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Abstract Currently available enterotoxigenic Escherichia
coli (ETEC) vaccines are based on colonization factors and/
or the heat-labile enterotoxin B subunit (LTB). However,
the induction of antitoxic responses against heat-stable
enterotoxin a (STa) and b (STb) has merit as these two
poorly immunogenic toxins are frequently associated with
ETEC strains. In this study, we genetically constructed a
trivalent enterotoxin fusion protein (STa–LTB–STb, abbre-
viated to SLS) in an effort to develop a single toxoid
containing these three enterotoxins for vaccination against
ETEC. Mutagenesis at one disulfide-bridge-forming cyste-
ine in STa led to a dramatic reduction in the STa toxicity of
SLS; however, the fusion peptide retained the STb-
associated toxicity. Immunization of mice with SLS protein
elicited significant antibody responses to LTB, STa, and
STb. Significantly, the mice antisera were able to neutralize

the biological activity of both STa and STb. In the
experiment to assess the protective effect of SLS immuni-
zation, the mortality of mice receiving SLS was signifi-
cantly lower than their control cohorts (P < 0.01) after
intraperitoneal challenge with ETEC. These results show
that the trivalent fusion enterotoxin SLS has the potential to
serve as a useful toxin-based vaccine against ETEC-
induced diarrheal disease via a single immunogen.
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Introduction

Enterotoxigenic Escherichia coli (ETEC) is the most
common cause of severe diarrhea in young animals and
results in considerable morbidity and mortality in piglets
and calves (Nagy and Fekete 2005). The virulence factors
of ETEC include adhesins and enterotoxins. Adhesins
including fimbriae and afimbrial proteins mediate the
binding of the bacteria to enterocytes, an event essential
for colonization, proliferation, and progression of ETEC
infections (Erume et al. 2008). ETEC strains mainly
express two types of enterotoxins: heat-labile enterotoxin
(LT) subdivided into LT-I and LT-II, and heat-stable
enterotoxins (ST) subdivided into STa and STb according
to differences in protein structure and pathogenesis
(Dubreuil 1997). Since LT-II is infrequently detected and
nearly always nonpathogenic (Nataro and Kaper 1998),
most vaccine development work has focused on LT-I. LT-I
is similar in structure and function (approximately 80%
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identity in primary sequence) to the cholera toxin (CT)
expressed by Vibrio cholerae as both are ADP-ribosylating
enterotoxins and consist of a subunit A (LTA, 27 kDa) and
five identical B subunits (LTB, 11.6 kDa) forming a
receptor-binding pentamer (Nataro and Kaper 1998;
Rosales-Mendoza et al. 2009). STs are low molecular-
weight polypeptides, where STa (2 kDa) is an 18- (porcine
or human origin) or 19- (human origin) amino-acid peptide
and functions by stimulating guanylate cyclase C (Nataro
and Kaper 1998), and STb (5.2 kDa) (Kupersztoch et al.
1990) is a 48-amino-acid peptide and functions by acting
on sulfatide, an acidic glycosphingolipid on intestinal
epithelial cells (Rousset et al. 1998).

