducted a randomized, double-blind study to
determine the role of the eaeA gene in human EPECinfection.
11 adult volunteers ingested 2 X 1010 colony-forming units of
0127:H6 EPECstrain E2348/69, and an equal number re-
ceived the same dose of an isogenic eaeA deletion mutant con-
structed from E2348/69. Volunteers were monitored for the
development of diarrhea, fever, and systemic and gastrointesti-
nal complaints. Diarrhea developed in all 11 volunteers who
received E2348 /69 and in 4 of 11 who received the mutant (P
= 0.002). Fever was more common in recipients of the wild-
type strain (P = 0.024). Stool volumes were lower in recipients
of the mutant. All volunteers seroconverted to E2348 /69 LPS,
but the geometric mean peak titers of serum IgG and IgA in
recipients of the mutant were lower than those of recipients of
the wild-type strain. IgA against LPS was detected in the je-
junal fluid of six of six recipients of E2348 /69 and 5/6 recipi-
ents of the mutant. This study unambiguously assigns a role for
eaeA as an EPECvirulence gene, but the residual diarrhea seen
in recipients of the mutant indicates that other factors are in-
volved. (J. Clin. Invest. 1993.92:1412-1417.) Key words: viru-
lence genes * microbial pathogenesis - diarrhea * immune re-
sponse * fever

Introduction

Enteropathogenic Escherichia coli (EPEC)' are a leading cause
of diarrhea among infants on five continents (1-5). With the
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advent of recombinant DNAtechnology, a detailed analysis of
the complex process of EPECinfection at the molecular level is
now possible. Indeed, much progress has recently been made in
unraveling the genetic basis of EPEC pathogenesis. A three
stage model has emerged from these analyses (6).

The initial phase of EPECinfection involves the noninti-
mate attachment of bacteria to intestinal epithelial cells. This
process is recognized in tissue culture as localized adherence
and is dependent on the presence of a large plasmid commonto
EPECisolates (7). A bundle-forming pilus associated with the
plasmid has been purified and proposed to mediate this initial
adherence (8). Recently bfpA, the gene encoding the major
structural subunit of the pilus, has been cloned and sequenced
(9). The gene is part of an operon necessary for localized adher-
ence and is related to genes encoding type IV fimbriae of sev-
eral other pathogenic organisms, including Vibrio cholerae,
Pseudomonas aeruginosa, and Neisseria gonorrhoeae. Trans-
poson mutants at the bfpA locus are deficient in localized ad-
herence (9).

Subsequent to initial adherence, the bacterium becomes
intimately attached to the epithelial cells and triggers a pro-
found rearrangement of the host cell cytoskeleton. Although
these events are collectively known as the attaching and effac-
ing effect (10), analyses of mutants have indicated that the
processes of intimate adherence and cytoskeletal disruption are
separable. The signal transduced to the epithelial cell involves
activation of host cell tyrosine kinases (11) and the release of
calcium from intracellular stores (12, 13). The epithelial cell
responds with the loss of microvilli and deposition of cytoskele-
tal components including filamentous actin (14), myosin
( 1 5), a-actinin, talin, and ezrin ( 16) directly beneath the ad-
herent bacteria. Tyrosine phosphorylation appears to be a nec-
essary part of the signal received by the epithelial cell because
tyrosine kinase inhibitors block the cytoskeletal changes (11).
EPECmutants have been isolated that are capable of both ini-
tial (localized) and intimate adherence, but are unable to acti-
vate host cell tyrosine kinases and induce the cytoskeletal
changes (11).

