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Double-blind studies were performed to compare the virulence of enterotoxigenic Escherichia coli with and without the fimbriate colonization factor antigen
(CFA), using young healthy adults (mean age, 23 years) as volunteers. In the first
study one group of volunteers ingested 1 x 106 E. coli H-10407, the CFA-positive
strain, and another group ingested 1 x 106 E. coli H-10407-P, the CFA-negative
spontaneous derivative of strain H-10407. The second study was similar except
that the test strains were administered at a dose of 1 x 108 viable cells. Three
parameters of infection were monitored: (i) diarrhea and associated symptoms;
(ii) excretion pattern of test strains; and (iii) humoral antibody response to CFA,
somatic antigen, and heat-labile enterotoxin. Significant signs of illness occurred
only in six of seven volunteers who ingested E. coli H-10407 at a dose of 1 x 108.
At both doses, E. coli H-10407-P appeared in the stool on day 1 postchallenge
and disappeared by day 4. In contrast, strain H-10407 was persistently excreted
from the first to the last day of the study. Also, only those volunteers in the H10407 challenge groups (12 of 13 analyzed) responded with a fourfold antibody
titer rise to CFA, somatic antigen, and/or heat-labile enterotoxin. No reversion of
H-10407-P to H-10407 was detected.
It is a generally accepted concept that bacterial colonization of small intestine is a prerequisite to diarrheal diseases caused by enterotoxigenic Escherichia coli (ETEC). Colonization of
epithelial surfaces, in the absence ofactual tissue
invasion, and subsequent multiplication to a
large ETEC population is consistent with both
clinical and experimental observations of ETEC
diarrhea in humans (4, 12, 22) and in laboratory
animals (8, 13, 22). Evidence for the role of
specific surface-associated, fimbriate antigens of
ETEC in intestinal colonization was first obtained through the study of animal-specific
ETEC. ETEC isolated from swine generally possess the antigen K88 (15), whereas those isolated
from calves generally possess K99 (17, 20). K88
and K99, known collectively as adhesion factors,
are morphologically indistinguishable from each
other and from the so-called common pili of E.
coli but nevertheless are antigenically and functionally distinct (14, 20). Both K88 and K99
hemagglutinate erythrocytes of different animal
species (1, 16). Similarly, ETEC isolated from
humans possess a fimbriate colonization factor
antigen, termed CFA, distinctly different from
K88, K99, and common (type I) pili (6, 7, 19).
CFA-positive ETEC of several different sero-

types have been isolated from cases of diarrhea
in both infants and adults (5, 7, 21).
The role of CFA in mediating intestinal adhesion and colonization has been demonstrated,
using an intact infant rabbit diarrhea model (7,
8). A more ideal comparison of the biological
effects of live inocula of CFA-positive and CFAnegative ETEC would of course employ the
natural host of the pathogen, humans, by challenging and subsequently observing healthy
young volunteers. This comparison has now
been made with the aid of recently described
laboratory techniques (6, 10), which facilitated
the rapid identification of the heat-labile enterotoxin (LT)-positive, CFA-positive E. coli test
strain (H-10407) and its LT-positive, CFA-negative derivative (H-10407-P). A separate report
describes in detail the clinical aspects of these
volunteer studies; this report describes results
relating to CFA as a primary virulence factor in
humans and also to the immunological aspects
of experimental ETEC infection.
MATERIALS AND METHODS
Volunteers. Volunteers were 15 females and 12
males attending one of several universities in Houston,
Tex. These ranged from 18 to 27 years of age (mean,
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tetracycline.
Challenge of volunteers with test strains. Two
challenge studies were performed. In the first study
seven volunteers were administered 1 x 106 viable E.
coli H-10407 cells, and an equal number were given 1
x 106 H-10407-P cells from containers coded such that
neither the volunteers nor the medical team had
knowledge of the code. The same protocol was followed in the second study except that 1 x 108 viable
cells of H-10407 and H-10407-P, respectively, were
administered.
Challenge inocula were prepared by harvesting cells
from Casamino Acids-yeast extract (CYE) agar media
(6) that had been inoculated 4 h previously for confluent growth from an overnight aerated brain heart
infusion broth culture. Cells were harvested in brain
heart infusion broth, adjusted to the appropriate optical density at a 640-nm wavelength, and finally diluted to either 1 X 106 or 1 X 10' bacteria per 50 ml of
phosphate-buffered saline (0. 1 M, pH 7.2) for ingestion. These suspensions were prepared within 1 h of
challenge. Volunteers were given 2.0 g of sodium bicarbonate (baking soda) in 4 ounces (ca. 120 ml) of
water 3 min before ingestion of bacteria. Inoculum size
was confirmed by standard plate-count techniques.
Volunteers were administered the challenge organisms in the late afternoon so that the next day was
registered as day 1 and so forth. Prestudy blood samples were drawn before challenge, and prechallenge
stool samples were also obtained to test for the pres-

