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Abstract
Diarrheal illness contributes to malnutrition, stunted growth, impaired cognitive develop-

ment, and high morbidity rates in children worldwide. Enterotoxigenic Escherichia coli
(ETEC) is a major contributor to this diarrheal disease burden. ETEC cause disease in the

small intestine by means of colonization factors and by production of a heat-labile entero-

toxin (LT) and/or a small non-immunogenic heat-stable enterotoxin (ST). Overall, the major-

ity of ETEC produce both ST and LT. LT induces secretion via an enzymatically active A-

subunit (LT-A) and a pentameric, cell-binding B-subunit (LT-B). The importance of anti-LT

antibodies has been demonstrated in multiple clinical and epidemiological studies, and a

number of potential ETEC vaccine candidates have included LT-B as an important immuno-

gen. However, there is limited information about the potential contribution of LT-A to devel-

opment of protective immunity. In the current study, we evaluate the immune response

against the A-subunit of LT as well as the A-subunit’s potential as a protective antigen when

administered alone or in combination with the B-subunit of LT. We evaluated human sera

from individuals challenged with a prototypic wild-type ETEC strain as well as sera from indi-

viduals living in an ETEC endemic area for the presence of anti-LT, anti-LT-A and anti-LT-B

antibodies. In both cases, a significant number of individuals intentionally or endemically

infected with ETEC developed antibodies against both LT subunits. In addition, animals

immunized with the recombinant proteins developed robust antibody responses that were

able to neutralize the enterotoxic and cytotoxic effects of native LT by blocking binding and

entry into cells (anti-LT-B) or the intracellular enzymatic activity of the toxin (anti-LT-A).

Moreover, antibodies to both LT subunits acted synergistically to neutralize the holotoxin

when combined. Taken together, these data support the inclusion of both LT-A and LT-B in

prospective vaccines against ETEC.
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Introduction
Enterotoxigenic E. coli (ETEC) are a significant cause of diarrheal disease and death, especially
in children in developing countries. In 2010, annual mortality from illness due to enterotoxi-
genic ETEC was estimated at 157,000 deaths (9 percent of all deaths attributed to diarrhea) and
approximately 1 percent of all deaths in children 28 days to 5 years of age [1, 2]. Within suscep-
tible populations, ETEC promotes a cycle of severe diarrheal disease, intestinal barrier dysfunc-
tion, and malnutrition, which impedes healthy growth, cognitive function, and long-term
survival [3, 4]. ETEC is also well recognized as a cause of diarrheal disease in otherwise healthy
adults while traveling to ETEC endemic areas [5] or by ingestion of contaminated food [6, 7],
with a growing recognition that these infections can lead to chronic intestinal dysbiosis and
post-infectious irritable bowel syndrome [8–10].

ETEC cause disease in the small intestine by means of colonization factors (CFs) and by
production of a heat-labile enterotoxin (LT) and/or a small non-immunogenic heat-stable
enterotoxin (ST). Overall, the majority of ETEC produce both ST and LT [5, 11–14]. LT
induces secretion via an enzymatically active A-subunit (LT-A) and a pentameric, cell-bind-
ing B-subunit (LT-B) [15]. The A-subunit is made up of two components, A1 and A2. The
A1-component (21 kD), the enzymatically active portion of the toxin, is non-covalently linked
to the B-pentamer via the A2-peptide (7 kD) [16–18]. Expression of LT also facilitates bacte-
rial adherence to epithelial cells and intestinal colonization [19, 20]. In areas where ETEC is
endemic, the risk of recurrent diarrheal episodes drops after five years of age, concurrent with
development of anti-LT antibodies [11, 21, 22]. The importance of anti-LT antibodies in pro-
tection from ETEC diarrheal disease has been demonstrated with several ETEC challenge
studies in human adults and in a field study monitoring infants naturally receiving breast milk
containing anti-LT IgA [23, 24]. These reports have strongly suggested that an anti-LT
response provides significant immunity from LT-mediated secretion and possibly ETEC colo-
nization; thus, an LT-related antigen should be an important component of an effective ETEC
vaccine.

The B-subunit of LT is often presumed to be the immunodominant component of the toxin
and potential vaccines against ETEC frequently include LT-B as one of the vaccine antigens.
Evidence for B-subunit immunodominance in LT and the closely related cholera enterotoxin
(CT) comes from antibody analyses of patient sera or animal studies with CT that found
greater neutralizing capacity of anti-B subunit antibodies than anti-A subunit antibodies [25–
29]. These findings led to led to the longstanding belief that the B-subunit is the major protec-
tive antigen against LT [24, 30–32].

The A-subunit of LT, although critical for enterotoxicity, has not been extensively evaluated
for immunogenicity and is often overlooked as a potential protective antigen against ETEC,
although there have been some attempts to genetically detoxify the A-subunit for use as a tox-
oid [33]. However, LT-A is clearly antigenic and a number of reports described production of
anti-A monoclonal antibodies from clinical ETEC isolates [34–36]. Moreover, a 1984 study on
patients recovering from cholera or ETEC infection found predominantly serum anti-B anti-
bodies in cholera patients but equivalent serum anti-A and anti-B antibodies in ETEC patients
(though both analyses were performed by ELISA using CT subunits) [37]. Thus, the relative
importance of the A-subunit of LT as a protective antigen against ETEC is not well understood.
The purpose of this study was to evaluate the immune response against the A-subunit of LT as
well as its potential as a protective antigen when administered alone or in combination with
the B-subunit of LT. We achieved this aim through a combinatorial approach, evaluating
human serum responses, animal vaccination models, and toxin neutralization studies.
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Materials and Methods

Purification of toxins and subunits
LT, LT-B, the non-toxic LT mutant LT(R192G/L211A), or dmLT, were produced from recom-
binant clones expressing LT, LT-B or dmLT based on LT from the human ETEC isolate E. coli
H10407 as previously described [16, 17, 38]. Briefly, organisms were cultured overnight in
10-liters of Casamino Acids Yeast Extract medium, the cells were lysed, the lysate clarified by
centrifugation, and LT-related proteins purified by galactose affinity chromatography. Proteins
were stored lyophilized and freshly resuspended prior to use. His-tagged LT-A and His-tagged
LT-A1 were prepared from solubilized inclusion bodies by HPLC with a nickel-affinity column
as previously described [18]. The composition and purity of each protein was confirmed by
SDS-PAGE and Limulus Amebocyte Lysate assay (Lonza, Inc.). The endotoxin content of the
final products was<1 EU/mg.

Human Serum Samples
Human sera pooled 10 days after ETEC challenge was provided by David A. Sack (Johns Hop-
kins University). Irradiated human patient sera from Sierra Leone was provided by Robert F.
Garry (Tulane University). The Sierra Leone samples were collected from suspected Lassa virus
febrile patients or afebrile controls between December 2009 and April 2010 [39]. De-identified
samples were irradiated and stored at -20°C. 37 samples were included in the final analysis
from patients aged 7–74 years. Commercially available human serum was purchased as a con-
trol (Sigma).

