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Vibrio cholerae O1 and enterotoxigenic Escherichia coli (ETEC) are major bacterial pathogens that cause
dehydrating disease requiring hospitalization of children and adults. The cholera toxin (CT) produced by V.
cholerae O1 and the heat-labile toxin (LT) and/or heat-stable toxin (ST) of ETEC are responsible for secretory
diarrhea. We have observed that about 13% of hospitalized diarrheal patients are concomitantly infected with
V. cholerae O1 and ETEC. In order to understand the outcome of such dual infections on the clinical and
immunological responses in cholera patients, we studied patients infected with V. cholerae O1 (group VC; n �
25), those infected with both V. cholerae O1 and ETEC (group VCET; n � 25), and those infected with ETEC
only (group ET; n � 25). The VCET group showed more severe dehydration and had a higher intake of
intravenous fluid and more vomiting than the ETEC group (P � 0.01 to 0.003). The VCET patients showed
higher vibriocidal responses and increased antibody titers to cholera toxin and lipopolysaccharide (LPS) in
plasma than did the V. cholerae O1 patients (P � 0.02 to <0.001). All responses in the V. cholerae O1 and in
the VCET groups were more robust than those seen in the group infected with ETEC only (P � 0.01 to <0.001).
We thus show that concomitant colonization with ETEC induces immune responses to V. cholerae antigens that
are more robust than those seen with V. cholerae O1 infection alone. It is possible that LT or other factors
expressed by ETEC may play a role as a mucosal adjuvant in enhancing the immune responses to V.
cholerae O1.

Vibrio cholerae O1 and enterotoxigenic Escherichia coli
(ETEC) are two major bacterial pathogens responsible for
community-based infections and hospitalizations of both adults
and children. Cholera and ETEC diarrhea together may ac-
count for nearly 50% of the million or so cases of diarrhea
occurring annually in Bangladesh (11, 37). The pathogenesis of
disease caused by V. cholerae O1 and that of disease caused by
ETEC are similar. The cholera toxin (CT) produced by V.
cholerae O1 and the heat-labile enterotoxin (LT) of ETEC
share 80% identity at the nucleotide level (39). LT produced by
ETEC is structurally, functionally, and immunologically very
similar to CT produced by Vibrio cholerae. Each toxin consists
of a toxin A subunit that shares 75% homology with each other
(CTA and LTA, respectively), which is noncovalently associ-
ated with five identical B subunits (CTB and LTB, respec-
tively) (43). LTB and CTB also show a high degree of homol-
ogy to each other, with an 85% conservation of amino acids in
the mature proteins. There is evidence from crystallographic
studies that LTB and CTB pentamers are also structurally
similar (25, 41, 42). There has been a high degree of immuno-

logical cross-reactivity between these proteins reported by
many investigators, with both shared and unique epitopes (45);
the majority of antibodies are directed against epitopes on the
assembled pentamers. Both V. cholerae and ETEC share sim-
ilar type II secretion systems for the secretion of these toxins
(LT and CT) (9, 47). The small polypeptide heat-stable en-
terotoxin (ST) is an additional virulence factor of ETEC and
may be present in strains with or without LT (52).

Differences in the immune responses stimulated by CT and
LT have been observed in experimental studies with mouse
models; CT induces more T-helper-2 (Th2)-associated cyto-
kines (51), while LT triggers a more balanced T-cell response
involving both Th1 and Th2 cells, cytokines, and antibody
isotypes (46).