ence of ETEC, CFA-positive, or 078-positive bacteria.
Clinical observations and specimen collection.
Volunteers were monitored for symptoms such as diarrhea, nausea, vomiting, abdominal cramps, and/or fever. Stool was collected, and volume and weight were
recorded. Detailed clinical observations are presented
elsewhere (Satterwhite et al., manuscript in preparation). Daily stool specimens were transported to the
laboratory for bacteriological processing. Postchallenge blood samples were obtained on the last day of
the study and approximately 1 month therafter. Sera
were divided into small fractions and stored at -65°C.
Detection and identification of challenge
strains. E. coli were isolated by streaking each stool
specimen on Tergitol agar and on CYE agar plates.
After 18 h of incubation of the plates at 37°C, wellisolated lactose-positive colonies were selected from
the Tergitol agar and inoculated into 2% peptone-0.5%
NaCl-2% agar deeps in airtight screw-cap tubes so
that each stool specimen was represented by 10 randomly selected E. coli-like isolates. CYE agar isolates
were used to test the efficiency of the MR-HA assay
in detecting strain H-10407 and also to search for
possible CFA-positive revertants in stools of volunteers challenged with the CFA-negative strain H10407-P.
All Tergitol agar isolates were assayed for LT enterotoxin within 72 h of isolation by the direct passive
immune hemolysis assay recently described in detail
(10). The enterotoxigenicity of both challenge strains
was confirmed by the cultured Y-1 adrenal cell assay
for LT (3) before each study. Also, randomly chosen
CFA-positive and CFA-negative enterotoxigenic (passive immune hemolysis-positive) isolates from the volunteers were confirmed by the Y-1 adrenal cell assay
during each study.
All isolates were also tested for CFA by subculturing
on CYE agar and testing zones of confluent growth for
MR-HA by the slide hemagglutination method recently described (6). Presence of CFA was confirmed
by slide agglutination with monospecific serum. Fifty
percent of all isolates were randomly selected and
tested for 078 antigen.
Serology. Serum antibody against LT enterotoxin
of E. coli (anti-LT) was determined by microtiter
titration, using LT-sensitized sheep erythrocytes to
quantitate passive immune hemolysis activity as recently described (11).
Serum antibody against CFA (anti-CFA) was determined by microtiter titration of E. coli H-10407 cells,
the titer being defined as the reciprocal of the highest
dilution of serum producing 100% agglutination of the
bacterial cells, as recently described (6, 7). E. coli H10407-P cells were used as a control, and a serum
control consisting of rabbit monospecific anti-CFA
serum was also used (7).
Serum antibody against the E. coli 078 somatic
antigen (anti-078) was determined by passive hemagglutination using 078-sensitized sheep erythrocytes as
described by Neter et al. (18). E. coli H-10407-P was
the source of 078 antigen. The titer was defined as the
reciprocal of the highest dilution of serum producing
100% agglutination of the 078 erythrocytes. Each plate
contained a control anti-078 serum obtained from the
Center for Disease Control, Atlanta, Ga. The control
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23 years) and were free of underlying illness, chronic
or recurrent gastrointestinal symptoms, or regular
medication. Informed consent was obtained by a protocol approved by Committees for the Protection of
Human Subjects at The University of Texas Health
Science Center at Houston, Baylor College of Medicine, and the Methodist Hospital of Houston, Tex.
Pre- and postchallenge medical examinations, medical
surveillance, and diarrhea therapy, where required,
are described elsewhere (T. K. Satterwhite, D. G.
Evans, H. L. DuPont, and D. L. Evans, Jr., manuscript
in preparation).
Challenge strains. E. coli strain H-10407
(078:H11) was isolated in 1971 from the stool of an
adult with severe non-Vibrio cholera in Dacca, Bangladesh (9). H-10407 has been the subject of extensive
investigations including challenge of a variety of experimental animals without demonstrating tissue invasiveness or systemic infection (8, 9). Strain H-10407,
which is CFA positive, and its stable CFA-negative
spontaneous derivative H-10407-P were used as challenge organisms. Both strains are equally positive for
LT (8) and differ antigenically only in the presence or
absence of CFA; both strains are equally reactive with
anti-078 sera. Both strains produce so-called common
pili but only in liquid media (5, 8), so that monospecific
anti-CFA rabbit sera prepared against purified CFA
(7) and also by adsorption of anti-H-10407 serum with
H-10407-P cells were available for differentiation purposes (see below). Also strain H-10407 but not H10407-P was readily detectable by mannose-resistant
hemagglutination (MR-HA) of human erythrocytes
(6). Neither strain possessed unusual antibiotic resistance properties so that intestinal clearance at the end
of the study was easily achieved with ampicillin or
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consistently produced an agglutination titer of 1:512.
All of the above microtiter titration assays were
performed in duplicate, and a fourfold increase in titer
(two wells) was considered a significant increase in
antibody titer.
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FIG. 1. Percentage of stool E. coli isolates found
positive for LT enterotoxin. Volunteer groups represented are: (0) H-10407, 1 x 1CP dose; (0) H- 1040)7.P,
1x
1Cdose; (A) H.10407.
H410407,
dose;
(A)
1 x 10
P, 1 x loF dose.