Although adhesin-mediated colonization is important
in ETEC pathogenesis, enterotoxins are thought to be the
central virulence factors causing diseases and may also
play a role in the colonization process (Allen et al. 2006;
Berberov et al. 2004; Zhang et al. 2006). Overall, LT-,
STa-, and STb-producing strains are very common, having
been shown to be present in approximately 50%, 75%
(Sizemore et al. 2004), and 90% (Dubreuil et al. 1996) of
ETEC isolates, respectively. An ideal vaccine should
provide protective immunity against both adhesin antigens
and enterotoxins. In addition to the more than 25
recognized colonization factors from human-associated
strains (Gaastra and Svennerholm 1996; Svennerholm and
Tobias 2008) and over eight main types of fimbriae from
animal-associated strains (Nagy and Fekete 2005), there
are large numbers of ETEC isolates that do not express
any of the known colonization factors (Dubreuil et al.
1996; Qadri et al. 2005), a factor that may limit the
efficacy of colonization factor-based ETEC vaccines. On
the other hand, considering the limited number of the
classes of enterotoxins and their decisive role in patho-
genesis, the induction of antitoxic immunity may be an
effective way to improve the protective effect of ETEC
vaccines (Sizemore et al. 2004; Steinsland et al. 2003).
Therefore, many current ETEC vaccines include LTB or
CTB (subunit B of CT) in an effort to augment immune
responses. STs toxoids would be desirable for preventive
vaccination but their developments have faced serious
hurdles due to their lack of immunogenicity (Wolf 1997).
Thus far, no effective nontoxic STa or STb toxoid capable
of eliciting neutralizing antibodies has been constructed or
included in commercial vaccines for humans (Sizemore
et al. 2004; Svennerholm and Tobias 2008). STs are poorly
immunogenic due to their small size; however, they can
attain immunogenicity when coupled chemically or genet-
ically to an appropriate carrier. In order to develop
desirable STa or STb toxoid and induce specific anti-STs
immunity, numerous studies have been conducted to link
STs to a large carrier molecule, such as LTB, CTB, OmpC
(E. coli outer membrane protein C), IgG-binding fragment,

maltose binding protein and OmpF, and β-galactosidase
(Cardenas and Clements 1993; Clements 1990; Dubreuil
et al. 1996; Lawrence et al. 1990; Lowenadler et al. 1991;
Rosales-Mendoza et al. 2009; Saarilahti et al. 1989;
Sanchez et al. 1988; Zhang et al. 2010). These studies
usually constructed a bivalent fusion in an ST-carrier mode
with varied immunogenicity and residual toxicity.

The goal of this study was to construct a trivalent
enterotoxin fusion gene of STa–LTB–STb and produce the
corresponding polypeptides carrying antigenic determinants
of STa, STb, and LTB for use as an immunogen to provide
broad-spectrum protection against ETEC.

Materials and methods

Bacterial strains, media, and plasmids

ETEC F4ac strain C83902 (O8:K87; LT+, STa+, STb+) and
F5 strain C83914 (O101:K30; LT−, STa+, STb-) were
obtained from China Institute of Veterinary Drug Control
(Beijing, China). F4ac strains were cultured in CAYE
medium (Mundell et al. 1976) prior to use in the challenge
study with mice. F5 strains were grown in the asparagine–
salt medium (Staples et al. 1980) for neutralization assay.
The vector pET-30a (+) and pET-32a (+) were products of
Novagen (Gibbstown, NJ, USA) and used for the expres-
sion of recombinant enterotoxins.

Construction of recombinant enterotoxin expression vectors

The gene for LTB or STb was amplified from E. coli F4ac
strain heat lysate, with the STa gene being synthesized by
splicing by overlap extension (SOE) polymerase chain
reaction (PCR) without using a template. To reduce the
toxicity, the cysteine (tgc) at position 14 of STa was
mutated to alanine (gcc) through an alteration of a codon
(gca→ggc) on primer STa-R. Then, the enterotoxin genes
LTB, STa, and STb were fused genetically by SOE PCR to
produce the polyvalent fusion gene: STa–LTB–STb
(denoted SLS). The PCR products of SLS were purified
and cloned into U-vector pDrive (Qiagen, Mississauga,
Ontario, Canada), and the resulting plasmid, pDrive-SLS,
was used as the source of the gene for SLS, LTB, or STb
for the remainder of this study. Subsequently, the recombi-
nant enterotoxin expression plasmids pET30-SLS and
pET30-LTB were constructed by inserting the double-
digested PCR-amplified fragments SLS and LTB into
plasmid pET-30a digested with the corresponding two
restriction enzymes. Both plasmids encoded their respective
recombinant enterotoxin plus a His6 tag at the C-terminus.
Similarly, plasmid pET32-STb was constructed by inserting
a mature STb gene into the pET-32a vector within the
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EcoRI and XhoI sites. This plasmid encoded a thioredoxin
(Trx) tag, His6 tag, and S tag at the N-terminus of the
inserted STb sequence and another His6 tag at the C-
terminus. All the PCR primers used are shown in Table 1.