The two pathogens can both cause dehydrating disease requir-
ing hospitalization and have similar modes of transmission. Both
ETEC and V. cholerae O1 also have similar patterns of seasonal-
ity, with epidemic peaks biannually in Bangladesh (17, 37). The
peak incidence of ETEC usually precedes that of V. cholerae O1
by a few weeks in the spring in Bangladesh (17). Studies in Ban-
gladesh and other countries have shown that both ETEC and V.
cholerae O1 can cause severe disease as well asymptomatic infec-
tions in household contacts and in the community, and the asymp-
tomatic infection rates may vary from 9 to 42% for studies that
have been carried out to assess this (19, 36, 37).
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It has been shown by numerous studies carried out in devel-
oping countries (3, 10, 27) that more than one enteric patho-
gen can be detected in stool samples of diarrheal patients.
Mixed pathogens are identifiable in 12% to 26% of individuals
with diarrhea; ETEC and V. cholerae O1 can be isolated to-
gether in about 13% of samples from patients with acute wa-
tery diarrhea in Bangladesh (5, 12, 33, 40, 44). In addition,
asymptomatic infection with ETEC is also common in children
as well as adults (36, 37). However, an analysis of the clinical
and immunological aspects of concomitant infection with V.
cholerae O1 and ETEC has not previously been done. In the
present study, we have enrolled patients hospitalized with V.
cholerae O1 or ETEC infection or with infections with both
pathogens simultaneously and have evaluated clinical and im-
munological responses to infection.

MATERIALS AND METHODS

Study design and subject enrollment. The hospital at the Clinical Research
and Service Centre of the International Centre for Diarrheal Disease Research
(ICDDR,B) cares for ca. 110,000 patients each year. We included 75 patients in
this study based on our case definition and monitored this cohort of patients
prospectively for a period of 21 days after the onset of illness. From April 2003
to May 2006, we enrolled patients who received care for acute watery diarrhea at
the ICDDR,B. Inclusion criteria included a positive stool culture for V. cholerae
O1, ETEC, or both and an absence of significant comorbid conditions. These
patients were categorized into three groups: those with V. cholerae O1 and ETEC
detected in stool (VCET group; n � 25), those with only V. cholerae O1 detected
in stool (VC group; n � 25), and those with only ETEC detected in stool (ET
group; n � 25). We excluded patients that were positive for other pathogens. We
first identified dually infected patients and then included individuals in the VC
and ET groups, matching these individuals to patients in the VCET group by age,
gender, and year of infection. We also matched the serotype of V. cholerae O1,
Ogawa, or Inaba between the VCET and VC groups. Clinical examination and
history forms were completed by the study physicians.

We assessed the degree of dehydration of patients according to WHO guide-
lines (49). We analyzed all stool samples for the presence of enteric pathogens,
including V. cholerae O1, ETEC, Salmonella spp., Shigella spp., and Campy-
lobacter jejuni. We also examined stool samples by direct microscopy to detect
enteric parasites (50). Stool samples were evaluated immediately after arrival at
the hospital, minimizing the possibility that mixed infections occurred due to
nosocomial transmission in the hospital. Study day 1 was defined as the day of
identification of the patient; patients were enrolled on day 2 if they had a positive
stool culture for V. cholerae O1, ETEC, or both. Informed consent for partici-
pation in this research study was obtained from all patients or their guardians,
and approval for this study was obtained from the Research and Ethical Review
Committees of the ICDDR,B as well as from the Institutional Review Board of
the Massachusetts General Hospital. Information regarding clinical features and
demographics was collected from patients at enrollment following clinical stabi-
lization.

Specimen collection and microbiological analyses of stool specimens. We
collected blood for blood grouping on day 2 and for immunological measure-
ments on days 2, 7, and 21 following the onset of illness. Blood grouping was
available for only a subset of patients with ETEC infection. All cases of cholera
were confirmed by culturing of stool samples for V. cholerae O1 by use of
standard procedures (32). To detect ETEC, we analyzed six lactose-fermenting
E. coli colonies isolated from fresh stool samples cultured on MacConkey agar
plates (34). These E. coli colonies were tested for the presence of heat-labile
enterotoxin (LT) or heat-stable enterotoxin (ST) by using a multiplex PCR assay
for the rapid detection of ETEC (4, 44, 45). PCR-positive colonies were con-
firmed by means of a ganglioside enzyme-linked immunosorbent assay (ELISA)
(GM1-ELISA) procedure for the detection of LT and ST (44, 45). The E. coli
colonies that tested positive for either toxin type were plated onto colonization
factor (CF) antigen (CFA) agar plates, with and without bile salts, and tested for
13 colonization factors, CFA/I, CS1 to CS8, CS12, CS14, CS17, and CS21, by a
dot blot procedure described previously (34).