negative. As the data in Fig. 1 shows, the excretion of H-1047 and H-10407-P was again very
different. H-10407 was present in all stools analyzed on day 7, whereas H-10407-P was present
in only one of six stools on day 4 and in none
thereafter. H-10407 was excreted by the volunteers for days after diarrhea and other symptoms
had subsided, since the mean duration of diarrhea for this group was 43.8 h (range, 21 to 81
h), and total stool volume was only slightly
above normal on day 5 and was normal on day
6.
It should be noted here that vomitus from one
volunteer challenged with H-10407, collected on
day 3 of the study, was analyzed for the challenge strain. H-10407 was present at 5 x 106 per
g of material.
Humoral antibody responses toE. coli H10407 and H-10407-P. Anti-CFA, anti-LT, and
anti-078 antibody determinations were performed on sera collected from the volunteers
before challenge and 10 and 30 days after challenge. Table 1 lists data obtained for sera of
volunteers challenged with 1 x 106 H-10407 and
H-10407-P, respectively. Only those volunteers
exposed to the OFA-positive challenge strain
demonstrated significant, i.e., fourfold, rises in
anti-oFA, anti-LT, and anti-078 antibody titers.
Individually (not shown in Table 1), two volunteers (H-10407, 1 x 106 dose) responded only to
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RESULTS
Essential clinical observations. A detailed
clinical analysis is reported elsewhere (Satterwhite et al., manuscript in preparation). The
results may be summarized as follows. At a dose
of 1 x 106, there was no discernible difference
between the seven volunteers challenged with
the strain H-10407 and the seven challenged
with strain H-10407-P; only one student in each
group had one watery stool each during the
study. At a dose of 1 x 101 H-10407 (CFApositive E. coli), six of seven volunteers had
watery diarrhea, particularly on days 2 through
4. In the group of six volunteers challenged with
the CFA-negative strain H-10407-P, none had
watery diarrhea. None of the volunteers experienced fever during the studies.
Excretion patterns of challenge strains
at a dose of 1 X 106. From the group of seven
volunteers challenged with 1 X 106 H-10407, 390
isolates were analyzed (day 1 to 7), and 192
(49.2%) were positive for both LT and CFA. No
LT-positive isolates lacked CFA and no CFApositive isolates lacked LT. From the group of
seven volunteers challenged with 1 x 106 CFAnegative H-10407-P, 400 isolates were analyzed
(day 1 to 7), and 27 (6.7%) were Lt positive,
although all isolates tested were CFA negative.
As can be seen from the excretion patterns presented in Fig. 1, the excretion of H-10407 and H10407-P were markedly different. Strain H-10407
was present in stools of all volunteers analyzed
on day 6, and 60% (three or five available for
analysis) were excreting the CFA-positive strain
on day 7. On the other hand, strain H-10407-P
was present in five of five stools analyzed on day
2, only one of six on day 3, and thereafter none
was detected.
Excretion patterns of challenge strains
at a dose of 1 X 108. Analysis of E. coli isolates
for LT production and CFA was performed in a
double-blind fashion as described above. From
the group of seven volunteers challenged with 1
x 106 H-10407, 460 isolates were analyzed (day
1 to 7), and 333 (72.4%) were positive for both
LT and CFA. No LT-positive isolates lacked
CFA and no CFA-positive isolates lacked LT. In
addition, stool from each volunteer was analyzed
on day 8, and 36 of 70 isolates were strain H10407. From the group of 6 volunteers challenged with 1 X 106 CFA-negative H-10407-P,
400 isolates were analyzed (day 1 to 7) and 92
(23%) were LT positive, although all were CFA
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DISCUSSION
There is ample evidence that colonization of
small intestine is a primary facet of the pathogenesis of enterotoxic diarrhea caused by ETEC
(4, 12, 22). Since the normal small intestine of
humans is essentially free of coliform contamination (2), it follows that, for colonization by
ETEC to occur in the absence of intestinal abnormalities, the organisms must be capable of
gaining residence in spite of normal host defenses. This further implies that ETEC possess
one or more specific virulence factors that facilitate colonization. The surface-associated fimbriate K88 and K99 antigens of animal-specific
ETEC function as such colonization factors (15,
20). In 1975, Evans and co-workers reported on
the existence of CFA on E. coli H-10407 (8).
More recently, we demonstrated both the presence of CFA on ETEC isolates from Mexico and
the United States and that CFA is not restricted
to E. coli of serotype 078:H11 (7, 21). Also, CFA
activity in an infant rabbit model has been confirmed by immunofluorescent techniques with
the interesting result that CFA-positive, but not