Mouse Immunizations and sample collection
For these studies, we employed both in vitro (ELISA, CaCo-2 cell) and in vivo (patent mouse)
assays following immunization by two different mucosal routes (intranasal, sublingual).
Groups of 5 BALB/c mice each were intranasally immunized three times at weekly intervals
with 10 μl saline containing 5 μg LT-A, LT-A1, LT-B, LT-A+LT-B (both at 5 μg) or dmLT.
Alternatively, groups of mice were anesthetized with ketamine/xylazine and immunized with a
single sublingual dose containing 5 μg LT-A, LT-A1, LT-B, LT-A+LT-B or LT in 10 μl of saline.
All mice were sacrificed 21 days after the primary immunization. Serum was collected by car-
diac puncture. Fecal samples were processed in protease buffer for supernatant antibody analy-
sis as previously described [17]. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the Tulane University Institutional Animal
Care and Use Committee (Assurance Number A4499-01).

Detection of anti-LT or anti-subunit antibodies
Anti-LT, -A, or -B serum antibody ELISAs were performed on individual serum samples with
wells coated with 0.1 μg of antigen and quantified with an external mouse IgG or IgA standard,
as previously described [40, 41], or analyzed for serum endpoint titer using a cut-off value of
two-fold the OD value of control serum. Human ELISAs were performed using goat anti-
human IgG-AKP (Sigma).

Immunoblots were performed as previously described with gels loaded with 1 μg of
unboiled or boiled LT in all lanes [18]. Following electrophoresis and transfer, blots were
probed with human sera diluted 1:1000 in blocking buffer. Blots were developed using goat
anti-human IgG-HRP (Invitrogen) and TrueBlue peroxidase substrate (KPL).

Antibody Responses to E. coli LT Toxin
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Neutralization of epithelial cell cAMP intoxication
Caco-2 cells (purchased from ATCC) were treated for 3 h with 0.1 μg trypsin-activated LT
before the levels of intracellular cAMP were assessed using a cAMP assay kit (R&D Systems)
[17, 18]. For neutralization of LT-induced cAMP, Caco-2 cells were treated with 10 μl contain-
ing 0.1 μg trypsinized LT pre-incubated overnight at 4°C with 10 μg GM1 monosialoganglio-
side (Sigma) or dilutions of rabbit anti-LTA, anti-LTB, anti-LT or negative control sera.

Neutralization of toxin-mediated intestinal fluid secretion
The patent (non-occluded gut) mouse assay was performed as previously described [18]. Mice
were fasted overnight and then intragastrically fed 0.5 ml saline containing 25 μg LT pre-incu-
bated for 30 min at room temperature with dilutions of sera (amounts corresponding to those
used in cAMP assay appropriately scaled for the increased amount of LT). After 3 h, animals
were sacrificed, and the entire intestine from duodenum to anus was carefully excised. Tissue
and carcasses were separately weighed and individual gut/carcass mass ratios calculated.

Neutralization of toxin GM1 binding
Prevention of LT binding to GM1 was detected by ELISA as previously described [18]. Briefly,
wells were coated with 10 μg of GM1 prior to addition of 0.1 μg LT with or without a 1 h pre-
incubation with 1 μl serum at 25°C. LT binding was detected using anti-LT mouse serum pre-
pared in our laboratory and anti-mouse IgG-AKP (Sigma). Absorbance was determined
spectrophotometrically at 405 nm.

Neutralization of toxin epithelial cell entry and ADP-ribosylation
Confluent monolayers of Caco-2 cells in 24-well plates were treated for 3 h with 1 μg LT with
or without pre-incubation with 10 μl antiserum at 4°C. Cells were immediately washed 3x,
lysed, then analyzed by Western Blot analysis for ADP-ribosylated proteins using His-tagged
macrodomain rAF1521 (a generous donation from Andreas Ladurner) followed by anti-His-
horseradish peroxidase (HRP) antibodies (Qiagen) or LT B-subunit using rabbit anti-B serum
prepared in our laboratory and anti-donkey-HRP (Santa Cruz).

Data analysis
Statistical analysis was performed using Prism (GraphPad Software, Inc.) for one-way
ANOVA with Tukey’s Multiple Comparison post-test or Spearman’s Rank Order Correlation
Coefficient (r) analysis. Unless otherwise indicated, P-values were coded as follows: �<0.05,
��<0.01, ���<0.001.

Results
In past studies, we successfully cloned the genes for LT, LT-A and LT-B and purified individual
proteins free of cross-contamination [16–18, 38]. To critically examine the properties of both
the A- and B-subunits, we performed a variety of analyses, including ELISA, Western blot,
immunoblot, and toxin neutralization assay. Combining these techniques allowed us to exam-
ine both conformational and linear epitopes and different source of antigens (recombinant
subunits or boiled, SDS-denatured LT toxin).
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ETEC-challenged human serum pool contains antibodies to both A- and
B-subunits of LT
We first analyzed human immune serum for antibody response to LT holotoxin or subunits
using a pool of sera from individuals challenged 10-days previously with ETEC isolate H10407
(O78:H11:K80 LT+ ST+), a prototypical strain of enterotoxigenic E. coli which reproducibly
elicits diarrhea in human volunteer studies [42]. Commercially purchased human serum was
included as a negative control. As seen in Fig 1, this ETEC-challenge serum tested positive for
anti-LT, anti-A, and anti-B antibodies by ELISA (Fig 1A) in plates coated with native LT, LT-A
or LT-B. The ELISA results indicated that antibodies to both the A-subunit and B-subunit
were present in the sera of individuals infected with an LT-producing strain. The ELISA pri-
marily detects antibodies against conformational epitopes and the use of A-subunit contami-
nated with traces of holotoxin or B-subunit could give a misleading impression of the presence
of A-subunit antibodies. These studies used recombinantly produced LT-A and LT-B to reduce
that possibility. In addition, we used immunoblots with boiled and unboiled preparations of
LT to distinguish between the presence of antibodies against conformational and linear epi-
topes of LT in the H10407 challenge serum pool. In unboiled SDS-PAGE gels, LT runs as an 84
kD polymeric protein, pentameric B-subunit (56 kD), and LT-A (28 kD). When boiled and
subjected to SDS-PAGE, LT separates into LT-A (28 kD) and monomeric LT-B (11.5 kD).
When immunoblots with samples of unboiled LT were probed with H10407 challenge serum
(Fig 1B), antibodies to LT, pentameric B (B5) and LT-A were observed, while predominantly
anti-A antibodies were detected in the boiled LT preparation. This suggests that the anti-B
response is against conformational epitopes, while the anti-A response is likely directed against
both linear and conformational determinants. We confirmed this finding by probing immuno-
blots loaded with boiled or unboiled purified LT, LT-A, LT-A1, or LT-B with H10407 challenge
serum (Fig 1C). Taken together, our results show that individuals infected with a wild-type
ETEC strain developed antibodies to LT, LT-A, LT-A1 and LT-B.