Immunological analyses. We compared vibriocidal, anti-CTB, and anti-V.
cholerae O1 lipopolysaccharide (LPS) responses of patients in the VCET, VC,
and ET groups. We performed vibriocidal antibody assays as previously de-
scribed by using guinea pig complement and the homologous serotype of V.

cholerae O1 as the target organism (35). Plasma antibodies specific to LPS, CTB,
and LTB were measured by use of previously described ELISA methods (32).
Briefly, 96-well microtiter plates were coated with either a purified homologous
LPS serotype (El Tor, O1, Ogawa, or Inaba) (250 ng/well) (38) or sequentially
with GM1 ganglioside (100 ng/well), followed by recombinant CTB or LTB (50
ng/well) (gifts from the University of Gothenburg). CTB and LTB are immuno-
logically cross-reactive (22). ELISAs were initially carried out with plasma sam-
ples from five ETEC-infected patients in our collection (30) and tested in parallel
by ELISA of both CTB and LTB; the results showed comparable ELISA results
regardless of the antigen used (geometric mean titers [GMTs] for IgA responses
to CTB on days 2 and 21 of 223 and 437, respectively, and GMTs for IgA
responses to LTB on days 2 and 21 of 260 and 572, respectively) (the P value was
nonsignificant [NS] for both day 2 and day 21 responses). These results showed
that the antibody responses using either antigen were comparable for ETEC
patients, and based on this finding, we used CTB as the antigen for assessments
of the immune responses of all groups of patients thereafter in the study.

We incubated plates with diluted patient plasma (starting dilution, 1:200) for
IgG and IgA responses, with serial 3-fold dilutions thereafter. Plates were
washed, and secondary horseradish peroxidase-conjugated anti-human IgG or
anti-human IgA antibodies were applied (Jackson Laboratories, Bar Harbor,
ME). We developed plates by using 0.1% ortho-phenylene diamine (Sigma, St.
Louis, MO) in 0.1 M sodium citrate buffer with 0.1% hydrogen peroxide, and
optical densities were measured at 492 nm. The end-point titer was defined as the
reciprocal interpolated dilution giving an absorbance of 0.4 above the back-
ground. A reference standard from pooled convalescent cholera patient samples
(31) was also included in duplicate on each plate to ensure assay validity for each
plate. The acceptable range for the CTB-specific IgA titer in the control was set
between 300 and 500, and the IgG titer for the other readings from that plate was
between 800 to 12,00 to be considered valid. Titer calculations were carried out
by use of a computer-based program in the Multiskan Ascent ELISA reader.

Statistical analyses. Data analyses were performed by use of SPSS for Win-
dows (version 11.5; SPSS Inc., Chicago, IL) and Epi Info (version 6.0; USD,
Stone Mountain, GA). A P value of less than 0.05 was considered to be statis-
tically significant. The strength of association was determined by calculating odds
ratios (ORs) and their 95% confidence intervals (CIs). For groups of patients,
antibody titers are presented as GMTs and standard deviations (SD). Compar-
isons were carried out by use of Mann-Whitney U tests for non-normally-dis-
tributed data. The �2 test was used for comparisons of categorical variables. All
reported P values are two tailed.

RESULTS

Clinical history of patients. The diarrheal patients enrolled
in this study were mostly adults (�5 years of age, n � 3; �5
years of age, n � 72; median age, 25 to 30 years for the three
groups). Roughly equal numbers of females were included in
each group (Table 1). An evaluation of the clinical character-
istics showed that severe dehydration was seen more often for
the VCET group (96%) and the VC group (84%) than for
patients in the ET group (52%) (P � 0.03 to 0.001). The mean
intravenous fluid replacement required was also higher for the
VCET and VC groups than for the ET-group (P � 0.003),
while the oral rehydration solution (ORS) intake was higher
for the ETEC patients (P � 0.004). Those in the VC group had
a higher frequency of rice watery stool than the other two
groups (P � 0.001 to 0.008). More VC and VCET patients
(�96%) vomited than in the ET group (76%; P � 0.01 to 0.04).
A history of taking an antibiotic prior to hospitalization was
highest among the cholera patients in the VC group, followed
by the VCET group (68% and 44%, respectively; P � NS), and
was lower among those in the ET group (24%; P � 0.004 to
0.04). The frequency of patients with severe or moderate de-
hydration was not significantly different for any of the groups
studied based on whether or not they had received an antibi-
otic prior to hospitalization. Information on the specific anti-
biotic taken was not generally available. The duration of diar-
rhea at home prior to hospitalization was higher for the VCET
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and ET groups than for the VC group (P � 0.006 to �0.001),
showing a longer interval between the onset of disease and
admission in the former two groups. All patients with severe
dehydration were treated with antibiotics according to ICD-
DR,B protocols for the management of acute watery diarrhea.
Doxycycline was generally given to adults, while erythromycin
was generally given to children as well as to pregnant women.
Of the patients studied, 65 of 75 received antibiotics during
hospitalization: 86% were given doxycycline, 11% were given
erythromycin, and 3% were given ciprofloxacin. Patients with
severe disease, irrespective of the type of infection, were given
a similar treatment.