Recombinant enterotoxins production

Recombinant E. coli BL21 (DE3) strains harboring
plasmids pET30-SLS, pET30-LTB, or pET32-STb were
induced to express fusion enterotoxins by the addition of
1 mM isopropyl β-D-thiogalactoside (IPTG). The E. coli
cells were collected and disrupted by sonication and then
centrifuged to isolate the inclusion bodies. The inclusion
bodies of SLS, LTB, or Trx-STb were washed thoroughly
with Tris-EDTA buffer containing Triton X-100 or urea
(Sambrook and Russell 2001) and stored at −20 °C until
use. The purity of the washed inclusion bodies of fusion
protein was determined by SDS-PAGE analysis using NIH
software ImageJ (Version 1.41). For immunization,
washed insoluble fusion enterotoxins were solubilized with
1% SDS and then dialyzed against phosphate-buffered saline
(PBS) to remove the detergent. For precoating the microtiter
plates in enzyme-linked immunosorbent assay (ELISA),
washed insoluble fusion enterotoxins were solubilized with
8 M urea.

SDS-PAGE and Western blot analysis

Samples of the total cell protein, the soluble cytoplasmic
fraction, and the insoluble cytoplasmic fraction of the
induced E.coli BL21 strains were respectively separated on
a 15% polyacrylamide gel according to the method of
Laemmli (1970). Gels were either stained with Coomassie
brilliant blue R-250 or electroblotted to polyvinylidene
fluoride membranes (0.45 μm pore size, Millipore, Bed-
ford, MA, USA). Proteins on the membranes were probed

first with primary antibodies, 1:1,000 diluted anti-His
antibody (TIANGEN BIOTECH, Beijing, China) and then
with horseradish peroxidase-conjugated goat anti-mouse
IgG (H+L) (Beyotime, Jiangsu, China) diluted at 1:2,000.
Positive protein bands were detected upon development
with BeyoECL Plus kit (Beyotime).

Mice immunization and challenge

Forty female, 8–10-week-old Kunming mice (Animal
Center, Dalian Medical University, Dalian, China) were
randomly allocated into four groups with ten mice/group
and housed in ventilated cages. The mice were immu-
nized intraperitoneally with 100 μg of solubilized fusion
protein SLS, 60 μg of solubilized fusion protein LTB,
3×108 killed F4ac whole cells inactivated by multiple
freeze–thaw cycles, or PBS as a negative control. Each of
the antigens was adjusted to a final volume of 0.3 ml with
sterile PBS. The killed ETEC F4ac preparation was
checked for sterility by streaking on LB agar. The mice
were immunized three times at 2-week intervals and
challenged intraperitoneally with 2×108 CFU of ETEC
F4ac 2 weeks after the last immunization. The mice were
monitored for morbidity for 14 days after the challenge.
Blood was collected from the tail vein 2 days before each
immunization and challenge.

Antibody ELISA

Specific antibodies against the three antigens STa, LTB, or
STb were detected in the immunized mice sera by ELISA.
Briefly, 96-well microtiter plates (JET, Ontario, Canada) were
coated with 1 μg/well of antigen protein, STa polypeptide
(synthesized at Shanghai Bootech BioScience & Technology,
Shanghai, China) in PBS (pH 7.2), fusion protein LTB, or STb
in coating buffer (15 mM Na2CO3, 35 mM NaHCO3,

Table 1 PCR primers used for amplifications of enterotoxin genes

Primer Sequence (5′ → 3′) Target gene Construct

STa-F AGGGAATTCACCATGAACACATTCTACTGCTGCGAGCTGTGCTGCAAT STa
STa-R TAGCAGGTGGGTAGCAGCCAGCGGCGGCGGGATTGCAGCACAGC

LTB-F GCTACCCACCTGCTAGCCCAGCTCCCCAGACTATTACAG LTB STa–LTB–STb (SLS) and
pDrive-SLSLTB-R TGGTGTGGTGCTGGCGCTGTTTTTCATACTGATTGCC