Coincident with the cytoskeletal changes evoked in the epi-
thelial cell, the bacterium becomes intimately attached to the
host cell membrane (10). This step requires the function of a
gene cluster located on the EPEC chromosome. The eaeA
locus, originally designated eae ( 17), encodes a 94-kD outer
membrane protein called intimin (18). The predicted amino
acid sequence of intimin shares extensive sequence similarities
with the invasin proteins of Yersinia pseudotuberculosis and
Y. enterocolitica, which mediate binding to members of the lB
family of integrin proteins and subsequent cellular invasion
(19). The eaeB gene, located downstream of eaeA, and at least
one other locus in this gene cluster are also necessary for inti-
mate attachment (20). Mutants in the eaeA gene are capable of
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normal initial adherence and can activate host cell tyrosine
kinases ( 11 ). Similar to wild-type strains, these mutants stimu-
late accumulation of host cell cytoskeletal proteins including
filamentous actin, although the proteins are less intensely fo-
cused beneath the attached bacteria.

The profound changes in epithelial cells induced by attach-
ing and effacing bacteria could lead to diarrhea by at least two
mechanisms. The loss of microvilli could lead to malabsorp-
tion and osmotic diarrhea. Additionally, the rises in intracellu-
lar calcium concentration could lead to chloride secretion and
secretory diarrhea (21 ). Since eaeA mutants are deficient in
intimate attachment and are able to stimulate less profound
changes in the epithelial cell cytoskeleton, we wanted to test the
role of the eaeA gene in EPECpathogenesis. Unfortunately,
there exist no reliable animal models of EPEC infection. Al-
though a variety of species demonstrate attaching and effacing
lesions when infected with human EPECstrains, diarrhea does
not develop reproducibly. Therefore, to investigate the role of
the eaeA gene in the pathogenesis of EPECinfection, we con-
ducted a volunteer study using isogenic wild-type and eaeA
deletion mutant strains.

Methods

Bacterial strains. E2348/69 is a prototypic 0127:H6 strain originally
isolated from an outbreak of infant diarrhea in Taunton, England. A
spontaneous nalidixic acid resistant clone, referred to herein as the
wild-type strain, has been stored at -70'C in 50%glycerol/50% Luria-
Burtani broth since it was last used in a volunteer trial in 1984 (22).
CVD206 was derived from this clone by suicide vector-driven allelic
exchange mutagenesis (23). It is isogenic to the wild-type strain except
for an internal deletion of 1847 bp from the eaeA gene ( - 66%). Only
eight passages were required from recovery of wild-type from frozen
storage to storage of the mutant strain. The phenotype of the mutant is
identical to wild-type except for the inability to produce immunoreac-
tive intimin, the product of the eaeA locus, and the inability to attach
intimately to epithelial cells in tissue culture. The integrity of the con-
struction of CVD206was verified by restoration ofthe wild-type pheno-
type after introduction of the cloned wild-type eaeA allele on a plas-
mid (23).

Volunteers. Volunteers were healthy adults aged 18-40 yr recruited
from the Baltimore community. All underwent extensive screening
including a history, physical examination, psychological examination,
and laboratory testing. Serologic studies included tests for syphilis, hep-
atitis B surface antigen, and antibodies to human immunodeficiency
virus. Prechallenge stools were examined for pathogenic bacteria, ova,
and parasites. Written informed consent for participation in this study
was obtained from each volunteer in accordance with the policies of the
Institutional Review Board of the University of Maryland. In addition,
each participant had to pass a written examination to insure a full
understanding of the design and risks of the study.

Study design. This study was performed on the Research Isolation
Ward of the Center for Vaccine Development (University of Mary-
land). The primary endpoint was the development of diarrhea, defined
as the passage of at least one liquid stool weighing 300 g or more, or two
or more liquid stools totaling at least 200 g during a 48-h period. Sec-
ondary endpoints were the severity of diarrhea, defined as the total
weight of diarrhea in those volunteers who had at least one liquid stool,
and the occurrence of predefined symptoms. Volunteers were inter-
viewed each day and questioned for the presence and severity of the
following symptoms: anorexia, malaise, abdominal gurgling, abdomi-
nal cramps, vomiting, and headache. A symptom scale was used which
assigned the severity of each symptom as 0 (not present), 1 (barely
noticeable), 2 (clearly present, but able to continue activity), 3 (requir-
ing bed rest), or 4 (worst experience of that symptom ever). In addi-
tion, oral temperature was recorded every 8 h. Fever was defined as an

oral temperature > 37.80C. All stools were collected, examined,
weighed, and cultured.