Phenotypes of ETEC strains and absence of other patho-
gens. The ETEC strains in the VCET group were mainly LT-
producing types (72% [60% LT and 12% LT/ST]), while 28%
produced ST only. Only 4 of the 25 ETEC strains in the VCET
group were positive for the 13 colonization factors that were
assayed (these 4 strains expressed CS6, CFA/I, or CS2 and
CS3), and these 4 strains were all of the ST phenotype. In the
ET group, 80% of strains were LT and LT/ST producing, while
20% were ST producing. About 60% of the LT strains were
positive for CFs (CS7, CS17, CFA/I, CS4 and CS6, CS2 and
CS3, or CS14). More strains in the ET group than in the VCET
group were CF positive (P � 0.003). Stool microscopy revealed
the presence of Giardia lamblia in one patient each in the
VCET and ET groups; otherwise, no other enteropathogen

was detected in the stool samples of the patients in the differ-
ent groups that participated in this study.

Immune responses of patients. The magnitude of the vibrio-
cidal antibody response was higher in the VCET group than in
the VC group at convalescence on days 7 and 21 (P � 0.001)
(Table 2). The increase in vibriocidal titer between day 2 and
day 7 was also significantly higher for the VCET group than for
the VC group (P � 0.02) (Fig. 1). As expected, the vibriocidal
responses in the ET group did not increase significantly from
day 2 to day 7 after the onset of disease (P � NS) (Table 3).
The levels of CTB-specific IgA and IgG responses for the
VCET group were also higher than those for the VC group on
day 2, day 7, and day 21 after the onset of disease (P � �0.001
to 0.001) (Table 2). More patients in the VCET group than in
the VC group had �2-fold increases in levels of CT-specific
IgA (CT-IgA) responses at day 7 compared to day 2 after the
onset of disease (P � 0.02) (Fig. 1). This was not seen in the
analyses of CT-IgG responses. The VCET group of patients
also had higher LPS-specific IgA and IgG responses than the
VC group at day 7 or day 21 following illness (P � �0.001 to
0.02) (Table 2). The fold increases in levels of LPS-specific IgA
responses were higher between day 2 and day 7 in the VCET
group than in the VC group, but the fold increases in LPS-
specific IgG responses were not significantly different for these
groups of patients (Fig. 1).

We examined the increased immune responses of the VCET

TABLE 1. Microbiological and clinical features of patients with acute watery diarrhea caused by V. cholerae O1, ETEC, or botha

Characteristic
Value for group

P value(s)
VCET (n � 25) VC (n � 25) ET (n � 25)

Median age (yr) 25 25.5 30 NS
No. (%) female patients 12 (48) 11 (44) 11 (44) NS

No. (%) of patients with clinical
feature of:

