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Abstract Enter toxigenic Escherichia coli (ETEC) is a major
pathogen of swine industry that can have a substantial impact
on morbidity and mortality. Therefore, it is necessary to de-
velop effective vaccines for the prevention of ETEC infection.
Live attenuated bacteria delivery system are effective tools for
mucosal immunization. The purpose of this study was to
construct a novel delivery system that can present the
LTR192G-STb fusion protein as oral vaccine candidate. Firstly,
the PRPL-mKate2 fluorescent cassette was inserted into the
genome (yaiT pseudogene) of an attenuated E. coli by homol-
ogous recombination methods to construct the delivery sys-
tem O142(yaiT::PRPL-mKate2). Secondly, the oral vaccine
O142(yaiT:: LT192-STb) (ER-B) was derived for replacing the
PRPL-mKate2 by LT192-STb fusion gene, and then it was
tested for its feasibility as oral vaccine candidate. Subsequent-
ly, BALB/c mice were orogastrically immunized with ER-B.
Results showed that mice orally immunized with ER-B pro-
duced high levels of specific IgA and IgG antibodies. The
induced antibodies demonstrated neutralizing effects to enter
toxins LT and STb. In addition, results of cellular immune

responses showed that stimulation index values of immunized
mice were significantly higher than the control group
(P<0.05) and with a marked shift towards Th 2 immunity.
These data indicated that the recombinant E. coli ER-B could
be a valuable candidate of future vaccines against ETEC
infection.
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Introduction

Enter toxigenic Escherichia coli (ETEC)-associated diarrhea
causes a substantial economic loss to pig industry worldwide
due to high morbidity, mortality, and reduced growth rates
(Liu et al. 2014b). The key virulence factors of ETEC in
diarrhea are fimbriae and enterotoxins. Fimbriae mediate the
attachment of E. coli to the surface of host epithelium cells.
Enterotoxins, heat-labile (LT) and heat-stable (STa, STb),
disrupt intestinal fluid homeostasis and cause fluid hyperse-
cretion that results in diarrhea (Zhang et al. 2007). Generally,
ETEC control was mainly based on antibiotic therapy and
vaccines. However, antibiotic administration runs the risk of
causing the emergence of drug-resistant E. coli strains
(Bischoff et al. 2002; Feng et al. 2013; Smith et al. 2010;
Wang et al. 2010), and vaccination is also an effective tool for
ETEC prevention.

In China, sows are often vaccinated with inactivated vac-
cines containingK88 and LTantigens to protect their offspring
against enteric infection with E. coli. However, these
inactivated vaccines suffer from their relative slow onset of
immunity and the lack of protection effect (Liu et al. 2014b).
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In addition, experimental subunit vaccines containing K88,
K99, 987P, F41, and F18 fimbrial antigens show only limited
protection against ETEC infection. Noticeably and interest-
ingly, a recent epidemiological study showed that more than
half of the porcine ETEC strains did not carry any of the
fimbriae or adhesion genes (Liu et al. 2014b). In addition, this
epidemiological study also showed that STb and LT were
widely expressed in porcine ETEC strains, and they always
reside in the same ETEC strain (Liu et al. 2014b). This may
attribute to the reason that LT and STb genes were usually
located in the same plasmid. Therefore, more emphasis
should be laid on the entorotoxin antigens for future
ETEC vaccine research, and STb and LT antigens need
to be included for development of broadly polyvalent
vaccines. Previously, antitoxin vaccines under develop-
ment largely use LT antigens because they are strongly
immunogenic (Zhang and Francis 2010). However, the
STb antigen cannot be used directly as a vaccine com-
ponent because of poor immunogenicity, only when it
was conjugated to a large carrier protein (Zhang and
Francis 2010). So far, a better way of conjugating STb
to carrier protein was genetic fusions of STb and a
detoxified heat-labile toxin protein (LTR192G) to elicit
protective anti-STb and anti-LT antibodies simultaneous-
ly (Zhang and Francis 2010).

However, traditionally, subunit ETEC vaccines are deliv-
ered by injection, which makes mass immunization more
costly and less safe, particularly in resource-poor developing
countries (Wang and Coppel 2008). In addition, the expense
of subunit vaccines also limits their use in developing coun-
tries. In order to avoid these drawbacks, alternative vaccina-
tion approaches are needed, and an alternative approach to
prevention of ETEC infection is oral immunization. Orally
delivered vaccines have several advantages over other routes
of antigen delivery, including convenience, cost-effectiveness,
and, most importantly, induction of both local and systemic

immune responses (Liu et al. 2014a; Lourdault et al. 2014).
Moreover, oral vaccination typically generates a large amount
of secretory IgA (sIgA), which provides the first line in
mucosal defense to animals (Wang and Coppel 2008). Despite
vaccination of parent that could induce neutralizing antibod-
ies, such could not be developed further due to loss of stim-
ulating mucosal immune responses and keeping the entero-
toxins from entering the body via the mucosa (Xu et al. 2011).
Therefore, development of oral vaccines to elicit mucosal and
systemic immune responses could be an effective strategy in
ETEC control.

Given its ability for colonization in the intestine, attenuated
E. coli may be appropriate for use as an oral antigen delivery
vector that directly and efficiently presents antigen to the
intestinal mucosa. Therefore, this study developed a live at-
tenuated E. coli delivery system and utilized it to express
LT192-STb fusion immunogen for oral vaccine candidate. This
recombinant E. coli strain was evaluated in a mice model. The
results indicated that oral immunization of this strain could
induce specific mucosal and systemic immune response
against ETEC infection.