Intravenous fluid was administered to volunteers unable to take
oral rehydration solution in quantities necessary to replace volume lost
by diarrhea or emesis. After 96 h of observation all volunteers were
treated with ciprofloxacin 500 mgby mouth twice daily for 5 d.

The study was designed as a randomized double-blind evaluation of
the pathogenic potential of eaeA mutant strain CVD206 in comparison
to E2348/69, the virulent wild-type strain from which it was derived.
Blinding was maintained by the clinical coordinator, who was not in-
volved in clinical evaluation of the volunteers. The challenge organism
was plated from frozen- storage onto trypticase soy agar. After 24 h at
370C, 10 colonies were picked, tested to confirm agglutination with
0127 antiserum, and spread on trypticase soy agar plates. A suspension
of cells in 0.85% saline was made after growth for 20 h at 370C and
diluted to conform to the desired inoculum based on optical density.
The actual inoculum given was confirmed by plate dilution. After an
acclimatization period of 48 h in the inpatient unit, volunteers ingested
the freshly prepared challenge inoculum. 2 g of sodium bicarbonate
were dissolved in 150 ml of distilled water. Volunteers ingested 120 ml
of sodium bicarbonate solution followed 1 min later by 2 X 1010 CFU
of the challenge organism dissolved in 30 ml sodium bicarbonate solu-
tion. Food and drink were proscribed for 90 min before and after chal-
lenge.

Microbiology. All stools were collected, weighed, and inoculated
onto eosin-methylene blue agar plates containing 100 ggg/ml nalidixic
acid (to which the challenge organisms were resistant) for quantitative
culture. 10 colonies typical of E. coli were picked and tested for aggluti-
nation with 0127 antiserum. Hybridization with DNAprobes derived
from the EPECadherence plasmid (24) and the eaeA gene ( 17) was
performed on five colonies per stool as previously described. Rectal
swabs were substituted for stool cultures in volunteers unable to pro-
duce a specimen during a 24-h period. In addition, a duodenal speci-
menwas obtained from each volunteer for culture using a gelatin string
capsule 24 and 48 h after challenge. Only strings stained with bile and
having a pH 2 6 were cultured. Fecal leukocytes were sought by
Giemsa staining of the first liquid stool from each volunteer with diar-
rhea.

Endoscopy. As a second nested study, volunteers were asked to
undergo esophagogastroduodenoscopy. Separate informed consent
was secured. The clinical coordinator, who was not blinded to the iden-
tity of the group to which the volunteers belonged, selected three volun-
teers from each group who had agreed to endoscopy and who had the
most diarrhea during the first 18 h of the study. These individuals
underwent esophagogastroduodenoscopy under midazolam and me-
peridine anesthesia - 24 h after challenge. A duodenal aspirate was
obtained for culture and four duodenal biopsies were obtained for im-
munological studies (to be reported elsewhere) and histopathologic
examination. Duodenal biopsies were fixed in 2% glutaraldehyde/ 1%
formaldehyde and processed by routine methods for histopathology
and scanning electron microscopy.

Serology. Serum was collected before challenge and 8, 21, and 28 d
after challenge. Jejunal fluid was collected before and 8 d after chal-
lenge by aspiration through oral polyvinyl chloride intestinal tubes.
Serum was tested for IgG and serum and duodenal fluid were tested for
IgA antibodies against purified 0127 LPS by ELISA as previously de-
scribed (22, 25). Briefly, polystyrene Cooke plates were coated with the
LPS preparation in carbonate coating buffer, pH 9.6. After an over-
night incubation at 4°C, plates were washed with PBS, then blocked
with PBS containing 5%FBS for 1 h at 37°C. Plates were again washed,
and specimens added. Serum was initially diluted 1:50 followed by
twofold dilutions; duodenal fluids were standardized to a total IgA
content of 20 mg%, then run at an initial dilution of 1:4. All specimens
were diluted in PBS-Tween 20 with 1% FBS. Specimens were incu-
bated overnight at 4°C, plates washed, and the binding reaction mea-
sured using immunoglobulin specific alkaline phosphatase conjugates
and substrate as previously described (25). Absorbances were read at
405 nm using an OD of 0.1 as a cut-off for a positive response. A
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fourfold rise in titer comparing prechallenge to postchallenge titers of
antibody were considered to be indicative of a seroconversion.