Rice watery stool 11 (44) 21 (84) 9 (36) 0.008,b 0.001c

Watery stool 25 (100) 24 (96) 23 (92) NS
Dehydration

Moderate 1 (4) 4 (16) 12 (48) 0.03,c 0.001b

Severe 24 (96) 21 (84) 13 (52) 0.03,c 0.001d

Vomiting 25 (100) 24 (96) 19 (76) 0.01,d 0.04c

Fever of �37.5°C 0 1 (4) 1 (4) NS

Mean duration of diarrhea at home
(h) � SD

33.8 � 29.8 14.4 � 10.12 31.6 � 18.7 0.006,b �0.001c

No. (%) of patients who used
antibiotic at home

11 (44) 17 (68) 6 (24) 0.04,d 0.004c

No. of patients who used antibiotic in
hospital

23 (Doxy); 1 (Ery) 18 (Doxy); 5 (Ery); 2 (Cipro) 15 (Doxy); 1 (Ery) NS

Mean amt of intravenous fluids given
(liters) � SD

6.1 � 3.8 6.3 � 4.2 3.3 � 2.6 0.003,d 0.003c

Mean amt of ORS given (liters) � SD 3.9 � 1.8 4.6 � 1.9 10.7 � 26.7 0.004,d 0.004c

No. (%) of patients of blood group
O 10 (40) 10 (40) 4 (44) NS
A 7 (28) 6 (24) 4 (16) NS
B 5 (20) 8 (32) 0 NS
AB 3 (12) 1 (4) 1 (11) NS

a Statistical analyses were performed by use of the �2 test for categorical variables or the Mann-Whitney U test for continuous variables. Blood grouping was done
for only a subset (n � 9) of the patients in the ET group. Doxy, doxycycline; Ery, erythromycin; Cipro, ciprofloxacin; NA, not applicable; NS, not significant.

b Significant differences between the VCET group and the VC group.
c Significant differences between the VC group and the ET group.
d Significant differences between the VCET group and the ET group.
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group compared to those of the VC group, stratifying them by
the type of ETEC strain coinfecting the VCET group, to see if
the differences persisted whether the individual in the VCET
group had LT (LT or LT/ST)-expressing or ST-only-expressing
ETEC coinfection. We observed that significantly higher vibrio-

cidal, as well as CTB- and LPS-specific, antibody responses
were seen with both LT- and ST-producing ETEC coinfections
in the VCET group.

Patients with only ETEC infection had significant increases
in antitoxin responses when day 7 responses were compared to

TABLE 2. Comparison of immunological responses of diarrheal patients with V. cholerae O1, those with ETEC infection, and those infected
with both pathogensa

Response and
study day

Mean GMT (SE) for group
P value(s)

VCET VC ET

Vibriocidal antibody
2 210 (49) 118 (29) 205 (68) 0.29, 0.8
7 12,186 (2,694) 4,013 (518) 731 (262) 0.002,b �0.001c

21 8,070 (2,211) 3,386 (468) 188 (52) 0.04,b �0.001c

CTB IgA antibody
2 492 (86) 284 (60) 115 (25) 0.032,b �0.001c

7 4,914 (1323) 1,090 (199) 275 (73) 0.002,b �0.001c

21 1,944 (457) 800 (174) 235 (57) 0.007,b �0.001c

CTB IgG antibody
2 5,182 (905) 964 (197) 1,263 (195) �0.001b,c

7 17,342 (2,347) 4,354 (1,016) 2,643 (638) �0.001b,c

21 27,645 (3,630) 5,680 (760) 3,029 (755) �0.001b,c

LPS IgA antibody
2 203 (63) 164 (54) 77 (19) 0.97, 0.01c

7 5,229 (1,119) 1,271 (376) 247 (95) 0.004,b �0.001c

21 1,713 (330) 1,042 (304) 131 (50) 0.08, �0.001c

LPS IgG antibody
2 2,563 (312) 1,480 (340) 1,200 (239) 0.003,b �0.001c

7 11,204 (2,549) 3,127 (649) 1,525 (300) �0.001b,c

21 12,313 (3,825) 3,866 (921) 1,972 (345) 0.001b,c

a Magnitudes of immune responses to vibriocidal antibody titers and CTB IgA and IgG and LPS IgA and IgG are shown by kinetic ELISA (monoclonal antibody
�MAb�/min). GMTs and standard errors are shown. Statistical analyses were carried out using the Mann-Whitney U test for continuous variables.

b Differences in responses between the VCET group and the VC group (P � 0.05).
c Differences in responses between thee VCET group and the ET group (P � 0.05).