Materials and methods

Bacterial strains, plasmids, and cells

The strains and plasmids used and constructed in this study are
listed in Tables 1 and 2. E. coli O142 was deposited in the
Chinese Veterinary Culture Collection Center (CVCC:
C83920) and kindly provided by Prof. Yudong Cui (Heilong-
jiang Bayi Agricultural University, China). E. coli C83903
was purchased from China Institute of Veterinary Drug Con-
trol. Plasmids pDOC-K and pACBSCE were kindly supplied
by Prof. David J Lee (School of Biosciences, University of
Birmingham, UK). Plasmid pCP20 was kindly provided by

Table 1 E. coli strains used and constructed in this study

Strain Relevant properties Reference or source

O142 Cattle ETEC field isolate, F41/STa CVCC: C83920

O142: Kan Replaced STa gene with kanamycin cassette in O142 This study

O142: △STa Deleted the STa gene in O142 This study

O142(yaiT::PRPL-mKate2) PRPL-mKate2 cassette inserted into the yaiT gene to construct
the delivery system, which did not show any changes at 30 °C
but emitted color red at 43 °C by the expression product of mKate2 gene

This study

C83903 Porcine ETEC field isolate, K88/LT/STb/EAST1 China Institute of
Veterinary Drug Control

O142(yaiT:: LT192-STb) Replace PRPL-mKate2 cassette with LT192-STb cassette in
O142(yaiT::PRPL-mKate2), recombinant E. coli oral vaccine candidate
strain, the recombinant E. coli strain cannot emit color red

This study

274-A Porcine ETEC field isolate, LT/K88, harbor the LT as the only toxin This lab

344-C Porcine ETEC field isolate, STb/paa, harbor the STb as the only toxin This lab

4006 Appl Microbiol Biotechnol (2015) 99:4005–4018



Prof. Siguo Liu (Harbin Veterinary Research Institute, CAAS,
China). Plasmid pMAL-c4x was purchased from NEB Co.
(American). The pEASY-Blunt-Simple Cloning Kit was pur-
chased from Bejing TransGen Biotech Co. (China). Plasmid
pBV220 was stored in this lab. Plasmid pmKate2-N was
kindly supplied by Dr. Dmitriy M. Chudakov (Shemiakin-
Ovchinnikov Institute of Bioorganic Chemistry, Moscow,
Russia). Plasmid pDS132 was kindly provided by Prof. D.
Schneider (Joseph Fourier University, France). Small intestine
cell lines of pigs (ZYM-DIEC02) were kindly provided by
Prof. Yijing Li (Northeast Agricultural University, China).

Construction and characterization of the attenuated E. coli
strain

Attenuated E. coli O142: △STa was constructed according to
Gene Doctoring method (Lee et al. 2009) and λ-Red method
(Datsenko and Wanner 2000). A schematic outline of the
recombination strategy for constructing attenuated E. coli is
shown in Appendix: Supplementary file, Fig. S1, panel A.
Briefly, the 5′ end of the STa toxin gene (H1) was amplified
from the E. coli O142 genome by PCR with the primers B1
and B2; these primers incorporated 5′ EcoR I and 3′ BamHI

restriction sites into the amplified products which were used to
ligate the H1 coding sequence into the pDOC-K plasmid (see
Appendix: Supplementary file, Fig. S1, panel B). Similarly,
the 3′ end of the STa toxin gene (H2) was amplified with the
primers B3 and B4 and then subcloned into the pDOC-K
plasmid by XhoI and SalI after the H1 fragment was inserted.
Finally, the pSTa donor plasmid had been constructed. The
pSTa donor plasmid was transformed into the E. coli O142
strain with the pACBSCE plasmid (see Appendix: Supple-
mentary file, Fig. S1, panel C). Production of the I-SceI and
the λ-Red recombinase originate from the pACBSCE plasmid
which was then induced with L-arabinose. I-SceI cleaves the
pSTa donor plasmid, resulting in generation of the linear DNA
fragment for λ-Red-mediated recombination to generate the
recombinant E. coli O142: Kan. E. coli O142: Kan was
transformed with pCP20 plasmid (see Appendix: Supplemen-
tary file, Fig. S1, panel D) to express the FLP recombinase at
43 °C for removing the kanamycin cassette. Finally, the atten-
uated E. coli O142: △STa was constructed. The E. coli O142,
O142: Kan, and O142: △STa were verified by PCR using the
primers B1 and B4. The primers used for constructing the
attenuated E. coli are listed in Table 3. The toxicity reduction
in O142: △STa was examined using the suckling mouse assay

Table 2 Plasmids used and constructed in this study

Plasmid Relevant properties Reference or source

pDOC-K Kanamycin cassette flanked with FRT sites, MCS and I-SceI sites Lee et al. 2009

pSTa PCR products of 5′ and 3′ end of the STa cloned into MCS1 and MCS2
of pDOC-K, respectively

This study

pACBSCE I-SceI and λ-Red protease under control of arabinose promoter, p15A ori Lee et al. 2009

pCP20 FLP recombinase under control of PR promoter, repA101ts Prof. Siguo Liu

pMAL-c4x Designed for recombinant protein expression, Ptac, N-MBP, rrnB terminator New England Biolabs (NEB)

pEASY-Blunt-Simple TA cloning vector Beijing TransGen Biotech, China

pBV220 Designed for recombinant protein expression, CIts857, PRPL promoter This lab

pmKate2-N Expression vector encoding far-red fluorescent protein mKate2 Shcherbo et al. 2009

pmKate2 PRPL-mKate2 cassette cloned into the MCS1 of pDOC-K at BamHI and KpnI site This study

pmKate2-donor The left side (yaiT-L) and right side (yaiT-R) of the insertion site cloned into the pmKate2 This study

pDS132 Suicide plasmid for E. coli, sacB, R6K ori, plasmid mobilization region
(mob RP4), chloromycetin resistance

Philippe et al. 2004

pL-STb Recombinant suicide plasmid, LT192-STb cassette cloned into the MCS
of pDS132 suicide plasmid by PstI

This study

pL-S-Donor Recombinant suicide plasmid, yaiT-L-arm and yaiT-R-arm cloned into
pL-STb by NotI paired with NheI and by XhoI paired with SpeI

This study

Table 3 PCR primers used for constructing the attenuated E. coli

Primer Sequence (5′ to 3′) Description

B1 GAATTCCGAACAAGAAAAGGATAAAACCAT To amplify 5′ end of the STa gene, cloned into pDOC-K

B2 GGATCCATAGTGTTATATATGTTAATTGTCTGGC To amplify 5′ end of the STa gene, cloned into pDOC-K

B3 CTCGAGTAAAAAGCATAGAGGGAATCTTTAT To amplify 3′ end of the STa gene, cloned into pDOC-K

B4 GTCGACTATAAAAGCGTTGTTTTTTATTATG To amplify 3′ end of the STa gene, cloned into pDOC-K
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and ZYM-DIEC02 cell assay. Overall, 100 μL of culture
supernatant was inoculated intragastrically to suckling mice
aged 4 days, and then the mice were killed after 4 h of
inoculation. G/C (weight ratio of gut to the remaining carcass)
ratios of ≥ 0.090 were considered positive for toxicity of STa
(You et al. 2011). ZYM-DIEC02 cells were cultured in
Dulbecco’s modification of Eagle medium (DMEM)
containing 10 % heat-inactivated fetal bovine serum in
a 96-well plate at 37 °C under 5 % CO2. The 100 μL
of culture supernatant was added to each well. After
24 h of incubation at 37 °C under 5 % CO2, the change
of the cells was observed. O142 was used as a positive
control for STa toxicity.