Statistical analysis. For univariate analyses, categorical variables
were compared using Fisher's exact test; continuous variables were
compared using the Wilcoxon rank sum test or Spearman's rank corre-
lation coefficient. Analysis of covariance (ANCOVA) was used to as-
sess the relationship between challenge strain and peak immunoglobu-
lin titer (covariate = prechallenge titer). For this analysis, immunoglob-
ulin titers were logarithmically transformed to better approximate
normality. Differences in the presence of symptoms caused by the chal-
lenge strains was assessed by discriminant analysis. For clinical out-
comes, one-tailed P values < 0.05 were considered significant. Two-
tailed tests were used to compare microbiological and immunological
outcomes. Statistical tests were performed using SAS/PC (SAS Insti-
tute, Cary, NC).

Results

Clinical outcome. Clinical and serological data for each volun-
teer are given in Table I and summarized in Tables II and III.
Diarrhea, as defined in Methods, developed in all 11 volunteers
who received the wild-type strain, but in only 4 of 11 recipients
of the eaeA deletion mutant (P = 0.002). Whenall volunteers
who had liquid stools were compared regardless of whether
they met the definition of diarrhea, illness was more severe in
the group that received the wild-type strain (P = 0.004). How-
ever, when the analysis was restricted to volunteers who met
the definition of diarrhea, the difference in stool weight be-

tween groups was no longer significant. Fever was noted pn-
marily in recipients of the wild-type strain (55 vs 9%, P
= 0.024). Diarrhea developed after a mean incubation period
of 7.4 h (range 2.9-11.2 h) in the group that received the wild-
type strain, and 7.3 h (range 5.3-8.7 h) in the group that re-
ceived the mutant strain. Independent comparisons of each
symptom showed a higher frequency of anorexia, malaise, ab-
dominal gurgling, and vomiting among recipients of the wild-
type strain (Table I). However, these symptoms are not inde-
pendent, but rather are manifestations of a common clinical
syndrome. A discriminant analysis which simultaneously com-
pared differences in frequency of all symptoms revealed signifi-
cant differences between recipients of the wild-type and mu-
tant strain (P = 0.005). In addition, a discriminant analysis
comparing the peak score for each symptom also revealed dif-
ferences in the severity of symptoms (P = 0.02).

Microbiology. The challenge organism was recovered from
the stools of all volunteers. The peak excretion of the challenge
strain was 1. 1 X 10 8 CFU/g in recipients of the wild-type strain
and 1.3 x l0 CFU/g in recipients of the mutant strain (P
= 0.68). Duodenal strings were positive in only 3 of 16 volun-
teers who produced adequate specimens. One specimen was
positive at 24 h from a recipient of the mutant strain, one at 24
h from a recipient of the wild-type strain, and specimens ob-
tained at both 24 and 48 h were positive from a recipient of the
wild-type strain. Duodenal aspirates from individuals who un-
derwent esophagogastroduodenoscopy did not yield E. coli. All

Table I. Number and Total Weight of Liquid Stools, Maximum Temperature, Peak Score of Symptoms, and ELISA Titers
for Antilipopolysaccharide Antibodies in Recipients of the Wild-type and Mutant Strains

No. of Weight of Peak symptom score Serum IgG Serum IgA Secretory Ig
liquid liquid

Volunteer no. stools stools T,,, Anorexia Malaise Gurgling Cramps Headache Vomiting Pre Peak Pre Peak Pre Post

g C

Wild-type group
1 2 458 37.3 0 0 1 0 0 0 25 12,800 25 400 NA NA
5 12 1,714 38.2 1 3 3 4 3 0 50 3,200 25 200 2 32
6 8 3,403 37.2 1 1 1 3 1 4 100 1,600 25 1,600 4 128
7 4 627 38.3 1 0 0 0 0 1 25 6,400 25 1,600 NA NA
9 9 967 37.9 1 1 1 3 2 1 50 12,800 50 12,800 4 256