STb-F GCCAGCACCACACCACCCTCTACACAATCAAATAAGAAAGAT STb
STb-R CGCTCTAGATCCTCAGCATCCTTTTGCTGCAACCAT

ssF1 GCCTACACATATGAACACATTCTACTG SLS pET30-SLS
ssR1 ACGCTCGAGGCATCCTTTTGCTGCAACCATTA

LTB-F1 GATTACACATATGGCTCCCCAGAC LTB pET30-LTB
LTB-R1 ACGCTCGAGGTTTTTCATACTG

STb-F2 GCCGAATTCTCTACACAATCAA STb pET32-STb
STb-R2 ACTCTCGAGGCATCCTTTTGCTG
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pH 9.6). After the blocking and washing steps, serial twofold
dilutions (starting at 1:100) of sera were added to the wells
and incubated for 1 h at 37 °C. Then, bound antibodies were
detected by 60-min incubation with horseradish peroxidase-
conjugated goat anti-mouse IgG (H+L) diluted 1:25,000 in
PBS followed by tetramethyl benzidine substrate. Titers were
determined as the log10 value of the highest serum dilution
giving an absorbance of 0.2.

Enterotoxicity assay and neutralization

The residual enterotoxicity of fusion protein SLS was tested
using the suckling mouse assay as described by Giannella
(1976). Groups of three newborn suckling mice aged 2–
3 days were inoculated intragastrically with 0.1-ml SLS
polypeptide solution containing (testing the toxicity of STb)
soybean trypsin inhibitor (2 mg/ml; Solarbio, Beijing,
China) (Whipp 1990) or not (testing the toxicity of STa)
and killed after 3-h inoculation. Pure STa polypeptide was
used as a positive control for STa toxicity. One mouse unit
(MU) was defined as the minimum effective dose of STs
necessary to cause a positive response. G/C (weight ratio of
gut to the remaining carcass) ratios of ≥ 0.090 were
considered positive for toxicity of STa or STb.

To test the neutralization activity of the anti-SLS sera on
the biological activity of STa and STb, two separate suckling
mouse assay experiments were conducted: (1) neutralization
of STa: ETEC F5 strains were grown in the asparagine–salt
medium at 37 °C for 24 h with vigorous agitation, and the
STa-containing supernatant was harvested and filtered
through a 0.22-μm membrane filter (JET). Toxin–antibody
mixtures were prepared by mixing 50 μl of fivefold diluted
supernatant (containing about 5 MU STa) with 50 μl of serial
twofold dilutions of pools of sera from mice immunized with
SLS or E. coli F4ac. Following preincubation for 1 h at
37 °C, the mixture was administered to suckling mice; and
(2) neutralization of STb: Fusion enterotoxin Trx-STb was
purified by nickel affinity chromatography from the soluble
cytoplasmic fraction of recombinant E. coli BL21 strain.
Toxin–antibody mixtures were made by mixing 50 μl of
solution containing 25 μg of purified Trx-STb protein
solution (corresponding to approximately 5 MU Trx-STb)
and 0.2 mg of soybean trypsin inhibitor with an equal
volume of serial twofold dilutions of pools of sera from mice
immunized with SLS or E. coli F4ac (Whipp 1990; Fujii
et al. 1991). After preincubation for 1 h at 37 °C, the
mixtures were injected to the suckling mice.

Statistical analysis

Antibody titers were compared by using nonparametric
Kruskal–Wallis test followed by Dunn's post-test. Differ-
ences in survival data of mice were analyzed by the

Kaplan–Meier log rank test with Holm–Sidak test for
multiple comparisons.

Results

Construction of plasmids pET30-SLS, pET30-LTB,
and pET32-STb

Plasmids pET30-SLS, pET30-LTB, and pET32-STb were
constructed as shown in Fig.1. In order to decrease the
toxicity of STa, the disulfide bond between cysteine6 and
cysteine14, which is highly correlated to the toxicity of STa,
was destroyed by substituting alanine for cysteine14. For the
purpose of reducing the interaction among the fused three
enterotoxins and retaining each component’s epitopes, two
proline-rich oligopeptides, Pro-Pro-Ala-Ser-Pro and Ser-
Ala-Ser-Thr-Thr-Pro-Pro, were included in the fusions
between STa and LTB and LTB and STb, respectively.