Fig 1. ETEC-challenged human serum pool contains antibodies to both A- and B-subunits of LT. (A) ETEC challenge serum (pooled 10 days after oral
H10407 challenge) anti-LT, anti-A, and anti-B antibody responses detected by ELISA (gray line, circles) compared to commercially purchased control sera
(black lines, open circles) using dilutions of each sample. (B) ETEC-challenge serum (1) or control serum (2) immunoblot testing for anti-LT antibodies using
unboiled LT-loaded lanes or boiled LT-loaded lanes. In unboiled SDS-PAGE gels, LT runs as an 84 kD polymeric protein, pentameric B-subunit (56 kD), and
LT-A (28 kD). When boiled and subjected to SDS-PAGE, LT separates into LT-A (28 kD) and monomeric LT-B (11.5 kD). (C) ETEC-challenge serum or
control serum anti-LT, anti-A, or anti-B responses detected with a modified Immunoblot using a slot blot apparatus to load 0.1 μg protein (LT, A, A1, or B) with
raw images (top) and quantified band density of these images for unboiled, loaded proteins graphed (bottom).

doi:10.1371/journal.pone.0136302.g001
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Serum samples from an ETEC-endemic area contain antibodies to both
A- and B-subunits of LT
We next evaluated 37 human patient serum samples from Sierra Leone to evaluate antibodies
in the setting of natural infection. While there is no epidemiological data specific to ETEC
prevalence in this area, Sierra Leone is a developing country in sub-Saharan Africa, a region
consistently associated within endemic ETEC [12, 24, 43]. In addition, current recommenda-
tions for travelers to Sierra Leone include precautions against contaminated food and water,
identifying ETEC as the most common cause of travelers’ diarrhea [5]. These individual sera
were collected from suspected Lassa virus febrile patients or afebrile controls, and while their
ETEC exposure status is unknown, it is reasonable to assume that some or all of these indi-
viduals will have been infected with ETEC at some point. Individual serum samples were
evaluated for the presence of antibodies to LT, LT-A and LT-B by ELISA. We first evaluated
serial dilutions of individual patient serum in ELISA plates coated with LT, LT-A or LT-B to
detect the presence of antibodies against the holotoxin and the individual subunits. The geo-
metric mean titers of those sera were calculated and plotted by antigen (Fig 2A and S1 Fig)
and approximately 70% of samples were positive for antibodies against one of the three anti-
gens. Moreover, antibody responses to LT holotoxin significantly correlated with both anti-A
(P<0.0001) and anti-B (P<0.0001) (Fig 2B), although there was heterogeneity within indi-
vidual samples, including samples testing positive for anti-LT antibodies and both subunits
or testing strongly for anti-LT antibodies and only anti-A- or anti-B antibodies. Similar to
the H10407 challenge serum pool, antibodies to the B-subunit were predominantly confor-
mational and were not apparent on immunoblots (using boiled LT), although bands corre-
sponding to the A-subunit were readily detected (S1 Fig). Taken together, these results
confirm our previous findings that individuals infected with ETEC developed antibodies to
LT, LT-A, LT-A1 and LT-B.

Both A- and B-subunits are immunogenic and induce anti-LT antibodies
following mucosal immunization, with maximal responses observed
when both subunits are present
Analysis of sera from individuals experimentally or naturally infected with ETEC revealed that
infection induces antibodies to both the A-subunit and B-subunit of LT. We next wanted to
compare the antibody response after immunization with individual subunits alone or in combi-
nation. For these studies, we employed both in vitro (ELISA, CaCo-2 cell) and in vivo (patent
mouse) assays following immunization by two different mucosal routes (intranasal, sublin-
gual). For intranasal immunization, animals were immunized with LT-A, LT-A1, LT-B, LT-A
and LT-B admixed together (LT-A+B), or the non-toxic A-subunit mutant dmLT. An
SDS-PAGE gel of the purified proteins is shown in Fig 3A. Serum from these animals was col-
lected and assayed in ELISA plates coated with native LT, LT-A or LT-B to examine the
breadth of anti-LT responses induced by each immunogen. As seen in Fig 3B, LT-A1 was a
poor immunogen and failed to induce antibodies by ELISA. By contrast, LT-A, which includes
both A1 subunit and A2 domain, induced antibodies that recognized LT and LT-A. LT-B also
induced antibodies to LT and to itself, but not LT-A. Surprisingly, the admix of LT-A and
LT-B induced significantly higher responses against LT, LT-A and LT-B than either antigen
alone, suggesting that the adjuvant function of LT-A was retained even when the molecules are
dissociated. Specifically, LT-A is able to adjuvant the response to the B-subunit, even when the
molecules are admixed and not present in the physiologically normal AB5 configuration. The
anti-LT responses seen with the LT-A+B admix were equivalent to those seen with the non-
toxic A-subunit mutant dmLT, which also retains immunogenic and adjuvant activity [17, 18].
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Similar responses were observed when animals were immunized sublingually with LT-A, LT-B,
the LT-A+B admix, or dmLT for both serum IgG and fecal IgA (Fig 3C). These results indicate
that either the A- or B-subunit can be immunogenic when administered as a vaccine, but anti-
toxin responses are maximized when both subunits are included in the immunization.

Fig 2. Serum samples from an ETEC-endemic area contain antibodies to both A- and B-subunits of
LT. Human patient serum from Sierra Leone were evaluated for antibodies to LT, A-subunit, and B-subunit
compared to commercially purchased control serum using endpoint titer analysis. (A) Anti-LT, anti-A, and
anti-B ELISA antibody titers for all tested patient samples with geometric means indicated (lines). (B)
Correlations between anti-LT and anti-A (open squares) or anti-B titers (gray diamonds) by Spearman’s Rank
Order Correlation Coefficient (r) analysis. Antibody responses to LT holotoxin significantly correlated with
both anti-A (P<0.0001) and anti-B (P<0.0001).

doi:10.1371/journal.pone.0136302.g002
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Anti-A or anti-B subunit antibodies can neutralize LT toxicity, with
maximal responses observed when antibodies against both subunits are
present
While LT-B facilitates cell binding and internalization of the toxin, LT-A mediates the intracel-
lular enzymatic functions after proteolytic cleavage and disulfide bond reduction into the active
A1 domain [15]. Within the cytoplasm of intestinal epithelial cells, the A1 domain ADP-ribo-
sylates numerous cellular proteins, including Gsα, leading to irreversible activation of adenyl-
ate cyclase, cAMP accumulation, and deregulation of ion transport mechanisms that control
luminal osmolarity and fluid secretion. Thus, there are a number of potential targets for protec-
tive antibodies within the steps leading to LT enterotoxicity. To determine how antibodies spe-
cific to each subunit might contribute to protection against LT toxicity, we employed two
different assays—the patent mouse oral enterotoxicity assay and the CaCo-2 cell cAMP assay.
For the patent mouse assay, animals were orally inoculated with an amount of native toxin suf-
ficient to induce half-maximal fluid secretion after three hours (i.e., 25 μg LT). LT toxin was
pre-incubated with rabbit anti-A serum, rabbit anti-B serum, negative control serum, or buffer.
The rabbit polyclonal sera were produced in our laboratory against purified recombinant LT-A
and LT-B. As seen in Fig 4A, both anti-A and anti-B were able to effectively neutralize the