11 2 382 38.7 1 1 1 3 1 0 25 800 25 1,600 2 8
12 2 515 37.7 1 1 4 0 0 0 25 400 25 1,600 NA NA
13 5 1,386 37.6 1 1 1 4 2 0 25 800 25 1,600 2 128
15 15 1,730 37.6 0 1 1 2 0 0 NA NA NA NA NA NA
21 10 1,790 38.3 1 1 1 3 4 4 50 12,800 25 3,200 8 4,096
25 13 3,528 38.4 1 1 0 4 0 3 25 3,200 25 800 NA NA

eaeA Mutant group
4 0 0 37.6 0 2 1 2 1 0 25 50 25 200 2 64
8 2 234 36.8 1 3 0 3 1 0 50 800 50 1,600 NA NA

14 0 0 37.5 1 0 0 1 3 0 25 400 25 400 2 256
16 9 1,104 37.6 1 1 0 3 3 2 25 100 25 100 2 32
17 0 0 37.5 0 0 0 1 1 0 25 25 25 100 4 64
18 2 196 38.1 0 1 0 0 0 0 25 50 25 200 NA NA
19 0 0 37.4 0 0 0 0 0 0 50 200 25 100 16 16
20 1 254 37.1 0 0 0 0 0 0 25 50 25 1,600 NA NA
22 2 364 37.6 0 0 1 0 0 0 25 100 25 1,600 8 256
23 3 827 37.2 0 0 1 0 0 0 50 200 25 800 NA NA
24 1 110 37.3 1 0 0 2 0 0 25 50 25 200 NA NA

NA, not available.
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Table II. Frequency of Diarrhea, Total Stool Weight, and Frequency of Fever in Recipients of Wild-type and eaeA Mutant EPEC

Group
P

Wild-type eaeA Mutant (one-tailed)

n= 11 n= 11

Number with diarrhea* 11 (100%) 4(36%) 0.002
Median stool weight (in grams) in those with diarrhea (range) 1,386 596 0.09

(382-3,403) (234-1,104)
Number with at least one liquid stool 11 (100%) 7 (64%) 0.045
Median stool weight (in grams) in those with at least one liquid stool (range) 1,386 254 0.004

(382-3,403) (110-1,104)
Number with fever (Tma, > 37.80C) 6 (55%) 1 (9%) 0.024

* Defined as the passage of at least one liquid stool weighing 300 g or more, or two or more liquid stools totaling at least 200 g during a 48-h period.

E. coli colonies that were agglutinated with 0127 antiserum
from the group given the wild-type strain were positive with the
eae gene probe. As expected, none of the E. coli colonies that
were agglutinated with 0127 antiserum from the group that
received the mutant strain were eae probe positive, indicating
lack of cross-contamination between groups. Of 130 samples
from the group that received the wild-type strain, 108 (83%)
had at least one positive colony when tested with the EPEC
adherence factor (EAF) probe. Only 45 (48%) of 93 such sam-
ples from the group that received the mutant strain were EAF
positive (P < 0.001). There was no correlation between the
proportion of samples from an individual that were EAFposi-
tive and peak excretion, There was a significant association
between proportion of samples from an individual that were
EAF positive and severity of diarrhea as measured by total
stool weight (Spearman's correlation coefficient 0.689, P
< 0.001). However, 76 of 80 samples recovered from both
groups during the first 24 h after challenge, during the period of
peak diarrhea, were EAF positive. Furthermore, there was no
difference between groups in the proportion of volunteers that
excreted at least one EAF negative sample during the study (8
of I 1 recipients of the wild-type strain and 11 of 11 recipients of
the mutant, P = 0.21 ). Fecal leukocytes were detected in sam-
ples from only two volunteers. Both individuals were from the
group that received the wild-type strain and both had fever.