Construction and characterization of the attenuated E. coli
delivery system

A schematic outline of the recombination strategy for
constructing the attenuated E. coli delivery system is
shown in Appendix: Supplementary file, Fig. S2. Firstly,
the rrnB terminator gene was amplified from the
pMAL-c4x vector by PCR with the primers B5 and
B6, which were designed to flank the rrnB with 5′-
BamHI, SacI, NdeI, and SmaI and 3′-KpnI and NotI
restriction enzyme sites. BamHI-SacI-NdeI-SmaI-rrnB-
KpnI-NotI fragment was purified and cloned into the
TA cloning vector pEASY-Blunt-Simple. Secondly, the
CIts857-PRPL gene was amplified from the pBV220
vector with the primers B7 and B8 and then cloned

into the BamHI-SacI-NdeI-SmaI-rrnB-KpnI-NotI frag-
ment by SacI and NdeI to construct the CIts857-
PRPL-rrnB fragment. Thirdly, the mKate2 far-red fluo-
rescent protein gene was amplified from the pmKate2-N
vector with the primers B9 and B10 and then cloned
into the CIts857-PRPL-rrnB fragment by NdeI and SmaI
to construct the PRPL-mKate2 cassette. The PRPL-
mKate2 cassette was inserted into the MCS1 of
pDOC-K plasmid by BamHI and KpnI to construct the
pmKate2 plasmid.

The insertion site of IS3B element on the pseudogene yaiT
located at E. coli O142: △STa genome was chosen for inser-
tion of exogenous gene. The 400 bp of the left side of the
insertion site (yaiT-L) was amplified with the primers B11 and
B12 and cloned into pmKate2 plasmid by BamHI and SacI.
Similarly, the 400 bp of the right side of the insertion site
(yaiT-R) was amplified with the primers B13 and B14 and
then cloned into the MCS2 of pmKate2 plasmid by XhoI and
SpeI after the yaiT-L fragment was inserted to construct the
pmKate2-donor plasmid. The pmKate2-donor plasmid was
transformed into the E. coli O142: △STa strain with the
pACBSCE plasmid and induced the recombination as men-
tioned above for constructing the red-fluorescent indicator
E. coli strain O142(yaiT::PRPL-mKate2), which was verified
by PCR using the primers B11 and B14. The primers used for
constructing the attenuated E. coli delivery system are listed in
Table 4. The delivery systemwas cultured on LBmedium and
shaked separately at 43 and 30 °C to verify its ability to be
counter-selected.

Table 4 PCR primers used for constructing the attenuated E. coli delivery system

Primer Sequence (5′ to 3′) Description

B5 GGATCCGCGCGGAGCTCGGGGAATTCCATATGGA
ATTCCCTCCCCCGGGTGCCTGGCG

To amplify the rrnB terminator, with 5′ BamHI, SacI, NdeI,
and SmaI sites, for TA cloning

B6 GCGGCCGCTTTTTTCCTTCGGGGTACCAAAAGGCCATCCG To amplify the rrnB terminator, with 3′ KpnI and NotI sites,
for TA cloning

B7 GAGCTCGTCGCGATCGAATTCAATCCATTTAC To amplify the CIts857-PRPL fragment, with 5′ SacI and PvuI sites

B8 CATATGGAATTCTCCTTAATTTTTAACCA To amplify the CIts857-PRPL fragment, with 3′ NdeI site

B9 CATATGGTGAGCGAGCTGATTA To amplify the mKate2 far-red fluorescent protein
gene, with 5′ NdeI site

B10 CCCGGGTCATCTGTGCCCCAGTTT To amplify the mKate2 far-red fluorescent protein
gene, with 3′ SmaI site

B11 GGATCCTAACGGAAGCAAGTGGGTTGGTCAG To amplify the left side of the insertion site (yaiT-L), with
5′ BamHI site, cloned into pmKate2

B12 GAGCTCATCAGCCCCCCACCCAGTAGATT To amplify the left side of the insertion site (yaiT-L),
with 3′ SacI site, cloned into pmKate2

B13 CTCGAGTACAACCTGTACGCCAATACTATCAC To amplify the right side of the insertion site (yaiT-R),
with 5′ XhoI site, cloned into MCS2 of pmKate2 to
generate pmKate2-donor

B14 ACTAGTGTTGCGTTGTCGATACGAACTTTG To amplify the right side of the insertion site (yaiT-R),
with 3′ SpeI site, cloned into MCS2 of pmKate2
to generate pmKate2-donor
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Construction and characterization of the recombinant E. coli
for oral vaccine candidate

The LT gene was mutated at the nucleotides coding for the
192nd amino acid, and the STb-6*His chimeric gene was
fused at the 3′ end of the LT192 genes by using an Arg-Ala-
Arg-Tyr-Pro-Gly-Ile linker (Zhang and Francis 2010). Nucle-
otide segments coding for the LT192-STb chimeric gene were
amplified by joining two pieces of DNA fragments by splice
overlapping extension (SOE) PCR (see Appendix: Supple-
mentary file, Fig. S3, panel A). Briefly, the first piece of
fragment consisted of the native LT promoter, the LT192 A
subunit, the LT B subunit, and the linker. That came from an
overlap of two PCR products: one by primer B15 paired with
primer B16 and the other by primer B17 paired with primer
B18, with E. coliC83903 as the template. The second piece of
fragment contained nucleotides coding the linker, the STb, the
6*his, the stop codon, and the native LT terminator. This
fragment was generated by the overlap of another two PCR
products: one by primer B19with primer B20 and the other by
primer B21 with primer B22, with E. coli C83903 as the
template. The second fragment was further overlapped to the
first fragment in a final SOE PCR to generate the LT192-STb
chimeric gene (LT192-STb cassette).