Fig 3. Both A- and B-subunits are immunogenic and induce anti-LT antibodies followingmucosal immunization. For these studies, we employed an
in vitro ELISA assay following immunization by two different mucosal routes (intranasal, sublingual). For intranasal immunizations, BALB/c mice were
immunized weekly for three weeks with 10 μl saline containing 5 μg of protein antigens A1, A, B, A+B, or dmLT. For sublingual immunizations, BALB/c mice
were sublingually immunized once with 10 μl saline containing 5 μg of protein antigens A, B, A+B, dmLT, or LT. All mice were sacrificed 21 days after the
primary immunization. The integrity of the antigens was demonstrated by SDS-PAGE (A). Anti-LT serum IgG (B,C) or fecal IgA (C) responses were detected
by ELISA. Significance testing for ELISA panels was done using one-way ANOVA with Tukey’s Multiple Comparison post-test. P-values were coded as
follows: *<0.05, **<0.01, ***<0.001.

doi:10.1371/journal.pone.0136302.g003
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secretory activity of native LT in the patent mouse assay, indicating that both LT’s A-subunit
and B-subunit are immunoprotective against LT-mediated diarrhea.

For the cAMP assay, CaCo-2 cells were treated with an amount of LT sufficient to cause
maximal cAMP accumulation in 3 hours (i.e., 0.1 μg). For this assay, the LT was first pre-incu-
bated with GM1 (positive control) or serial dilutions of rabbit anti-A or anti-B serum (Fig 4B).
Interestingly, two different effects were observed. For anti-LT-A, neutralization of LT gradually
diminished the further the serum was diluted, starting at 1:8 (100%) through 1:256 (0%). By
contrast, anti-LT-B appeared to have a marked threshold where neutralization went from all to
none in a single 2-fold dilution (64–128). This suggests that there is a threshold level of anti-B
above which LT binding to the cell is blocked and any level below may not be effective.

We subsequently examined whether these antisera act to block binding or enzymatic activity
of LT using ELISA plates coated with GM1 or an intracellular ADP-ribosylation assay. For
both assays, LT was pre-incubated with rabbit anti-A, rabbit anti-B, negative control serum, or
buffer prior to addition. Anti-B antibodies prevented GM1 binding (Fig 4C), entry of toxin
into the cell (Fig 4D, top blot) and enzymatic activity (Fig 4D, lower blot). By contrast, anti-A
antibodies only prevented the enzymatic activity of the toxin within epithelial cells. These
results indicate antibodies to the B-subunit prevent toxin attachment and entry into intestinal
cells, whereas antibodies to the A-subunit prevent enzymatic activity of the toxin within intra-
cellular compartments.

Fig 4. Anti-A or anti-B subunit antibodies neutralize LT toxicity, with maximal responses when both are present. (A) Neutralization of toxin-mediated
intestinal fluid secretion in the patent mouse assay after intragastric feeding with buffer (1) or 25 μg LT combined with anti-A (2), anti-B (3), negative control
sera (4), or toxin alone (5). (B,E) Neutralization of epithelial cell cAMP intoxication in Caco-2 cells after 3 h treatment with 0.1 μg LT pre-incubated with
positive control GM1monosialoganglioside (GM1+LT), various dilutions and combinations of anti-serum, or toxin alone. (C) Blocking of toxin GM1 binding by
ELISA detection using 0.1 μg LT toxin pre-incubated with anti-sera or alone. (D) Western blot of Caco-2 cells lysates after 3 h treatment with 0.1 μg LT toxin
pre-incubated with anti-sera. Blots were probed for ADP-ribosylated proteins using rAF1521 macrodomains (bottom blot) then re-probed for presence of the
B-subunit using anti-B rabbit serum (top blot). Boxes indicate proteins with altered ADP-ribosylation, potentially Gsα. Significance testing for secretion and
cAMP panels was done using one-way ANOVA with Tukey’s Multiple Comparison post-test. P-values were coded as follows: *<0.05, **<0.01, ***<0.001.

doi:10.1371/journal.pone.0136302.g004
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We also examined potential synergy between anti-A and anti-B for toxin neutralization. For
this assay, we combined anti-A and anti-B sera at dilutions that had not shown complete toxin
neutralization in Fig 4B (e.g., 1:16 anti-A; 1:128–256 anti-B). As seen in Fig 4E, dilutions of anti-
B at levels of 1:128–256 were unable to neutralize LT induction of cAMP, unless combined with
anti-A. In addition, the neutralizing ability of anti-A was greatly enhanced by the presence of
anti-B. Thus, anti-toxin responses are maximized when antibodies to both subunits are present.

Discussion
The development of an effective vaccine against ETEC has been complicated by a number of
factors, including the absence of a substantial developed country market to offset the cost of
development, the focus on travellers as a primary vaccine target, the large number of potential
serotypes and colonizing factor antigens, and the (relative) success of the whole cell B-subunit
cholera vaccine. This first led to development of killed ETEC vaccine candidates combined
with the B-subunit of cholera toxin as the primary anti-toxin component. More recent studies
have utilized killed or live attenuated ETEC strains combined with the B-subunit of LT [44,
45]. There have been a few attempts to include an LT-A component, including an LT-based
transcutaneous patch that successfully prevented LT-only ETEC diarrhea in travellers
(although not all ETEC diarrhea) [40]. In addition, LT-A is difficult to purify free from con-
tamination with LT-B and is insoluble in most aqueous buffers. As a result, most ETEC vaccine
development has included the B-subunit as the sole anti-toxin component.

The purpose of this study was to evaluate the immune response against the A-subunit of LT
as well as its potential as a protective antigen when administered alone or in combination with
the B-subunit of LT. In order to avoid the issue of cross-contamination with trace amounts of
competing proteins (often an issue in older studies using dissociation chromatography), we uti-
lized recombinantly produced LT, LT-A and LT-B purified on pristine chromatography col-
umns as antigens and immunogens in a series of in vitro and in vivo assays. We have extensive
experience with purification and characterization of LT and its subunits as well as evaluation of
their immunologic and physiologic properties [16–18, 31, 38, 46].