Immunological response. All volunteers developed antibod-
ies against 0127 LPS (Tables I and III). A fourfold increase in
serum IgG titer to LPS was detected in all recipients of the
wild-type strain, but in only 5 of 11 recipients of the mutant
strain (P = 0.001 ). The geometric mean of the peak serum IgG

Table III. Immunologic Response to 0127 LPS by ELISA Titer
in Recipients of Wild-type and eaeA Mutant EPEC

Geometric mean peak titer

Wild-type eaeA Mutant
group group P*

Serum IgG 2,986 107 <0.001
Serum IgA 1,300 353 0.005
Secretory IgA (duodenal fluid) 128 72 0.34

* Analysis of covariance, two-tailed.

titer was significantly higher in recipients of the wild-type strain
(ANCOVA, P < 0.001). All volunteers developed at least a
fourfold rise in serum IgA antibodies against the LPS of the
challenge organism. Again, the geometric mean peak titer was
significantly higher in the recipients of the wild-type strain
(ANCOVA, P = 0.005). A fourfold rise in secretory IgA titer
was detected in all of six recipients of the wild-type strain and
five of six recipients of the mutant strain who were able to
submit pre- and postchallenge duodenal aspirate specimens.
There was no significant difference in the geometric mean
titers of secretory IgA in the postchallenge duodenal specimen
between the two groups (ANCOVA, P = 0.34). A significant
association existed between the proportion of samples recov-
ered from an individual that were EAFprobe positive and the
peak serum IgG titer (Spearman's correlation coefficient
0.537, P= 0.01).

Histology. The duodenal biopsy samples obtained from all
six samples appeared histologically normal by light micros-
copy. No bacteria were detected by light microscopy or by
scanning electron microscopy.

Discussion

In this randomized, double-blind study we demonstrate that
the eaeA locus is necessary for full pathogenicity in adult nor-
mal volunteers, thereby confirming the function of eaeA as the
first virulence gene to be identified in EPEC. Volunteers ran-
domized to ingest an isogenic eaeA deletion mutant of proto-
typic EPECstrain E2348/69 were less likely to develop diar-
rhea than those who received the otherwise identical parent
strain. Amongvolunteers with any loose stools, those from the
cohort that received the mutant strain had less severe diarrhea
than recipients of the wild-type strain. In addition, abdominal
symptoms were milder in recipients of the eaeA mutant. These
results demonstrate unambiguously that the eaeA gene is in-
volved in EPECvirulence.

Wefound no difference in the peak excretion of the wild-
type and mutant strains. This is not surprising considering that
both strains are capable of producing the plasmid-encoded
bundle forming pilus proposed to mediate the initial adherence
of EPECto epithelial cells in vitro (8, 9). The previously noted
tendency of EPECto lose the adherence plasmid during pas-
sage through adult volunteers was confirmed in this study (22).
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Surprisingly, a higher proportion of samples from volunteers
who received the eaeA mutant were EAFprobe negative. Thus
the difference in incidence and severity of diarrhea between the
groups that received the wild-type and mutant strains is con-
founded by the greater loss of the adherence plasmid (previ-
ously associated with virulence (22)) in the latter group. How-
ever, the fact that virtually all samples were EAF positive dur-
ing the first 24 h of the study when diarrhea was at its
maximum in both groups, suggests that loss of the EAF plas-
mid was not a cause of diminished virulence.

All volunteers had an antibody response against the LPS of
the challenge organism. Serum IgA responses were noted in all
and secretory IgA responses in all but one volunteer. However,
volunteers from the cohort that received the wild-type strain
were more likely to develop a fourfold rise in serum IgG against
LPS. Furthermore the peak titers of both serum IgG and serum
IgA against LPS were much higher in recipients of the wild-
type strain. In contrast, no significant differences were appar-
ent between the two groups in the titers of secretory IgA. Inter-
estingly, eaeA mutants of EPECare less invasive in vitro than
wild-type organisms (26, 27). One possible explanation for the
decreased immunogenicity of the eaeA mutant is that intimin
is involved in presentation of EPECLPS to the systemic im-
mune system through limited invasion. The occurrence of
fever almost exclusively in recipients of the wild-type strain
may also reflect differences in invasion. In contrast, the failure
to detect a difference between the groups in secretory IgA re-
sponse to LPS indicates that local immunoglobulin responses
may be generated efficiently in the absence of bacterial inva-
sion, activation of the systemic immune system, or systemic
symptoms.