STa STb LTB 

STa-LTB-STb (SLS)

E. coli F4ac 

SOE PCR 

PCR 

pDrive-SLS 

SLS 

NdeI

pET30-SLS 

SLS 

pET32-STb 

Trx-STb EcoRI XhoI

PCR PCR

pET30-LTB

LTBNdeI XhoIXhoI

Fig. 1 Construction of the E. coli recombinant enterotoxin expression
vector pET30-SLS, pET30-LTB, and pET32-STb. Of the three
enterotoxin genes, STa was synthesized by SOE (splicing by overlap
extension) PCR, and initial LTB and STb were amplified from the E.
coli F4ac strain. The univalent enterotoxin genes STa, LTB, and STb
were fused to produce fusion gene STa–LTB–STb (SLS) via SOE PCR
and the SLS was then cloned into U-vector pDrive to make pDrive-
SLS. The genes for SLS, LTB, and STb were PCR-amplified from
plasmid pDrive-SLS, digested with two enzymes, and then inserted
into prokaryotic expression vector pET-30a or pET-32a digested with
the appropriate enzymes to produce the final construct pET30-SLS,
pET30-LTB, and pET32-STb
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The plasmids were sequenced to confirm the correct
insertion of the enterotoxin genes.

Expression and purification of the fusion enterotoxins

SDS-PAGE showed that, after induction with IPTG, the
fusion proteins of approximately 21 kDa (SLS),13 kDa
(LTB), and 24 kDa (Trx-STb) were produced as predicted
by E. coli BL21 harboring plasmids pET30-SLS, pET30-
LTB, and pET32-STb, respectively (Fig. 2a). Efforts to
obtain soluble LTB and SLS proteins rather than inclusion
bodies via culturing E. coli BL21 at a lower temperature,
altering the concentration of IPTG as well as changing
induction time proved unsuccessful. In contrast to LTB and
SLS, Trx-STb was expressed in the form of both inclusion
body and soluble cytoplasmic protein. The inclusion bodies
of LTB, SLS, and Trx-STb were purified to > 85% purity
by three washing steps as determined by SDS-PAGE
analysis. Western blot showed that the fusion proteins,
LTB, SLS, and Trx-STb, could react with anti-His anti-
bodies (Fig. 2b).

Antitoxic antibody responses are elicited in mice

The serum antibody levels of the four groups of mice
(n = 10) were evaluated after three immunizations using
indirect ELISA (Fig. 3). In the SLS-vaccinated group, high
levels of serum IgG were raised against LTB and hapten
STa and STb, demonstrating that LTB is an effective
carrier for STa and STb and bestowed good immunoge-
nicity upon them. Based upon the values of log10 IgG
titers, the antibody response to LTB [4.92 ± 0.28 (mean ±
standard deviation)] was much higher than that to STa

(3.52 ± 0.78) or STb (4.20 ± 0.67). In the LTB-vaccinated
group, high levels of serum IgG were only produced
against LTB (5.16 ± 0.32) with no IgG response to STa
(1.00 ± 0.40) or STb (1.35 ± 0.32) being observed. In the
F4ac-vaccinated group, the mice developed antibodies
against LTB (3.81 ± 0.32) only, with no antibodies
towards STa (1.22 ± 0.30) or STb (1.64 ± 0.31) being
detected, demonstrating the poor immunogenicity of
native STa and STb. No serum antibody responses against
LTB, STa, or STb were detected in mice injected with
PBS.

LTB-specific antibody titers were only slightly lower in
SLS-vaccinated mice as compared with LTB-vaccinated
mice, with both groups exhibiting significantly higher (P <
0.001) titers than the PBS group. As for STa and STb, the
SLS-vaccinated mice had high levels of antibody titers
against both STa and STb which was significantly higher
than any of the other groups (P < 0.001) except versus F4ac
group at STb-specific antibody titers (P < 0.05). Therefore,
the polyvalent enterotoxin SLS constructed in this study
was effective in eliciting antitoxic antibody responses in
mice to all of the constituent elements LTB, STa, and STb.