Our studies clearly show that both LT subunits are immunogenic. Human sera from indi-
viduals challenged with a prototypic wild-type ETEC strain as well as sera from individuals liv-
ing in an ETEC endemic area had detectable antibodies against LT, LT-A, and LT-B detected
by ELISA and Immunoblot (Figs 1 and 2 and S1 Fig). No clear immunodominant subunit for
LT was identified, however, antibodies to the A-subunit often included both conformational
and non-conformational epitopes, whereas those to the B-subunit were primarily conforma-
tional. This data clearly illustrates that LT’s A-subunit is naturally immunogenic like LT’s B-
subunit, similar to past studies [34–37].

During ETEC bacterial infection, LT toxin expression occurs directly at gastrointestinal sur-
faces and possibly using specialized delivery systems such as outer membrane vesicles [47]. We
have previously shown that the A-subunit of LT is also more susceptible than the B-subunit to
proteolytic cleavage into an A1 domain and degradation [18]. Consequently, the immunoge-
nicity of LT and its subunits could be distinct in the context of antigen vaccination as opposed
to bacterial infection. In our murine immunization studies, we confirmed that robust antibody
responses were detected after immunization with individual subunits, but these were maxi-
mized in combination with admixed A+B or AB5 constructs (Fig 3). A smaller serum response
was seen with A-subunit immunization after sublingual immunization than occurred with
intranasal immunization, as might be expected given the more complicated dynamics of anti-
gen uptake at the sublingual epithelium (without the presence of a GM1-binding B-subunit)
and presence of salivary proteases. The synergetic properties of admixed A+B with regards to
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higher levels of immunologic responses has been seen previously in our studies evaluating the
adjuvant properties of A-subunit or admixed A+B [18]. This suggests that immunogenicity of
LT toxin, much like adjuvanticity, is not dependent on the AB5 holotoxin structure, although
induction of systemic antibody responses is maximal with at least two signals received from
both A- and B-subunits.

A major conclusion of our study is that both subunits can be immunoprotective and neu-
tralize LT-mediated diarrheal secretion (Fig 4). We also set up specific assays to evaluate at
what point do antibodies neutralize or prevent the intoxication of epithelial cells, including
GM1 binding, cellular entry, ADP-ribosylation, and cAMP accumulation (Fig 4). These assays
represent a potential for improved evaluation of LT-neutralizing antibodies that is more quan-
tifiable and specific than the historically used Y-1 adrenal cell assay assessing cellular round-
ing/non-rounding post-toxin treatment [33–36]. Polyclonal rabbit serum antibodies were able
to neutralize the enterotoxic and cytotoxic effects of native LT by blocking binding and entry
into cells (anti-LT-B) or the intracellular enzymatic activity of the toxin (anti-LT-A and anti-
LT-B). Moreover, antibodies to both LT subunits acted synergistically to neutralize the holo-
toxin when combined. Taken together, these data support the inclusion of both LT-A and
LT-B in prospective vaccines against ETEC.

A major question left unanswered by this study is which LT antigen form is optimal—an
AB5 toxoid, like dmLT, or combinations of toxin-derived proteins, like LT-A+LT-B. Minimal
differences were seen between dmLT and LT-A+LT-B in our mouse immunization studies at
doses and routes evaluated. However, more extensive studies would be required to assess differ-
ences between these proteins in both formulation stability and vaccination outcomes when
combined with other ETEC antigens. The question of LT antigen form becomes further com-
plicated by delivery route and whether the adjuvant properties of an LT-derived protein [17,
18] are also desired. What is clear from these results is that antibody analyses that include LT
holotoxin or both A- and B-subunits produces more informative results than that obtained
with only the B-subunit. With these analysis techniques in mind, future ETEC vaccine studies
can begin to answer these outstanding questions by utilizing combinations of LT antigen(s)
with a specific immunization approach (e.g., oral live-attenuated or heat-killed vaccines in con-
trast to parenterally injected subunits or fusion proteins).

In conclusion, both A- and B-subunits contribute to immunoprotection against LT-medi-
ated diarrhea, resulting in antibody responses that target unique aspects of toxin biology and
provide enhanced toxin neutralization when combined. Therefore, inclusion of both subunit
epitopes in ETEC vaccine candidates seems likely to promote a more robust neutralizing
response to LT toxin than the B-subunit alone.

Supporting Information
S1 Fig. Serum samples from an ETEC-endemic area contain antibodies to both A- and B-
subunits of LT.Human patient serum from Sierra Leone were evaluated for antibodies to LT,
A-subunit, and B-subunit compared to commercially purchased control serum. (A) Human
patient serum from Sierra Leone (black lines) or control serum (open circles) anti-LT, anti-A,
and anti-B antibody responses detected by ELISA by 405 nm optical density (O.D.) (B) Human
patient serum from Sierra Leone, control serum, or no serum immunoblot testing for non-con-
formational anti-LT antibodies to monomer A- or B-subunits. All lanes were loaded with
boiled LT protein with location of A and B bands indicated.
(EPS)

Antibody Responses to E. coli LT Toxin

PLOS ONE | DOI:10.1371/journal.pone.0136302 August 25, 2015 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136302.s001


Acknowledgments
The authors of this study would like to thank Dr. Robert F. Garry and Dr. David Sach for access
to human samples, Lisa Read for helpful discussions on ETEC literature, David Bauer and Lou-
ise Lawson for laboratory assistance, and Robin Baudier for editorial advice.

Author Contributions
Conceived and designed the experiments: EN LB JC. Performed the experiments: EN LB. Ana-
lyzed the data: EN. Contributed reagents/materials/analysis tools: EN LB JC. Wrote the paper:
EN LB JC. Coordinated Sierra Leone samples: LB.

References
1. Initiative for Vaccine Research (IVR) Diarrhoeal Diseases (Updated February 2009): Enterotoxigenic

Escherichia coli (ETEC): World Health Organization; 2009 [cited 2011 June 20]. Available: http://www.
who.int/vaccine_research/diseases/diarrhoeal/en/index4.html.

2. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Panchalingam S, et al. Burden and aetiol-
ogy of diarrhoeal disease in infants and young children in developing countries (the Global Enteric Mul-
ticenter Study, GEMS): a prospective, case-control study. Lancet. 2013; 382(9888):209–22. doi: 10.
1016/S0140-6736(13)60844-2 PMID: 23680352.

3. Mondal D, Minak J, AlamM, Liu Y, Dai J, Korpe P, et al. Contribution of enteric infection, altered intesti-
nal barrier function, and maternal malnutrition to infant malnutrition in Bangladesh. Clinical infectious
diseases: an official publication of the Infectious Diseases Society of America. 2012; 54(2):185–92. doi:
10.1093/cid/cir807 PMID: 22109945; PubMed Central PMCID: PMC3245731.

4. Guerrant RL, DeBoer MD, Moore SR, Scharf RJ, Lima AA. The impoverished gut—a triple burden of
diarrhoea, stunting and chronic disease. Nature reviews Gastroenterology & hepatology. 2013; 10
(4):220–9. doi: 10.1038/nrgastro.2012.239 PMID: 23229327; PubMed Central PMCID: PMC3617052.