FIG. 1. Increases of vibriocidal, V. cholerae LPS IgA, and CTB IgA responses among the VCET (black bars), VC (gray bars), and ET (white
bars) groups of patients. Values are mean log2-transformed titers, and error bars represent 95% CIs of the means. Responses shown are the ratios
between convalescence at day 7 compared with the acute stage on day 2.
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day 2 responses (P � 0.04 to 0.006) (Table 3), supporting
ETEC as the etiology of their diarrhea. We analyzed the re-
sponses of patients in the ET group on the basis of whether
they were infected with LT-expressing ETEC strains (LT or
LT/ST; n � 20) or with ST-only-expressing ETEC strains (n �
5) (Table 4). We observed that significant increases in the CTB
IgA- and IgG-specific immune responses were seen only pa-
tients infected with LT-producing ETEC (LT-ETEC) or LT/
ST-producing ETEC but not for patients infected with ST-
producing ETEC (P � 0.00001 and 0.0002 for differences,
respectively), consistent with the cross-reactivity of LT and CT.
Of note, increases in the antitoxin responses of patients in-
fected with ETEC only were less prominent than those seen for
patients in the VC group. Those patients in the ET group also
had lower response rates than patients in the VC group for
CTB-specific IgA (44%; P � 0.001) (Fig. 1) and IgG (40%; P �
0.03) responses between days 2 and 7. As expected, the ET
group did not respond to V. cholerae O1 LPS.

In order to determine if the presence of severe illness con-
tributed to the magnitudes of the immune responses in the
different groups, we further analyzed the data based on the
different degrees of dehydration. Those patients with moderate
(n � 12) or severe (n � 13) dehydration in the ET group had
similar magnitudes and frequencies of CTB-specific responses
(P � 0.54). There was only one patient with moderate dehy-
dration in the VCET group, and this individual had immune
responses similar to those of patients with severe dehydration.
In the VC group, 4 of the 25 patients who had moderate
dehydration also had a magnitude of response similar to those
of the cholera patients with severe dehydration.

Patients in the VCET, VC, and ET groups were all approx-
imately 40% blood group O positive (Table 1). When we com-
pared the immune responses between the O blood group and

other blood group types in each of these groups, there were no
significant differences between them with the sizes of our study
groups.

DISCUSSION

Although mixed bacterial infections of the gastrointestinal
tract are common, comparisons of the clinical and immuno-
logical responses of patients coinfected and singly infected with
major bacterial pathogens have been reported infrequently. In
this study, we have focused on infections of hospitalized pa-
tients coinfected with the two most common bacterial diarrheal
pathogens in Bangladesh, ETEC and V. cholerae O1. We show
that mixed infection with the two pathogens is associated with
more severe dehydration and vomiting and more intravenous
fluid intake than what is seen for patients with ETEC diarrhea
alone.

Studies of experimental animals have shown that dual infec-
tions of rotavirus and ETEC can cause more fluid loss and
more prolonged diarrhea than infection with either pathogen
alone (23, 47). Children infected with rotavirus together with
other bacterial enteropathogens have more severe diarrhea
and dehydration than children infected with rotavirus alone
(15). In the present study, although dual infection with ETEC
and V. cholerae O1 was more severe than infection with ETEC
alone, there was no statistically significant difference in the
severities of illness between dually infected patients and those
with V. cholerae O1 infection alone. Between 24 and 68% of
our patients had taken antibiotics prior to hospitalization. The
clinical severity of diarrhea upon presentation was not affected
by whether or not they had taken antibiotics prior to hospital-
ization. Although information on the specific antibiotic taken
was generally not available, our previous data indicated that

TABLE 3. Comparison of immunological responses on day 2 and day 7 after onset of diarrhea in patients infected
with enterotoxigenic E. colia

Immunological parameter
Mean GMT (SE) on study day:

P value
2 7

Vibriocidal antibody titer 205 (68) 731 (262) 0.76
CTB IgA antibody response 115 (25) 275 (73) 0.04*
CTB IgG antibody response 1,263 (195) 2,643 (638) 0.006*
V. cholerae LPS IgA antibody response 77 (19) 247 (95) 0.24
V. cholerae LPS IgG antibody response 1,200 (239) 1,525 (300) 0.31

a An asterisk indicates significant differences (P � 0.05) in immune responses between the study days among patients infected with enterotoxigenic E. coli only. The
Mann-Whitney U test was used for statistical analyses.