LT192-STb cassette was inserted into pDS132 suicide plas-
mid by PstI to yield the pL-STb plasmid. The 800 bp of the
left side of the insertion site (yaiT-L-arm) was amplified with
the primers B23 and B24 and cloned into pL-STb plasmid by
NotI and NheI. Then, the 800 bp of the right side of the
insertion site (yaiT-R-arm) was amplified with the primers
B25 and B26 and cloned into the pL-STb plasmid by XhoI
and SpeI after the yaiT-L-arm fragment was inserted to yield
the pL-S-Donor plasmid. The pL-S-Donor plasmid was
electrotransformed into E. coli O142(yaiT::PRPL-mKate2),
and then chloromycetin (cat)- and kanamycin (kan)-resistant
colonies were subcultured on LB agar plates containing 5 %
sucrose. Appropriate transconjugants were grown in sucrose-
supplemented LB agar plates and cannot emit fluorescence
under ultraviolet rays due to lose of the pL-S-Donor suicide
plasmid and replacement of the PRPL-mKate2 cassette (see
Appendix: Supplementary file, Fig. S3, panel B). The recom-
binant E. coli O142(yaiT:: LT192-STb) (ER-B) was further
identified by PCR using primers B27 and B28, which anneals
to the STb gene and the yaiT-R-arm, respectively. The primers
used for constructing the recombinant E. coli are listed in
Table 5. For analysis of LT192-STb fusion protein expression
by ER-B, a colony of the recombinant strain was inoculated
into 3 mL LB medium at 37 °C with 200 rpm shaking on a

Table 5 PCR primers used for constructing the recombinant E. coli

Primer Sequence (5′ to 3′) Description

B15 CTGCAGCATAGCGGCCGCGCGGTCGGCCATAGCGCTA
GCGGCGCTGATATCACGATTAGCCT

Anneals to the left side of native LT promoter, with PstI,
NotI, and NheI sites, cloned into pDS132

B16 CACCTGTGATTGTTCCTGATGAATTTCCAC Anneals to the A subunit of LT gene as the reverse primer
to mutate the 192nd amino acid from R to G

B17 GTGGAAATTCATCAGGAACAATCACAGGTG Anneals to the A subunit of LT gene as the forward
primer to mutate the 192nd amino acid from R to G

B18 ATCCCCGGGTACCGAGCTCGGTTTTTCATACTGATTGCCGCA
ATT

5′ end of linker (20 bp)+3′ end of LT (25 bp, no stop codon)

B19 GAGCTCGGTACCCGGGGATCTCTACACAATCAAATAAAAAAG
ATCTGTG

3′ end of linker (20 bp)+5′ end of STb (29 bp)

B20 CTAATGATGATGATGATGGTGGCATCCTTTTGCTGCAACCATT Stop codon+6*his+3′ end of STb (22 bp, no stop codon)

B21 ATGCCACCATCATCATCATCATTAGTTTGCTTTAAAAGCATGT
CTAATGC

3′ end of STb (4 bp, no stop codon)+6*his+stop
codon+5′ end of native LT terminator (25 bp)

B22 CTGCAGCATAACTAGTCCGCCGCTCGAGAAGCTTGCCCCC
CAGCCTA

Anneals to the right side of native LT terminator,
with PstI, SpeI, and XhoI sites, cloned into pDS132

B23 GCGGCCGCCAAGTGAAGGCGTTGCTGTTAATCT To amplify the left side of the insertion site (yaiT-L-arm),
with 5′ NotI site, cloned into pL-STb

B24 GCTAGCCATGGTCGACATCAGCCCCCCACCCAGTAGATT To amplify the left side of the insertion site (yaiT-L-arm),
with 3′ NheI site, cloned into pL-STb

B25 CTCGAGTACAACCTGTACGCCAATACTATCACCG To amplify the right side of the insertion site (yaiT-R-arm),
with 5′ XhoI site to generate pL-S-Donor

B26 ACTAGTCCGACGATCCACTTAGCGTTGTTA To amplify the right side of the insertion site (yaiT-R-arm),
with 3′ SpeI site to generate pL-S-Donor

B27 GTGTGAACATTATAGACAAATAGCC Anneals to STb gene as forward primer, for identifying of E. coli
O142(yaiT:: LT192-STb)

B28 TGACGTCGTTTACGTAGATAATTTC Anneals to the yaiT-R-arm gene as reverse primer, for identifying of
E. coli O142(yaiT:: LT192-STb)
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HZQX100 orbital shaker (Harbin Dongming Medical Instru-
ment Factory, China). A 500-μL volume of an overnight
culture was centrifuged at 10,000g for 5 min and the bacterial
pellet washed twice in phosphate-buffered saline (PBS,
pH 7.4). The bacterial pellet was suspended in 500 μL
deionised water and boiled for 10 min, and then 12 % sodium
dodecyl sulphate–polyacrylamide gel electrophoresis was per-
formed. Protein extracts were then electrotransferred onto a
nitrocellulose membrane for western blot analysis using anti-
his (ZSGB-BIO Co.; 1:500) and HRP-conjugated goat anti-
mouse IgG (ZSGB-BIO Co.; 1:2500) antibodies and detected
with ECL Plus Reagent Kit (7 Sea Biotech, China) following
the manufacturer's instructions.

Feasible evaluation of recombinant E. coli for oral vaccine
candidate

The E. coli strain ER-B was tested for its feasibility as oral
vaccine in six aspects. Firstly, toxicity reduction in ER-B was
tested as mentioned above. Briefly, soybean trypsin inhibitor
(2 mg/mL; Solarbio, Beijing, China) was added in the suck-
ling mouse assay. 344-C was used as a positive control for
STb toxicity, and 274-Awas used as a positive control for LT
toxicity. Secondly, survival properties of the recombinant
E. coli in gastrointestinal environments were analyzed. Brief-
ly, the LBmedium containing 10% of the recombinant E. coli
strains was supplemented with gastric acid (1.5, 2.5, 3.5, or
4.5 in pH), intestinal juice, and bile (0.05, 0.1, 0.2, 0.3, and
0.4 %), respectively, and grown at 37 °C for 8 h with shaking.
The surviving bacteria were enumerated intermittently via the
plate method. Thirdly, BALB/c mice aged 6 weeks were
divided into five groups. The control group received 100 μL
doses of PBS, and the four test groups were fed ER-B doses of
109 CFU, 1010 CFU, 1011 CFU, and 1012 CFU, respectively,
to evaluate its safety. The mice were fed with ER-B or PBS for
3 days and then were measured to the feed intake and body
weight at 2-day intervals. Fourth, one isolated colony on LB
agar of E. coli strain ER-B, O142, O142: △STa was inoculated
in 50 mL of LB medium and cultured at 37 °C with 220 rpm
shaking. Samples were taken at 2-h intervals and analyzed via
the plate method to generate growth curves. Fifth, the ER-B
was grown in LB medium at 37 °C with shaking. Serial
subcultures were performed by diluting the culture in fresh
broth (1:100) and growing until the mid-exponential phase
was reached (OD600 at 1.0). After 100 generations, several
colonies were randomly picked and analyzed by PCR with
primers B27 and B28 as described above to assess the struc-
tural stability of ER-B. Sixth, 6-week-old BALB/c mice were
dosed with nalidixic acid-resistant strains of ER-B( NalR) for
109 CFU. The fecal samples were collected on days 0, 7, 14,
21, 28, 35, and 42. The fecal sample of 1 g was dissolved in
sterile PBS and then incubated at LBNal agar plates at 37 °C
overnight. Mice fed with sterile PBS were used as the control.