Neutralization of STa and STb toxicity

An important qualification for SLS protein being used as an
immunoprophylactic was its capacity to elicit neutralizing

Fig. 3 Mice serum IgG response 12 days after the third immunization
as measured by ELISA against heat-labile enterotoxin subunit B
(LTB), heat-stable enterotoxin a (STa), or heat-stable enterotoxin b
(STb) antigens. Female Kunming mice (ten mice/group) were
immunized with recombinant enterotoxin SLS (100 μg), LTB
(60 μg), killed E. coli F4ac cells (3×108 CFU), or PBS (negative
control) for three times at 2-week intervals. The antibody titer was
determined as the highest serum dilution to reach an OD of 0.2. The
mean ± SD for each group’s serum antibody titer is shown. *P < 0.001
compared with the control in each set of data against the respective
antigen

a b

Fig. 2 Analysis of the expressed fusion enterotoxins using SDS-
PAGE (a) and Western blot (b). a The samples of the total cell protein
(T), soluble cytoplasmic fraction (S), and insoluble cytoplasmic
fraction (I) of the induced recombinant E. coli BL21strains expressing
SLS, LTB, and Trx-STb were loaded on a 15% gel from left to right.
Lanes C1 and C2 (negative control) are the total cell protein of the
induced E. coli BL21 and BL21-Trx (containing plasmid pET-32a),
respectively. b Inclusion bodies of the fusion protein LTB (13 kDa),
SLS (21 kDa), and Trx-STb (24 kDa) were detected by immunoblot
using anti-His antibodies
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antibodies against STs. The neutralizing potential of mice
antisera to SLS was tested in the suckling mouse assay.
Antisera to SLS fusion peptides (SLS–sera) exhibited a
neutralizing activity against both STa and STb, with the
control sera from mice receiving killed ETEC F4ac
organisms having no such enterotoxin-neutralizing activity
(Fig. 4). For neutralizing the selected dose (about 5 MU) of
STa and STb, the highest dilutions of SLS–sera were 1/20
and 1/40, respectively.

Toxicity of the fusion enterotoxin

In the absence of trypsin inhibitor, the highest dose tested
of 20 μg of purified SLS protein did not induce a
significant fluid accumulation within the intestinal tract of

mice (G/C = 0.079). Since STa comprises approximately
10% (2/21 kDa) of the total weight of SLS, the actual
amount of STa in the fusion protein was approximately
2 μg. This amount of STa is over 200 times greater than the
minimum effective dose of pure STa (9 ng). This finding
demonstrates that the mutated STa was virtually rendered
non-toxic as a result of the amino acid substitution outlined
above. However, the addition of trypsin inhibitor to 20 μg
of SLS induced an obvious fluid secretion in the intestinal
lumen (G/C = 0.133), indicating that the SLS protein still
had the STb toxicity.

Immunization with polyvalent enterotoxin SLS provides
protective immunity to mice against fatal ETEC challenge

To test whether immunization with polyvalent enterotoxin
SLS could provide adequate protective immunity in vivo,
the Kunming mice were used in a challenge study. Four
groups (SLS, LTB, F4ac, and PBS) of ten female mice
received a fatal dose of ETEC F4ac bacteria intraperito-
neally 2 weeks after the third immunization. The incidences
of clinical disease and mortalities were then recorded for
14 days (Fig. 5). Seven of ten SLS-vaccinated mice
survived whereas all of the mice receiving PBS succumbed
to the challenge (P < 0.01). Immunization with LTB
provided an intermediate protection with four of ten mice
surviving, a level that was still higher (P < 0.05) than the
PBS group. In the F4ac-vaccinated group, eight mice died
within 3 days post-challenge, and only two mice survived
beyond 2 weeks.