5. Gupta SK, Keck J, Ram PK, Crump JA, Miller MA, Mintz ED. Part III. Analysis of data gaps pertaining to
enterotoxigenic Escherichia coli infections in low and medium human development index countries,
1984–2005. Epidemiology and infection. 2008; 136(6):721–38. Epub 2007/08/10. doi: 10.1017/
S095026880700934X PMID: 17686197; PubMed Central PMCID: PMC2870873.

6. Macdonald E, Moller KE, Wester AL, Dahle UR, Hermansen NO, Jenum PA, et al. An outbreak of
enterotoxigenic Escherichia coli (ETEC) infection in Norway, 2012: a reminder to consider uncommon
pathogens in outbreaks involving imported products. Epidemiology and infection. 2014:1–8. doi: 10.
1017/S0950268814001058 PMID: 24813906.

7. Beatty ME, Bopp CA, Wells JG, Greene KD, Puhr ND, Mintz ED. Enterotoxin-producing Escherichia
coli O169:H41, United States. Emerg Infect Dis. 2004; 10(3):518–21. Epub 2004/04/28. PMID:
15109427.

8. Chen LH, Wilson ME, Davis X, Loutan L, Schwartz E, Keystone J, et al. Illness in long-term travelers
visiting GeoSentinel clinics. Emerg Infect Dis. 2009; 15(11):1773–82. doi: 10.3201/eid1511.090945
PMID: 19891865; PubMed Central PMCID: PMC2857257.

9. Nair P, Okhuysen PC, Jiang ZD, Carlin LG, Belkind-Gerson J, Flores J, et al. Persistent abdominal
symptoms in US adults after short-term stay in Mexico. Journal of travel medicine. 2014; 21(3):153–8.
doi: 10.1111/jtm.12114 PMID: 24621006.

10. Thabane M, Kottachchi DT, Marshall JK. Systematic review and meta-analysis: the incidence and prog-
nosis of post-infectious irritable bowel syndrome. Alimentary pharmacology & therapeutics. 2007; 26
(4):535–44. PMID: 17661757.

11. Qadri F, Saha A, Ahmed T, Al Tarique A, Begum YA, Svennerholm AM. Disease burden due to entero-
toxigenic Escherichia coli in the first 2 years of life in an urban community in Bangladesh. Infect Immun.
2007; 75(8):3961–8. Epub 2007/06/06. IAI.00459-07 [pii] doi: 10.1128/IAI.00459-07 PMID: 17548483;
PubMed Central PMCID: PMC1951985.

12. Isidean SD, Riddle MS, Savarino SJ, Porter CK. A systematic review of ETEC epidemiology focusing
on colonization factor and toxin expression. Vaccine. 2011; 29(37):6167–78. doi: 10.1016/j.vaccine.
2011.06.084 PMID: 21723899.

13. Rivera FP, Ochoa TJ, Maves RC, Bernal M, Medina AM, Meza R, et al. Genotypic and phenotypic char-
acterization of enterotoxigenic Escherichia coli strains isolated from Peruvian children. Journal of clini-
cal microbiology. 2010; 48(9):3198–203. Epub 2010/07/16. doi: 10.1128/JCM.00644-10 PMID:
20631096; PubMed Central PMCID: PMC2937683.

Antibody Responses to E. coli LT Toxin

PLOS ONE | DOI:10.1371/journal.pone.0136302 August 25, 2015 12 / 14

http://www.who.int/vaccine_research/diseases/diarrhoeal/en/index4.html
http://www.who.int/vaccine_research/diseases/diarrhoeal/en/index4.html
http://dx.doi.org/10.1016/S0140-6736(13)60844-2
http://dx.doi.org/10.1016/S0140-6736(13)60844-2
http://www.ncbi.nlm.nih.gov/pubmed/23680352
http://dx.doi.org/10.1093/cid/cir807
http://www.ncbi.nlm.nih.gov/pubmed/22109945
http://dx.doi.org/10.1038/nrgastro.2012.239
http://www.ncbi.nlm.nih.gov/pubmed/23229327
http://dx.doi.org/10.1017/S095026880700934X
http://dx.doi.org/10.1017/S095026880700934X
http://www.ncbi.nlm.nih.gov/pubmed/17686197
http://dx.doi.org/10.1017/S0950268814001058
http://dx.doi.org/10.1017/S0950268814001058
http://www.ncbi.nlm.nih.gov/pubmed/24813906
http://www.ncbi.nlm.nih.gov/pubmed/15109427
http://dx.doi.org/10.3201/eid1511.090945
http://www.ncbi.nlm.nih.gov/pubmed/19891865
http://dx.doi.org/10.1111/jtm.12114
http://www.ncbi.nlm.nih.gov/pubmed/24621006
http://www.ncbi.nlm.nih.gov/pubmed/17661757
http://dx.doi.org/10.1128/IAI.00459-07
http://www.ncbi.nlm.nih.gov/pubmed/17548483
http://dx.doi.org/10.1016/j.vaccine.2011.06.084
http://dx.doi.org/10.1016/j.vaccine.2011.06.084
http://www.ncbi.nlm.nih.gov/pubmed/21723899
http://dx.doi.org/10.1128/JCM.00644-10
http://www.ncbi.nlm.nih.gov/pubmed/20631096


14. Carpenter CM, Hall ER, Randall R, McKenzie R, Cassels F, Diaz N, et al. Comparison of the antibody
in lymphocyte supernatant (ALS) and ELISPOT assays for detection of mucosal immune responses to
antigens of enterotoxigenic Escherichia coli in challenged and vaccinated volunteers. Vaccine. 2006;
24(18):3709–18. Epub 2005/09/13. S0264-410X(05)00662-6 [pii] doi: 10.1016/j.vaccine.2005.07.022
PMID: 16153753.

15. Freytag LC, Clements JD. Mucosal adjuvants. Vaccine. 2005; 23(15):1804–13. Epub 2005/03/01.
S0264-410X(04)00833-3 [pii] doi: 10.1016/j.vaccine.2004.11.010 PMID: 15734046.

16. Clements JD, Finkelstein RA. Isolation and characterization of homogeneous heat-labile enterotoxins
with high specific activity from Escherichia coli cultures. Infect Immun. 1979; 24(3):760–9. PMID:
89088.

17. Norton EB, Lawson LB, Freytag LC, Clements JD. Characterization of a mutant Escherichia coli heat-
labile toxin, LT(R192G/L211A), as a safe and effective oral adjuvant. Clin Vaccine Immunol. 2011; 18
(4):546–51. Epub 2011/02/04. CVI.00538-10 [pii] doi: 10.1128/CVI.00538-10 PMID: 21288994.