TABLE 1. Serological determinations performed with sera from volunteers challenged with 1 x
E. coli H-10407 and H-10407-P, respectively

106 dose of

Challenge strain and dose:
Type of antibody

H-10407 at 1 x 106

Serum sample (day)

H-10407-P at 1 x 106

No. of serocon- Geometric
No. of serocon- Geometric
versions
mean titers Range of tigers
versions
mean titers Range of tigers

0
10
30
0
10
30
0
10
30

Anti-CFA
Anti-LT

Anti-078

TABLE 2.

1 of 6
3 of 6
2 of 6
2 of 6
5 of 6
3 of 6

2.5
4.0
6.5
11.3
23.8
29.0
25.4
231.9
70.6

(24)
(2-8)
(4-8)
(2-32)
(16-32)
(16-32)
(8-128)
(64-1024)
(32-128)

O of 7
O of 7

0 of 7
0 of 7
0 of 7
0 of 7

2.2
2.2
2.2
19.5
21.5
21.5
43.1
47.6
43.1

(2-4)
(2-4)
(2-4)
(4-32)
(8-32)
(8-32)
(16-128)
(16-128)
(8-256)

Serological determinations performed with sera from volunteers challenged with 1 x IO' dose of
E. coli H-10407 and H-10407-P, respectively
Challenge strain and dose:

Type of antibody

H-10407 at 1 x lo"

Serum sample (day)