The colonies from the LBNal agar plates were further analyzed
by PCR using primers B27 and B28 as mentioned above to
determine if the colonies are ER-B strain.

Intragastric immunization and sample collection

A total of 40 six-week-old female BALB/c mice (Liaoning
Changsheng Biotechnology Co., Ltd., China) were divided
into four groups (A, B, C1, and C2) of ten mice per group.
These mice had free access to a standardmouse diet and water.
ER-B was cultured in improved MINCA medium and centri-
fuged. Cell pellets were washed once with sterile PBS and
resuspended in milk to a concentration of 1010 CFU/mL.Mice
in groups A and B were orally immunized with 109 CFUs of
ER-B. Mice in groups C1 and C2 received 0.1 mL doses of
milk. Mice in all groups were immunized on days 0, 14, and
28. The immune protocol was administered on 6-h intervals
thrice at every immune phase. Mice in groups B and C2 were
coupled with equivalent male mice at day 21 and got pregnant
by the male mice.

ELISA analysis for antibody levels

Mouse serum and fecal samples was collected on days 0, 7,
14, 21, 28, 35, and 42. Spleens, mesenteric lymph nodes, and
intestinal mucus samples were collected on day 42. Milk of
pregnant mice was collected on day 4 after delivery. Spleens,
mesenteric lymph nodes, intestinal mucus, and fecal samples
were homogenized in 400 μL of PBS, followed by centrifu-
gation at 12,000g for 30 min. The supernatant was stored at
−20 °C.

Indirect ELISA with F41 fimbriae (200 ng/well), LTA
recombinant protein (50 ng/well), LTB recombinant protein
(50 ng/well), and MBP-STb recombinant protein (200 ng/
well) were used to titrate antibodies. Treated samples were
used as the primary antibodies in a binary dilution. HRP-
conjugated goat anti-mouse IgA (Sigma-Aldrich, America)
or IgG (ZSGB-BIO Co., China) diluted at 1:5000 was used
as the secondary antibody. The optical density (OD) was
measured at 450 nm after 10 min of development in
preoxidase substrates (TMB, Tiangen Biotech Co., China).

Lymphocyte proliferation assay and flow cytometry
for cellular immune responses

On day 42 after the first vaccination, splenic lymphocytes and
mesenteric lymphocytes were collected for the determination
of lymphocyte proliferation by MTT assay as described pre-
viously (Zeng et al. 2013). Briefly, cells (5×105/well) were
added to 96-well plates for 100 μL and stimulated in vitro
with LT (10 μg/mL), STb (10 μg/mL), and LT192-STb (10 μg/
mL) proteins for 100 μL, respectively. Then, 10 μg/mL of
concanavalin A (con A) as a positive control was added for
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100 μL. Black controls without proteins were set up. The
absorbance at 570 nm (A570) was measured. The stimulation
index (SI) was calculated according to the A570 ratio and used
to evaluate the proliferation of splenic lymphocytes and mes-
enteric lymphocytes.

For Th cell differentiation, Th 1 (IFN-γ) and Th 2 (IL-4)
were detected using flow cytometry. Cytometry protocols
were deployed in accordance with those suggested by the
manufacturer. Briefly, cells were treated with fluorescein
isothiocyanate-labeled anti-CD3 (Miltenyi Biotec, Germany)
and allophycocyanin-labeled anti-CD8 (Miltenyi Biotec, Ger-
many) antibody. After washing, cells were treated with phy-
coerythrin (PE)-labeled anti-IFN-γ (eBiosciences, USA) and
PE-labeled anti-IL-4 (eBiosciences, USA) antibody, respec-
tively. Finally, the treated cells were analyzed using flow
cytometry (FCM).

In vitro neutralization ability of the induced antibodies
on ZYM-DIEC02 cell

Serum, intestinal mucus, splenocyte lysate, and mesenteric
lymphocyte lysate from mice immunized with recombinant
E. coli expressing LT192-STb fusion antigen were evaluated to
determine the neutralization ability of the induced antibodies
with slight modifications as described previously (Feng et al.
2013). Briefly, enterotoxins (STb and LT) were diluted (1:2.5,
1:5, 1:10, 1:15, 1:20, and 1:25) with DMEM, and 50 μL of it
was added into an equal volume of samples from immunized
mice described above; the mixture was incubated at 37 °C for
2 h. Then, the antibody–toxin mixture was added to the ZYM-
DIEC02 cells and incubated at 37 °C under 5 % CO2 and
observed for 24 h. Samples from control group as the negative
control were used.

In vivo neutralization ability of the induced antibodies to STb
toxin on suckling mice

In vivo neutralization ability of the induced antibodies to STb
toxin was determined using the suckling mouse assay as
described above with slight modifications. In brief, 50 μL of
STb toxin in serial dilutions (1:2.5, 1:5, 1:7.5, 1:10, 1:12.5,
and 1:15) was mixed with equal volume of samples from
immunized mice for 2 h at 37 °C, and then soybean trypsin
inhibitor (2 mg/ml; Solarbio, Beijing, China) was added. The
suckling mice of 4 days were inoculated intragastrically with
the antibody–toxin mixture and killed after 4 h of inoculation.
Samples from control group as the negative control were used.