TABLE 4. Toxin-specific immune responses of patients with ETEC infections in the VCET and ET groups analyzed by type of ETEC straina

Toxin type for VCET group
(no. of patients)

% of patients with
response in VCET group

Toxin type for ET
group (no. of

patients)

% of patients with
response in ET group P value(s)

CT-IgA CT-IgG CT IgA CT IgG

ETEC (25) 98 72 ETEC (25) 40 40 �0.001,b �0.001c

LT (15) 56 36 LT (9) 16 12 �0.001,b � 0.001c

LT/ST (3 �CF � 0�) 12 12 LT/ST (11) 20 24 NS, 0.04
ST (7) 30 24 ST (5) 4 4% �0.001,b �0.001c

a Percentages of patients responding with 2-fold-or-greater increases in cholera toxin (CTB)-specific immune responses between the acute stage (day 2) and
convalescence (day 7) are shown. The �2 test was used for statistical analyses.

b Significant differences between the VCET group and the ET group in IgA responses.
c Significant differences between the VCET group and ET group in IgG responses.
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the antibiotics taken by patients prior to hospitalization are
usually not those recommended for either ETEC or V. cholerae
infection (our unpublished data).

We also observed that patients with ETEC alone and those
with mixed infection sought care at the hospital after a com-
paratively longer duration of diarrhea than the cholera group.
It is possible that for patients with mixed infection, ETEC was
the primary pathogen, causing less severe initial diarrhea, fol-
lowed by coinfection with V. cholerae O1 at a later point. This
sequence might explain the longer duration of diarrhea at
home in the VCET group than in the VC group.

The main finding of the study is that dual infection with both
V. cholerae O1 and ETEC produced significantly higher im-
mune responses to cholera antigens than did infection with V.
cholerae O1 only. There are a number of possible explanations
for this. Both CT and LT are powerful mucosal adjuvants (7, 9,
48). Thus, the presence of the enterotoxins in dual infections
may have produced an immunoadjuvant effect for responses to
cholera antigens following infection. Clinical studies with oral
cholera vaccines containing the cholera toxin B subunit have
found these vaccines not only to give protection against cholera
but also to augment protection against other enteric infections
as well (13). In Bangladesh, oral cholera vaccine protected
against both LT-ETEC and LT/ST-ETEC diarrhea (7). In trav-
elers, the vaccine was found to have a protective effect against
mixed infections with LT-ETEC and Salmonella and also re-
duced ST-ETEC diarrhea (28). Similarly, a CTB-based ETEC
vaccine also showed protection against C. jejuni and Salmo-
nella enterica serovar Typhi infections (14). Derivatives of CT
and LT have been explored as adjuvants in the development of
Helicobacter pylori vaccines (24). Previous studies have also
shown that immune responses to a bivalent Salmonella vaccine
expressing the ETEC colonization factor CFA/I were en-
hanced by the coadministration of a mutant LT that was used
as a mucosal adjuvant (16).

In addition to acting as an immunoadjuvant (18), recent data
suggested that LT provides an advantage in the ability of bac-
teria to colonize epithelial cells in the small intestine. In addi-
tion, LT was shown to increase colonization by ETEC in both
mouse and pig experimental models (1, 2). Adherence may be
enhanced by the ADP-ribosylating activity of LT and by the
levels of cyclic AMP (cAMP) that can affect host cell physiol-
ogy (4), leading to an enhanced adherence of V. cholerae to the
gut (20, 29).

However, we also observed increased immune responses in
patients dually infected with V. cholerae O1 and ST-expressing
ETEC compared to responses in patients infected with V.
cholerae O1 alone. The heat-stable toxin (ST) is less well char-
acterized for its immunomodulating properties than are LT
and CT. Dual infections of children in developing countries
with ETEC and enteropathogenic E. coli (EPEC) have been
observed (10, 26), and recent studies have shown that purified
ST or crude extracts of ETEC can enhance the virulence of
EPEC by use of laboratory-based in vitro assay systems (8).
This suggested a molecular basis for the role of ST in causing
an increased severity of disease in EPEC diarrhea. By analogy,
ST might also have played a role in mediating the enhanced
immunological responses in the VCET patients infected with
ST-ETEC in the present study compared to those infected with
V. cholerae O1 alone.