Fig. 5 Survival of the four groups of mice after triple immunization
and challenge with E. coli F4ac strains. Kunming female mice (ten per
group × four groups) were immunized three times with recombinant
enterotoxin STa–LTB–STb (SLS), heat-labile enterotoxin subunit B
(LTB), E. coli F4ac cells, or PBS. Two weeks after the third
immunization, the mice were all challenged intraperitoneally with
2×108 ETEC F4ac organisms. The number of mice surviving on each
day within 2 weeks of post-challenge is shown

a

b

Fig. 4 Neutralization of STa (a) and STb (b) activity in the suckling
mouse assay by antisera from mice immunized with fusion enterotoxin
SLS (SLS–sera) or ETEC F4ac (Con–sera). The toxin–sera mixtures
were made by mixing serially twofold diluted sera in PBS with an
equal volume of STa-containing E. coli F5 culture supernatant (a) or
trypsin inhibitor-containing thioredoxin–STb fusion protein solution
(b) and incubating for 1 h at 37 °C. The mixtures were then inoculated
orally into groups of three suckling mice. The mice were killed 3 h
later, and the gut/carcass (G/C) weight ratios were measured. G/C
ratios of ≥ 0.090 (indicated by a dotted line) are considered as positive
for ST enterotoxicity
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Discussion

ETEC-mediated colibacillosis remains a major cause of
mortality in young livestock all over the world. LT has
already been included in many commercially available
ETEC vaccines and STa has been the subject of numerous
studies aiming to make a suitable STa toxoid (Cardenas and
Clements 1993; Clements 1990; Rosales-Mendoza et al.
2009; Zhang et al. 2010). In contrast, STb has not been
extensively studied for its potential as a vaccine compo-
nent; this is likely due to the minor role that it plays in
ETEC pathogenesis. STb is primarily associated with
porcine ETEC strains and has only been sporadically
detected in isolates of human, bovine, or chicken origin
(Dubreuil 1997). For many years, the role of STb in causing
diarrhea in animals, especially in piglets, has been
controversial. In fact, although the presence of STb-
positive ETEC and diarrhea in piglets is frequently
observed, it often fails to reproduce a similar pathology in
experimentally challenged animal models (Dubreuil 2008).
The lack of use of STb in the current immunization
program which contains just LT, colonization factors (e.g.,
F4, F5, F18, etc.), and potential STa may result in the
blooming of STb-dependent colibacillosis (Dubreuil 2008).
However, recent studies have defined the importance of
STb (Berberov et al. 2004; Chapman et al. 2006) and
clearly demonstrated that STb contributes to the develop-
ment of diarrhea in piglets, although not as consistently as
LT (Zhang et al. 2006). Given the recent findings
implicating STb in ETEC pathogenesis, we elected to
include it within our polyvalent enterotoxin.

To make the fusion enterotoxin SLS, we used recombi-
nant DNA techniques rather than traditional chemical
coupling approaches. The genetic fusion technique has
been employed extensively in various fields to create multi-
functional hybrid proteins comprising modules from vari-
ous proteins (Crasto and Feng 2000; George and Heringa
2002). These modules are typically linked via oligopeptide
linkers, the appropriate design of which is usually critical to
the desired function of the hybrid protein. Several studies
have analyzed the features and regular patterns of natural
domain linkers and suggested some criteria for the selection
of linkers (Argos 1990; Crasto and Feng 2000; George and
Heringa 2002). A desirable linker usually adopts an
extended conformation which can effectively separate the
flanking domains and avoid interactions between them
(Argos 1990; Tanaka et al. 2003). Moreover, the desirable
linkers should be energetically and conformationally stable
with little dependence on the rest of the domains; thus, the
linker itself would not disturb the function of the joined
domains (Argos 1990).

In this study, two linkers were required to link the three
enterotoxins, and the design of these two linkers was of