The results of this study provide important information
regarding the pathogenesis of EPECdiarrhea and allow us to
speculate on the role of intimin in infection. The mechanisms
by which EPECcauses diarrhea have not been identified. Un-
like enterotoxigenic E. coli, EPECdo not induce increases in
cellular cyclic nucleotides (28) and unlike enteroinvasive E.
coi, EPEC do not cause dysentery. The hallmark of EPEC
infection is the ability of the organism to attach intimately to
the surface of epithelial cells and induce profound changes in
cytoskeletal organization in a process known as attaching and
effacing (10). Intimin, the 94-kD outer membrane product of
the eaeA locus, is necessary for the intimate attachment aspect
of this effect in a tissue culture model ( 17, 23). In addition,
enterohemorrhagic E. col, which are also capable of the attach-
ing and effacing effect, possess an eaeA gene homologue that is
necessary for intimate attachment in a porcine model (29). We
hypothesize that the EPEC eaeA mutant is unable to attach
intimately to epithelial cells in humans and that this deficiency
is reflected in the decreased virulence of the organism. Unfortu-
nately, attempts to verify this hypothesis directly by endoscopic
duodenal biopsy were unsuccessful. The duodenum was se-
lected for the site of biopsy because previous studies in infants
with persistent diarrhea due to EPEChave demonstrated organ-
isms at this site (30, 31 ). However, cultures of duodenal aspi-
rates obtained at the time of endoscopy did not yield E. coli in
our adult volunteers. The failure to detect organisms or patho-
logical changes in duodenal biopsies in this study suggests that
the site of EPECinjury may differ between adults with acute,
mild, experimental EPECinfection and infants with persistent,
severe, natural EPECinfection.

The presumed failure of the eaeA mutant to attach inti-
mately to intestinal epithelial cells is the most likely explana-
tion for its decreased pathogenicity. Intimate attachment is nec-
essary for full expression of the effects of EPECon the host cell
cytoskeleton ( 17, 23). Mutants at the eaeA locus remain capa-
ble, however, of more subtle cytoskeletal alterations and of
inducing host-cell tyrosine kinase activity (11, 23, 26). We
speculate that this signal transduction event results in elevated
intracellular calcium concentrations and fluid secretion ( 12).
Loss of microvilli caused by EPECattaching and effacing le-
sions is an alternative mechanism for EPECdiarrhea. While
malabsorption may be a factor in protracted EPECinfection,
the acute onset of diarrhea in volunteers (in as little as 2.9 h)
indicates that secretory mechanisms are also operative.

Interestingly, the eaeA mutant was not completely aviru-
lent; diarrhea developed in 4 of 11 volunteers. Since diarrhea
does not develop in volunteers who ingest nonpathogenic E.
coli (32), this suggests that intimate attachment is not essential
for the development of diarrhea. Indeed, the eaeA mutant re-
mains capable of disrupting host cell cytoskeletal proteins and
inducing cellular tyrosine kinase activity ( 11). Thus eaeA ap-
pears to be required for intimate attachment and full expres-
sion of cellular effects caused by other EPECloci. It will there-
fore be interesting to test EPECmutants deficient in signal
transduction in volunteers.

In summary, we have shown that the eaeA gene of entero-
pathogenic Escherichia coli is necessary for full EPECviru-
lence, but that an eaeA mutant retains the ability to induce
mild diarrhea. These results add to our understanding of EPEC
pathogenesis and provide valuable information for the design
of strategies to prevent and ameliorate diarrhea due to this
prevalent pediatric pathogen.
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