No. of serocon- Geometric
versinsman
tters
versions
mean titers

Anti-CFA
Anti-LT

Anti-078

0
10
30
0
10
30
0
10
30

4 of 6
4 of 6
4 of 7
3 of 7

6 of 7
2 of 7

2.8
17.9
12.7
16.0
47.6
39.0
47.5
689.1
105.0

H-10407-P at 1 x 108

.
No. of serocon- Geometric
Range of titers N versions
.
ofsrcn
.emti
mean
titers Range of titers

(2-4)
(4-32)
(4-32)
(4-64)

(16-128)
(16-64)
(16-256)
(256-2,048)
(32-256)

0 of 6
0 of 6
0 of 6
0 of 6
0 of 6
0 of 6

2.5
2.5
3.2
28.5
32.0
32.0
25.4
28.5
28.5

(2-4)
(2-4)
(2-8)
(16-32)
(16-64)
(16-64)
(16-64)
(16-64)
(16-64)
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the 078 somatic antigen, one volunteer responded to both CFA and 078, and two volunteers responded with at least a fourfold rise in
titer against CFA, 078, and LT antigens. One
volunteer in this group had only twofold rises in
anti-CFA and anti-LT titer (not significant), and
one volunteer's prechallenge serum was unavailable for analysis.
Table 2 lists data for sera of volunteers challenged with 1 x 108 H-10407 and H-10407-P,
respectively. As with the lower dose, only those
volunteers exposed to the CFA-positive challenge strain demonstrated significant, i.e., fourfold, rises in anti-CFA, anti-LT, and anti-078
antibody titers. Individually (not shown in Table
2), two volunteers responded to the 078 antigen
and LT but not to CFA. One volunteer, who had
the highest prechallenge anti-078 titer (1:256),
did not respond to 078 antigen but did respond
to both LT and CFA. One volunteer who had
the highest prechallenge anti-LT titer (1:64)
failed to respond to LT but did respond to both
078 and CFA. Finally, two volunteers showed
seroconversion with respect to CFA, 078, and
LT antigens.
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CFA-negative, ETEC colonize only the upper
portion of the small intestine in intact animals
(7). CFA-positive isolates, but not CFA-negative
isolates or derivative strains, hemagglutinate human erythrocytes, and this hemagglutination activity is mannose resistant (6). Availability of
the MR-HA assay for E. coli H-10407 determined the feasibility of the studies reported
here.
Briefly, the following results, derived from
oral challenge of four groups of volunteers with
1 x 106 and 1 X 108 E. coli H-10407 and H-10407P, respectively, clearly indicate that CFA is a
necessary prerequisite for virulence of ETEC in
humans. At a dose of 1 x 106 bacteria, neither
the H-10407 nor the H-10407-P groups showed
overt diarrhea, but strain H-10407 showed an
extended excretion pattern, indicative of colonization, whereas H-10407-P was not detectable in
stool after the day 4 postchallenge. Colonization
was also indicated by fourfold antibody titer
rises against CFA, 078, and LT, none of which
occurred in volunteers challenged with H-10407P. At a dose of 1 x 108 bacteria, six of seven
volunteers challenged with H-10407 experienced
diarrhea, and H-10407- , but not H-10407-P-,
challenged volunteers showed seroconversion to
the three antigens tested. At a dose of 1 x 108,
strain H-10407 became the predominant coliform isolated, approaching 89% on day 3 postchallenge and remaining above 50% through and
including day 8, several days after overt diarrhea
had spontaneously subsided. One reason for expressing the recovery of the challenge strains of
E. coli in terms of percentage data is the unavoidable fact that plating techniques only detect
the most populous E. coli flora. An important
observation was that vomitus from one volunteer obtained 3 days after challenge with H10407 contained 5 X 108 H-10407 per g, indicating
a large population of the challenge strain in the
upper gastrointestinal system.
It is noteworthy of mention that no CFApositive isolates were recovered from the 13
volunteers challenged with H-10407-P, although
800 E. coli isolates were examined in a doubleblind fashion from Tergitol agar and at least
1,000 isolates were examined after primary isolation on CYE agar. This result indicates that
reversion of H-10407-P to H-10407 (CFA negative to CFA positive) did not occur in vivo.
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