It is possible that both the adjuvant activity of LT and the
effect of host-derived cAMP produced by either LT or ST to
increase the adherence of V. cholerae may have contributed to
the enhanced immune responses seen in the dually infected
patients compared to those infected with V. cholerae alone in
the present study. The increased CTB responses seen for du-
ally infected patients may also reflect the antigenic cross-reac-
tivity seen between LT and CT (6).

In this study, we were not able to determine if the converse
phenomenon is also true, i.e., if Vibrio cholerae O1 coinfection
leads to enhanced immune responses to ETEC antigens as
well. Since ETEC strains belong to a large number of different
O and H groups, it was not possible to study the immune
responses to these various antigens in this study with sufficient
power to compare dually infected patients to those with ETEC
infection alone. In addition, only 4 of the 25 patients with
concomitant ETEC and V. cholerae O1 infection were positive
for any of the 13 CFs that were tested in this study, and
therefore, the responses to CFs were not determined either.

For preventive strategies against the major bacterial patho-
gens causing diarrhea, protective antitoxin immunity is an im-
portant target for vaccine development. Generally, for toxin-
mediated enteric infections, robust responses are needed to
overcome the effect of the toxins, for achieving protective ef-
ficacy for these major pathogens, and to formulate a wide-
range global vaccine (8). Since the presence of O-blood-group
antigen was previously found to be associated with susceptibil-
ity to cholera (18) and to be associated with the magnitude of
immune responses generated after vaccination (21), we ana-
lyzed the effect of this antigen on the immune responses seen
for our three study groups. However, with the sizes of our study
groups, we did not see a significant effect of the O blood group
on the immune responses in the patients. Also, the proportions
of patients of different blood groups were comparable across
our study groups, suggesting the this was not the explanation
for the observed increased immune responses in the VCET
group compared to the immune responses of the VC group.

There was a significant difference in the proportions of
ETEC strains that produced colonization factors between the
patients in the VCET group and those in the ET group. We do
not have an explanation for this difference at present, but we
did not see a difference in immune responses between individ-
uals in the VCET group infected with CF-positive strains and
those infected with CF-negative ETEC strains.

Previous studies may suggest additional possible mecha-
nisms for the increased immune responses seen in the dually
infected group in the present study. Peltola et al. (28) studied
protective efficacy following vaccination with an oral cholera
vaccine, an inactivated whole cell cholera toxin B subunit vac-
cine. In that study, in addition to the protective efficacy of this
vaccine against ETEC diarrhea, there was also an unexpected
protection against the combination of ETEC infection and
infection with another pathogen, particularly mixed infections
with Salmonella. That study suggested that toxin may have a
broader role in facilitating other enteric infections.

Glenn et al. (13) recently suggested that LT and CT render
the human gut more susceptible to colonization by enteric
pathogens by disrupting innate mucosal defenses. Two possible
mechanisms were suggested for this: toxin-mediated fluid se-
cretion, disrupting the protective mucus layer, or toxin-medi-
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ated interference with the synthesis of antimicrobial peptides
or other innate mucosal defenses. Those investigators sug-
gested that the preconditioning of the gut by LT or CT entero-
toxins might increase the efficiency of subsequent colonization
by ETEC or other enteric pathogens. Thus, there may be
advantages for V. cholerae O1 and ETEC as coinfecting patho-
gens in terms of an enhanced capacity for colonization of the
gut. This hypothesis is consistent with the observations here of
an increased immune response to cholera antigens in dually
infected patients compared to the responses of patients with
single infection with V. cholerae O1.

Both ETEC and V. cholerae O1 cause disease that gives
protection from further infection and are thus considered to be
vaccine preventable. Since vaccines are needed to protect in-
dividuals from these pathogens, a better understanding of the
mechanisms leading to increased immune responses to dual
infection with ETEC and V. cholerae O1 would be helpful in
formulating appropriate and protective vaccines. Further stud-
ies of dual infection with ETEC and V. cholerae O1 and other
bacterial pathogens in countries where these infections are
endemic will shed additional light on these issues.
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