18. Norton EB, Lawson LB, Mahdi Z, Freytag LC, Clements JD. The A subunit of Escherichia coli heat-
labile enterotoxin functions as a mucosal adjuvant and promotes IgG2a, IgA, and Th17 responses to
vaccine antigens. Infect Immun. 2012; 80(7):2426–35. doi: 10.1128/IAI.00181-12 PMID: 22526674;
PubMed Central PMCID: PMC3416479.

19. Allen KP, Randolph MM, Fleckenstein JM. Importance of heat-labile enterotoxin in colonization of the
adult mouse small intestine by human enterotoxigenic Escherichia coli strains. Infect Immun. 2006; 74
(2):869–75. Epub 2006/01/24. 74/2/869 [pii] doi: 10.1128/IAI.74.2.869-875.2006 PMID: 16428729;
PubMed Central PMCID: PMC1360293.

20. Johnson AM, Kaushik RS, Francis DH, Fleckenstein JM, Hardwidge PR. Heat-labile enterotoxin pro-
motes Escherichia coli adherence to intestinal epithelial cells. J Bacteriol. 2009; 191(1):178–86. Epub
2008/11/04. JB.00822-08 [pii] doi: 10.1128/JB.00822-08 PMID: 18978047; PubMed Central PMCID:
PMC2612432.

21. Wenneras C, Erling V. Prevalence of enterotoxigenic Escherichia coli-associated diarrhoea and carrier
state in the developing world. J Health Popul Nutr. 2004; 22(4):370–82. Epub 2005/01/25. PMID:
15663170.

22. Svennerholm AM. From cholera to enterotoxigenic Escherichia coli (ETEC) vaccine development.
Indian J Med Res. 2011; 133(2):188–96. Epub 2011/03/19. IndianJMedRes_2011_133_2_188_78120
[pii]. PMID: 21415493; PubMed Central PMCID: PMC3089050.

23. Cruz JR, Gil L, Cano F, Caceres P, Pareja G. Breast milk anti-Escherichia coli heat-labile toxin IgA anti-
bodies protect against toxin-induced infantile diarrhea. Acta paediatrica Scandinavica. 1988; 77
(5):658–62. PMID: 3059753.

24. Porter CK, Riddle MS, Tribble DR, Louis Bougeois A, McKenzie R, Isidean SD, et al. A systematic
review of experimental infections with enterotoxigenic Escherichia coli (ETEC). Vaccine. 2011. Epub
2011/05/28. S0264-410X(11)00731-6 [pii] doi: 10.1016/j.vaccine.2011.05.021 PMID: 21616116.

25. Finkelstein RA, Burks MF, Zupan A, Dallas WS, Jacob CO, Ludwig DS. Epitopes of the cholera family
of enterotoxins. Rev Infect Dis. 1987; 9(3):544–61. Epub 1987/05/01. PMID: 2440089.

26. Holmes RK, Twiddy EM. Characterization of monoclonal antibodies that react with unique and cross-
reacting determinants of cholera enterotoxin and its subunits. Infect Immun. 1983; 42(3):914–23. Epub
1983/12/01. PMID: 6196297; PubMed Central PMCID: PMC264386.

27. Remmers EF, Colwell RR, Goldsby RA. Production and characterization of monoclonal antibodies to
cholera toxin. Infect Immun. 1982; 37(1):70–6. Epub 1982/07/01. PMID: 6179882; PubMed Central
PMCID: PMC347492.

28. Lindholm L, Holmgren J, WikstromM, Karlsson U, Andersson K, Lycke N. Monoclonal antibodies to
cholera toxin with special reference to cross-reactions with Escherichia coli heat-labile enterotoxin.
Infect Immun. 1983; 40(2):570–6. Epub 1983/05/01. PMID: 6840852; PubMed Central PMCID:
PMC264893.

29. Peterson JW, Hejtmancik KE, Markel DE, Craig JP, Kurosky A. Antigenic specificity of neutralizing anti-
body to cholera toxin. Infect Immun. 1979; 24(3):774–9. Epub 1979/06/01. PMID: 89089; PubMed Cen-
tral PMCID: PMC414373.

30. Clements JD, Hartzog NM, Lyon FL. Adjuvant activity of Escherichia coli heat-labile enterotoxin and
effect on the induction of oral tolerance in mice to unrelated protein antigens. Vaccine. 1988; 6(3):269–
77. Epub 1988/06/01. 0264-410X(88)90223-X [pii]. PMID: 3048010.

31. Dickinson BL, Clements JD. Dissociation of Escherichia coli heat-labile enterotoxin adjuvanticity from
ADP-ribosyltransferase activity. Infect Immun. 1995; 63(5):1617–23. Epub 1995/05/01. PMID:
7729864; PubMed Central PMCID: PMC173200.

Antibody Responses to E. coli LT Toxin

PLOS ONE | DOI:10.1371/journal.pone.0136302 August 25, 2015 13 / 14

http://dx.doi.org/10.1016/j.vaccine.2005.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16153753
http://dx.doi.org/10.1016/j.vaccine.2004.11.010
http://www.ncbi.nlm.nih.gov/pubmed/15734046
http://www.ncbi.nlm.nih.gov/pubmed/89088
http://dx.doi.org/10.1128/CVI.00538-10
http://www.ncbi.nlm.nih.gov/pubmed/21288994
http://dx.doi.org/10.1128/IAI.00181-12
http://www.ncbi.nlm.nih.gov/pubmed/22526674
http://dx.doi.org/10.1128/IAI.74.2.869-875.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428729
http://dx.doi.org/10.1128/JB.00822-08
http://www.ncbi.nlm.nih.gov/pubmed/18978047
http://www.ncbi.nlm.nih.gov/pubmed/15663170
http://www.ncbi.nlm.nih.gov/pubmed/21415493
http://www.ncbi.nlm.nih.gov/pubmed/3059753
http://dx.doi.org/10.1016/j.vaccine.2011.05.021
http://www.ncbi.nlm.nih.gov/pubmed/21616116
http://www.ncbi.nlm.nih.gov/pubmed/2440089
http://www.ncbi.nlm.nih.gov/pubmed/6196297
http://www.ncbi.nlm.nih.gov/pubmed/6179882
http://www.ncbi.nlm.nih.gov/pubmed/6840852
http://www.ncbi.nlm.nih.gov/pubmed/89089
http://www.ncbi.nlm.nih.gov/pubmed/3048010
http://www.ncbi.nlm.nih.gov/pubmed/7729864


32. Guidry JJ, Cardenas L, Cheng E, Clements JD. Role of receptor binding in toxicity, immunogenicity,
and adjuvanticity of Escherichia coli heat-labile enterotoxin. Infect Immun. 1997; 65(12):4943–50. Epub
1997/12/11. PMID: 9393780; PubMed Central PMCID: PMC175713.