Suckling mice challenge after birth by the immunized
pregnant mice

The protective efficacy of passive immunization with milk
from the immunized pregnant mice was evaluated using the

suckling mouse assay as described above. In brief, 100 μL of
STb toxin in serial dilutions (1:5, 1:10, 1:15, 1:20, 1:25, 1:30,
and 1:35) was added to soybean trypsin inhibitor (2 mg/ml;
Solarbio, Beijing, China) and then fed to sucklingmice on day
4 after birth by the immunized pregnant mice. After 4 h, the
suckling mice were killed and considered for the G/C ratios.
Suckling mice from the control group as the negative control
were used.

Statistical analysis

Statistical analysis was performed using ANOVA by SPSS
version 19.0. P values of <0.05 were considered to be statis-
tically significant.

Ethics statement

The present study did not involve endangered or protected
species. The animal study complied with the Animal Welfare
Act by following the NIH guidelines (NIH Pub. No. 85-23,
revised 1996), and protocols were approved and supervised by
Animal Care and Use Committee of Northeast Agricultural
University.

Results

Construction of the attenuated E. coli and its toxicity

E. coli O142, O142: Kan, and O142: △STa were verified by
PCR using the primers B1 and B4. PCR products showed the
expected size from E. coli O142 (STa gene, 526 bp), O142:
Kan (Kan cassette, 1549 bp), and O142: △STa (FRT site,
305 bp) (see Appendix: Supplementary file, Fig. S1, panel
E). Supernatant of E. coli O142: △STa did not induce a
significant fluid accumulation (G/C=0.071±0.007), in con-
trast to that of E. coli O142 (G/C=0.127±0.011) (see Appen-
dix: Supplementary file, Fig. S1, panel F). Similarly, superna-
tant of O142: △STa did not induce ZYM-DIEC02 cells to
death, in contrast to that of O142 (see Appendix: Supplemen-
tary file, Fig. S1, panel G), indicating that O142: △STa had
toxicity eliminated.

Construction of the attenuated E. coli delivery system and its
ability for inversion screen

The red-fluorescent indicator E. coli strain was identified by
PCR using the primers B11 and B14. PCR products showed
the expected size from E. coli O142: △STa (yaiT gene,
795 bp), O142: △STa/pmKate2-donor (yaiT gene, 795 bp;
pmKate2-donor, 4393 bp), and O142(yaiT::PRPL- mKate2)
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(PRPL- mKate2 cassette flanked with yaiT, 4393 bp) (see
Appendix: Supplementary file, Fig. S2, panel B).

The O142(yaiT::PRPL-mKate2) was cultured on LB me-
dium and incubated at 30 and 43 °C, respectively. Colonies
expressing mKate2 fluorescent protein showed a characteris-
tic red color under normal light and a stronger red fluores-
cence under ultraviolet rays after 18 h at 43 °C, and colonies
showed normal color at 30 °C (see Appendix: Supplementary
file, Fig. S2, panel C).

Construction of the recombinant E. coli and its expression
of LT192-STb fusion antigen

The recombinant E. coli ER-B was verified by PCR using the
primers B27 and B28. PCR product of ER-B showed the

expected size (795 bp) for LT192-STb fusion gene, and PCR
product of O142: △STa and O142(yaiT::PRPL- mKate2) did
not show any bands (see Appendix: Supplementary file,
Fig. S3, panel C). Furthermore, Western blot analysis of
LT192-STb fusion protein showed the expected size
(20.9 kDa) for His-tagged LTB-STb (see Appendix: Supple-
mentary file, Fig. S3, panel D).

Feasible analysis of recombinant E. coli for oral vaccine
candidate

In the presence of trypsin inhibitor, supernatant of ER-B did
not induce significant fluid accumulation within the intestinal
tract of mice (G/C=0.073±0.008); in contrast, the supernatant
of E. coli 344-C induced an obvious fluid secretion in the

Fig. 1 The specific IgG response induced after intragastric immunization
with ER-B. a Anti-LTA-specific IgG level in the serum of immunized
mice. b Anti-LTB-specific IgG level in the serum of immunized mice. c
Anti-STb-specific IgG level in the serum of immunized mice. d Anti-
F41-specific IgG level in the serum of immunized mice. e Specific IgG
level in the milk samples of immunized mice. f Specific IgG level in the

spleen samples of immunized mice. g Specific IgG level in the mesenteric
lymph node samples of immunized mice. h Specific IgG level in the
intestinal mucus samples of immunized mice. Mean values are shown,
and error bars represent standard deviations. *P<0.05; **P<0.01;
***P<0.001
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intestinal lumen (G/C=0.118±0.014), indicating that ER-B is
no longer toxic (see Appendix: Supplementary file, Fig. S4,
panel A). Meanwhile, in vitro cytotoxicity assay showed that
supernatant of E. coli 274-A (LT) and 344-C (STb) caused
ZYM-DIEC02 cells death, and the cells that were treated with
supernatant ofER-B grewwell (see Appendix: Supplementary
file, Fig. S4, panel B). The tolerance of ER-B indicated that
this strain had a good property of tolerance of pH 2.5 to 4.5
gastric acid, intestinal juice, and 0.05 to 0.2 % bile (see
Appendix: Supplementary file, Fig. S4, panel C to E). Results
of safety assay showed that appetite and avoirdupois did not
have obvious change after feeding with 109 and 1010 CFU of
ER-B to mice (see Appendix: Supplementary file, Fig. S4,

panel F to G). The growth in LB medium of the E. coli strains
showed that deletion of STa gene and insertion of LT192-STb
fusion gene into the genome did not substantially affect the
growth of the bacterial cell (see Appendix: Supplementary
file, Fig. S4, panel H). Results of structural stability assay
showed that ER-B had good stability properties, with no loss
of the LT192-STb fusion gene (data not show). Fimbriae on the
surface of E. coli ER-B, O142: △STa, and O142 were exam-
ined with an electron microscope, and the results showed that
deletion of the STa gene and insertion of the LT192-STb fusion
gene did not affect the fimbriae expression (see Appendix:
Supplementary file, Fig. S4, panel I). The count of ER-B from
immunized mice was determined via the plate method and

Fig. 2 The specific IgA response induced after intragastric immunization
with ER-B. a Anti-LTA-specific IgA level in the fecal samples of
immunized mice. b Anti-LTB-specific IgA level in the fecal samples of
immunized mice. c Anti-STb-specific IgA level in the fecal samples of
immunized mice. d Anti-F41-specific IgA level in the fecal samples of
immunized mice. e Specific IgA level in the spleen samples of

immunized mice. f Specific IgA level in the milk samples of immunized
mice. g Specific IgA level in the mesenteric lymph node samples of
immunized mice. h Specific IgA level in the intestinal mucus samples
of immunized mice. Mean values are shown, and error bars represent
standard deviations. *P<0.05; **P<0.01; ***P<0.001
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PCR. Data showed that ER-B was able to colonize the intes-
tinal tract of immunized mice (see Appendix: Supplementary
file, Fig. S4, panel J).