critical importance to ensure that the immunogenicity of all
the three enterotoxins was retained. For our purposes, a
short linker, Pro-Pro-Ala-Ser-Pro, originally designated as a
“PRO type” by Argos (1990), was selected to join STa with
LTB. A long linker, Ser-Ala-Ser-Thr-Thr-Pro-Pro, was
selected to connect LTB and STb using the LINKER
program established by Xue et al. (2004). These two linker
peptides were selected for their extension and lack of major
kinks or bends in conformation which was confirmed
through visualizing them in their natural host polypeptides
using Swiss-PdbViewer (Guex and Peitsch 1997). Proline is
the most preferred amino acid in linker peptides and has
been successfully used in linker peptides to join proteins in
many studies (Cardenas and Clements 1993; Clements
1990; Dubreuil et al. 1996; Jagusztyn-Krynicka et al. 1993;
Khan et al. 1994). The unique cyclic imino acid structure of
proline restricts it from forming hydrogen bonds with
surrounding amino acids. Therefore, proline-rich sequences
tend to be conformationally independent of proteins that
they encounter and form relatively rigid extended structures
(George and Heringa 2002). The two proline-rich linker
peptides we selected to construct the trivalent STa–LTB–
STb fusion were shown to act favorably to join the
enterotoxins. First, the resulting fusion SLS protein elicited
remarkably high antibody responses to both STa and STb in
mice, suggesting that the fusion enhanced the immunoge-
nicity of both STs. This indicates that, through the
appropriate linkage by these two linkers, LTB effectively
dedicates its immunologic determinants to STa and STb and
does not disturb their normal conformation. As for the
carrier portion, the majority of LTB’s immunogenicity was
maintained because the titers of LTB-specific antibodies in
the SLS-vaccinated group was over half of that in the LTB-
vaccinated group. This suggests that the flanking of LTB
with STa and STb only caused minor conformational
changes in LTB.

It was encouraging that the SLS peptide was immuno-
genic for all the three component toxins as depicted by
ELISA; more importantly, specific antibodies against SLS
possessed the neutralizing activity to both heat-stable
enterotoxin subtypes, STa and STb. This was an important
consideration for SLS being used as an effective immuno-
gen. With respect to the residual toxicity of SLS peptides,
the toxicity of STa was dramatically diminished by a
mutation at one disulfide-bridge-forming cysteine, but the
toxicity of STb was still present for the full-length STb
being constructed in the SLS fusion. Thus, further work is
required to detoxify the STb constituent in SLS. Using the
truncated STb may reduce its toxicity, but such an
alternation may also render the molecule incapable of
inducing neutralizing antibodies (Dubreuil et al. 1996).
Considering the lack of impact of STb in adult animals, the
SLS peptide still had the potential to be used to vaccinate
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pregnant dams for providing passive protection to their
pups via the colostrum antibodies.

In practical application, since immunized dams are only
needed to maintain a high level of immune responses
during the suckling period for 3–4 weeks, the interval
between the last immunization and challenge was chosen to
be 2 weeks instead of a longer period. In the ETEC
challenge experiments, SLS group showed the highest
survival rate (70%) among the treated groups. LTB group
had lower survival rate (40%) than SLS group, although
mice in this group exhibited higher anti-LTB antibody
titers. Somewhat unexpectedly, only 20% of mice in the
F4ac group survived the challenge. The fact that the fully
virulent ETEC F4ac strains used for the challenge produce
all the three enterotoxins (i.e., LT, STa, and STb) may
account for this outcome. In other words, the lack of anti-
STs antibodies in mice from LTB or F4ac group may have
contributed to their relatively low survival rates. These data
suggest that specific antibodies to STa and STb in SLS-
vaccinated mice were able to neutralize the STs’ toxicity in
vivo and thus improve the resistance of mice to the lethal
activity of ETEC infection. Other possible explanations for
the inadequate protective immunity induced by killed E.
coli F4ac bacteria are the degradation of surface antigens
due to the multiple thawing–freezing cycles and the low
expression level of F4ac fimbrial antigen of the E. coli
strains cultured in CAYE medium which was originally
designed to enhance enterotoxin production and is inferior
to Minca medium for F4ac fimbriae production (Yokoyama
et al. 1992). Additionally, no mice in the PBS group
survived for more than 3 days after the challenge, showing
that the challenge through intraperitoneal injection of ETEC
F4ac was intense and likely far more severe than natural
ETEC infection cases.

In conclusion, this work has described the construction
of a trivalent E. coli enterotoxin STa–LTB–STb which is
capable of eliciting extensive antitoxic antibody responses
in mice and providing protective immunity against ETEC
infection. Thus, this toxoid could be included in multivalent
vaccines to provide broad-spectrum protection against
diarrhea caused by ETEC expressing various fimbriae.
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