33. Pizza M, Fontana MR, Giuliani MM, Domenighini M, Magagnoli C, Giannelli V, et al. A genetically detox-
ified derivative of heat-labile Escherichia coli enterotoxin induces neutralizing antibodies against the A
subunit. J Exp Med. 1994; 180(6):2147–53. Epub 1994/12/01. PMID: 7964489; PubMed Central
PMCID: PMC2191794.

34. Finkelstein RA, Burks MF, Rieke LC, McDonald RJ, Browne SK, Dallas WS. Application of monoclonal
antibodies and genetically-engineered hybrid B-subunit proteins to the analysis of the cholera/coli
enterotoxin family. Dev Biol Stand. 1985; 59:51–62. Epub 1985/01/01. PMID: 2408946.

35. Belisle BW, Twiddy EM, Holmes RK. Characterization of monoclonal antibodies to heat-labile entero-
toxin encoded by a plasmid from a clinical isolate of Escherichia coli. Infect Immun. 1984; 43(3):1027–
32. Epub 1984/03/01. PMID: 6365779; PubMed Central PMCID: PMC264288.

36. Belisle BW, Twiddy EM, Holmes RK. Monoclonal antibodies with an expanded repertoire of specificities
and potent neutralizing activity for Escherichia coli heat-labile enterotoxin. Infect Immun. 1984; 46
(3):759–64. Epub 1984/12/01. PMID: 6209224; PubMed Central PMCID: PMC261610.

37. Svennerholm AM, Holmgren J, Black R, Levine M, Merson M. Serologic differentiation between anti-
toxin responses to infection with Vibrio cholerae and enterotoxin-producing Escherichia coli. J Infect
Dis. 1983; 147(3):514–22. Epub 1983/03/01. PMID: 6339647.

38. Clements JD, El-Morshidy S. Construction of a potential live oral bivalent vaccine for typhoid fever and
cholera-Escherichia coli-related diarrheas. Infect Immun. 1984; 46(2):564–9. Epub 1984/11/01. PMID:
6389350; PubMed Central PMCID: PMC261572.

39. Branco LM, Grove JN, Boisen ML, Shaffer JG, Goba A, Fullah M, et al. Emerging trends in Lassa
Fever: redefining the role of immunoglobulin M and inflammation in diagnosing acute infection. Virol J.
8(1):478. Epub 2011/10/26. 1743-422X-8-478 [pii] doi: 10.1186/1743-422X-8-478 PMID: 22023795.

40. Glenn GM, Villar CP, Flyer DC, Bourgeois AL, McKenzie R, Lavker RM, et al. Safety and immunogenic-
ity of an enterotoxigenic Escherichia coli vaccine patch containing heat-labile toxin: use of skin pretreat-
ment to disrupt the stratum corneum. Infect Immun. 2007; 75(5):2163–70. Epub 2007/01/31. IAI.01740-
06 [pii] doi: 10.1128/IAI.01740-06 PMID: 17261601; PubMed Central PMCID: PMC1865773.

41. Uddowla S, Freytag LC, Clements JD. Effect of adjuvants and route of immunizations on the immune
response to recombinant plague antigens. Vaccine. 2007; 25(47):7984–93. PMID: 17933440.

42. Crossman LC, Chaudhuri RR, Beatson SA, Wells TJ, Desvaux M, Cunningham AF, et al. A commensal
gone bad: complete genome sequence of the prototypical enterotoxigenic Escherichia coli strain
H10407. J Bacteriol. 2010; 192(21):5822–31. doi: 10.1128/JB.00710-10 PMID: 20802035; PubMed
Central PMCID: PMC2953697.

43. Connell TD. Cholera toxin, LT-I, LT-IIa and LT-IIb: the critical role of ganglioside binding in immunomo-
dulation by type I and type II heat-labile enterotoxins. Expert review of vaccines. 2007; 6(5):821–34.
Epub 2007/10/13. doi: 10.1586/14760584.6.5.821 PMID: 17931161; PubMed Central PMCID:
PMC2849181.

44. Darsley MJ, Chakraborty S, DeNearing B, Sack DA, Feller A, Buchwaldt C, et al. The oral, live attenu-
ated enterotoxigenic Escherichia coli vaccine ACE527 reduces the incidence and severity of diarrhea
in a human challenge model of diarrheal disease. Clin Vaccine Immunol. 2012; 19(12):1921–31. doi:
10.1128/CVI.00364-12 PMID: 23035175; PubMed Central PMCID: PMC3535858.

45. Holmgren J, Bourgeois L, Carlin N, Clements J, Gustafsson B, Lundgren A, et al. Development and pre-
clinical evaluation of safety and immunogenicity of an oral ETEC vaccine containing inactivated E. coli
bacteria overexpressing colonization factors CFA/I, CS3, CS5 and CS6 combined with a hybrid LT/CT
B subunit antigen, administered alone and together with dmLT adjuvant. Vaccine. 2013; 31(20):2457–
64. doi: 10.1016/j.vaccine.2013.03.027 PMID: 23541621.

46. Cheng E, Cardenas-Freytag L, Clements JD. The role of cAMP in mucosal adjuvanticity of Escherichia
coli heat-labile enterotoxin (LT). Vaccine. 1999; 18(1–2):38–49. Epub 1999/09/29. PMID: 10501233.

47. Horstman AL, Kuehn MJ. Enterotoxigenic Escherichia coli secretes active heat-labile enterotoxin via
outer membrane vesicles. The Journal of biological chemistry. 2000; 275(17):12489–96. PMID:
10777535.

Antibody Responses to E. coli LT Toxin

PLOS ONE | DOI:10.1371/journal.pone.0136302 August 25, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/9393780
http://www.ncbi.nlm.nih.gov/pubmed/7964489
http://www.ncbi.nlm.nih.gov/pubmed/2408946
http://www.ncbi.nlm.nih.gov/pubmed/6365779
http://www.ncbi.nlm.nih.gov/pubmed/6209224
http://www.ncbi.nlm.nih.gov/pubmed/6339647
http://www.ncbi.nlm.nih.gov/pubmed/6389350
http://dx.doi.org/10.1186/1743-422X-8-478
http://www.ncbi.nlm.nih.gov/pubmed/22023795
http://dx.doi.org/10.1128/IAI.01740-06
http://www.ncbi.nlm.nih.gov/pubmed/17261601
http://www.ncbi.nlm.nih.gov/pubmed/17933440
http://dx.doi.org/10.1128/JB.00710-10
http://www.ncbi.nlm.nih.gov/pubmed/20802035
http://dx.doi.org/10.1586/14760584.6.5.821
http://www.ncbi.nlm.nih.gov/pubmed/17931161
http://dx.doi.org/10.1128/CVI.00364-12
http://www.ncbi.nlm.nih.gov/pubmed/23035175
http://dx.doi.org/10.1016/j.vaccine.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23541621
http://www.ncbi.nlm.nih.gov/pubmed/10501233
http://www.ncbi.nlm.nih.gov/pubmed/10777535