Systemic and mucosal immunogenicity in mice induced
by recombinant E. coli

The local mucosal and systemic immune responses were
investigated by measuring the specific IgG and IgA levels
after oral immunization, respectively. The results showed that
there was no substantial difference (P>0.05) in specific IgG
and IgA levels between experimental groups and control

groups prior to immunization, while oral immunization of
ER-B elicited an antigen-specific antibody response. From
days 7, 14, 21, 28, 35, and 42 after first immunization, high
levels of anti-LTA, anti-LTB, anti-STb, and anti-F41 IgG were
obtained in serum samples (Fig. 1a–d). Similarly, the specific
IgG antibodies could be observed on day 42 after first immu-
nization in milk, spleens, mesenteric lymph nodes, and intes-
tinal mucus samples, respectively (Fig. 1e–h). Likewise, anal-
ysis of specific IgA antibodies obtained from the same ani-
mals revealed that the mice displayed a high level of IgA in
feces, spleens, milk, mesenteric lymph nodes, and intestinal
mucus samples, respectively (Fig. 2a–h).

Fig. 3 Results of cellular immune responses in mice following oral
immunization with recombinant E. coli strain ER-B. a Proliferative
responses in splenic lymphocytes stimulated with different antigens. b
Proliferative responses in mesenteric lymphocytes stimulated with
different antigens. c FCM assay for specific Th 1 (IFN-γ) and Th 2 (IL-

4) cytokine production in mesenteric lymph node cells of mice immu-
nized with ER-B. d FCM assay for specific Th 1 (IFN-γ) and Th 2 (IL-4)
cytokine production in spleen cells of mice immunized with ER-B. SI
stimulation index, FCM flow cytometry
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Cellular immunogenicity in mice induced by recombinant
E. coli

Proliferations of splenic lymphocytes and mesenteric lympho-
cytes were detected by MTT assay. For splenic lymphocyte
proliferation, the stimulation by LT192-STb (SI=2.219±
0.221, P<0.01) stimulated the most potent production of
specific T-lymphocytes, followed by STb (SI=1.963±0.155,
P<0.01) and LT (SI=1.635±0.142, P<0.05) (Fig. 3a). For
mesenteric lymphocyte proliferation, the stimulation by
LT192-STb (SI=3.442±0.757, P<0.001) stimulated the most
potent production of specific T-lymphocytes, followed by LT
(SI=3.233±0.566, P<0.001) and STb (SI=2.755±0.815,
P<0.01) (Fig. 3b).

The Th 1 (IFN-γ)/Th 2 (IL-4) ratio in mesenteric lymph
node cells of immunized mice (ratio=0.75) was lower than the
PBS-controlled mice (ratio=1.04), supporting the idea of a
biased Th 2 immune response in immunized mice (Fig. 3c).
However, there was no obvious change of Th 1 (IFN-γ)/Th 2

(IL-4) ratio in spleen cells between immunized mice (ratio=
1.01) and the PBS-controlled mice (ratio=1.00) (Fig. 3d).

Toxin-neutralizing activity in vitro

The protective ability of serum, intestinal mucus, splenocyte
lysate, and mesenteric lymphocyte lysate from immunized
mice was evaluated in an in vitro neutralization assay per-
formed using ZYM-DIEC02 cells. Samples from the immu-
nized mice showed obvious neutralization efficiency to STb
toxin when compared with that from control mice in serum (1:
15 vs. 1: 25), intestinal mucus (1: 15 vs. 1: 25), splenocyte
lysate (1: 15 vs. 1: 25), and mesenteric lymphocyte lysate (1:
10 vs. 1: 25) (see Appendix: Supplementary file, Fig. S5,
panel A). Similarly, the minimum dilution gradient of samples
from the immunized mice for LT toxin causing ZYM-DIEC02
cells to death greater than that of control mice in serum (1: 20
vs. 1: 25), intestinal mucus (1: 15 vs. 1: 25), splenocyte lysate
(1: 10 vs. 1: 25), and mesenteric lymphocyte lysate (1: 10 vs.

Fig. 4 Neutralization of STb activity in the suckling mice assay by
samples from mice immunized with ER-B. The toxin–sample mixtures
were made by mixing serially twofold diluted STb toxin in PBS with an
equal volume of samples. a Serum from immunized mice showed
neutralization efficiency to STb toxin when compared with that from
control mice. b Intestinal mucus from immunized mice showed

neutralization efficiency to STb toxin when compared with that from
control mice. c Splenocyte lysate from immunized mice showed
neutralization efficiency to STb toxin when compared with that from
control mice. d Mesenteric lymphocyte lysate from immunized mice
showed neutralization efficiency to STb toxin when compared with that
from control mice
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1: 25) (see Appendix: Supplementary file, Fig. S5, panel B).
These results indicated that the presence of specific antibodies
conferred obvious neutralizing effects against the toxicity of
LT and STb.

Toxin-neutralizing activity in vivo

The neutralizing potential to STb toxin of samples from immu-
nized mice was tested in the suckling mouse assay. The results
showed that samples from the immunized mice showed obvi-
ous neutralization efficiency when compared with that from
control mice in serum (1: 5 vs. 1: 12.5), intestinal mucus (1: 5
vs. 1: 12.5), splenocyte lysate (1: 7.5 vs. 1: 15), and mesenteric
lymphocyte lysate (1: 5 vs. 1: 12.5) (Fig. 4a–d).

Protection efficacy of the suckling mice after intaking milk
of immunized mice

To test the protective efficacy of passive immunization with
milk, the suckling mice from the immunized pregnant mice
were challenged with STb toxin. The results showed that G/C
ratios from the immunized suckling mice had a negative value
(G/C=0.084±0.006) after challenge with 1:10 diluted STb
toxin. By contrast, G/C ratios from the control mice had a
negative value (G/C=0.086±0.004) after challenge with a
comparatively large diluted toxin (1:20) (Fig. 5).

Discussion

For a delivery system, being able to adhere to and colonize the
intestinal tract is important and desirable. In this study, we inves-
tigated the colonization potentiality of the vaccine strain in mouse
intestines by using the plate method. It was shown that the
amounts of ER-B vaccine strain fed orally to mice were able to
maintain at high numbers in the intestines. This colonization is
expected to result in the expression of LT192-STb antigens in situ,

achieving a more appropriate presentation of antigens for a
prolonged period to the immune system (Turner et al. 2006). In
addition, the tolerance of ER-B strain to gastric acid (pH 2.5) was
determined for up to 3 h, to intestinal juice was determined for up
to 16 h, and to bile was determined for up to 8 h. These results
made it an attractive candidate as an agent for the delivery of
antigens to the mucosa in particular vaccines. Furthermore, the
live attenuated oral vaccine based on natural ETEC strains may
have the added advantage of presenting ETEC antigens in addi-
tion to LT192-STb fusion antigen,whichmay add to the protection
elicited. Finally, the stability of LT192-STb operon in ER-B is also
an important parameter for vaccination efficiency. In this study,
the ER-B containing LT192-STb operon was stably maintained in
the constructs, and the expressed LT192-STb fusion antigen may
be effectively secreted into the host animal (data not shown).
These results indicated that the attenuated wild-type recombinant
ETEC strain ER-B would be suitable for oral vaccine candidate.

mKate2 is a monomeric far-red fluorescent protein that has
high brightness, far-red emission spectrum, strong penetrability,
and excellent pH resistance and photostability, coupled with
low toxicity, making it a superior fluorescent tag for imaging in
living cells (Shcherbo et al. 2009). In a previous preliminary
experiment, mKate2 was placed downstream of different pro-
moters (Ptac, PRPL, Prhamnose, and Pmelibiose) and signal peptide
(pelB, phoA, ompA, and lamB) for generating several different
indicators (data not shown). In these combinations, the PRPL-
mKate2 operon showed the best effect (data not shown). There-
fore, we further inserted the Kan-PRPL-mKate2 operon into the
genome of E. coli to construct the live attenuated E. coli deliv-
ery system, which showed normal color at lower temperature,
but showed a characteristic red color under normal light and a
stronger red fluorescence under ultraviolet rays. According to
this characteristic, we replaced the Kan-PRPL-mKate2 operon
by target gene (LT192-STb fusion gene) for generating the
recombinant vaccine strain ER-B readily. A feature of this study
was that we are able to use the pseudogene for insertion of the
exogenous gene. The bacterial pseudogenes are defined as
defunct genomic loci with sequence similarity to functional
genes but lacking coding potential due to the presence of
disruptive mutations such as frame shifts and premature stop
codons. Therefore, deletion, insertion, or mutation of the
pseudogene has no influence on growth or biological activity
for bacterial strains (Balakirev and Ayala 2003; Echols et al.
2002; Harrison et al. 2001; Mighell et al. 2000). Of the
pseudogenes, yaiT gene, inserted by IS element in many E. coli
strains, was selected for exogenous gene inserted since it is far
away from the origin (84 min on the E. coli K-12 genetic map)
and the termination (33 min on the E. coliK-12 genetic map) of
chromosomal replication, adding no additional stress for
growth and biological activity of the bacterial strain (Liu et al.
2014a). After insertion, exogenous gene replicates in company
with genome ofE. coli, allowing a high and stable expression of
the heterologous protein. The results also showed that LT192-

Fig. 5 In vivo neutralization assays on immunized suckling mice after
challenge with STb toxin. The suckling mice were fed with STb toxin in
serial dilutions. G/C ratios from the immunized suckling mice had a
negative value in 1:10 dilution, which is greater than that of control mice
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STb fusion gene of ER-B strain has good segregational and
structural stability without showing any structural rearrange-
ment (data not shown).

The STb gene is highly prevalent in ETEC strains isolated
from diarrheal piglets (Liu et al. 2014b; Zhang et al. 2007), and
infection with an ETEC strain containing STb as the only toxin
caused clinical diarrhea in more than half of gnotobiotic piglets
(Zhang and Francis 2010). In addition, STb is more potent to
older piglets and tends to stimulate more fluid in ligated loops
(Erume et al. 2008; Zhang and Francis 2010). Therefore, STb
antigen must be included in developing broadly effective vac-
cines against ETEC infection. However, STb toxin cannot be
used as an antigen in vaccine development, unless it is conju-
gated to a large carrier protein to enhance its immunogenicity
(Dubreuil et al. 1996; Sears and Kaper 1996; Taxt et al. 2010).
Of the carrier proteins, LT protein has been regarded as the best
adjuvant in eliciting host mucosal immunity and plays a key
role in enhancing the immunogenicity of passenger proteins
(Taxt et al. 2010). Most of the previous studies used the B
subunit of LT as the carried protein since it provides immuni-
zation against LT as well as having the ability to target the
conjugate to the GM1 receptors at host epithelial cells, resulting
in the uptake of co-administered proteins and enhancement of
both mucosal and cellular immune responses. Cardenas and
Clements (1993) constructed a recombinant E. coli strain ex-
pressing LTB-ST fusion peptide, which was able to elicit mu-
cosal protection against ST toxin (Cardenas and Clements
1993). Further, a recent study indicated that the A subunit of
LT also plays a role as mucosal adjuvant and promotes IgG2a,
IgA, and Th17 responses to vaccine antigens (Norton et al.
2012). Therefore, selection of the full-length LT as carrier
protein would be more suitable for enhancing the immunoge-
nicity of passenger proteins. Zhang and Francis (2010) used an
open reading frame (ORF) of LT toxin (LTR192G) derived from
porcine ETEC to carry a mature STb peptide for LT192 (ORFs)-
STb fusions to elicit anti-LT and anti-STb immunity simulta-
neously (Zhang and Francis 2010). However, this LT192

(ORFs)-STb fusion gene was controlled by L-arabinose pro-
moter and induced by L-arabinose as the inducer, making it
incompatible for designing the LT-STb fusion antigen into oral
vaccine development. Therefore, in this study, we used the full-
length porcine LT192 operon to conjugate with STb for gener-
ating LT192-STb fusion antigen, which retained the native LT
promoter and expressed without induction and stimulated a
fully mucosal immune response, making it more appropriate
as a target immunogen for oral vaccine development. In addi-
tion, signal peptide of LT protein could secrete the LT192-STb
antigen to the external of E. coli, and secretion is more suitable
for heterologous antigen delivery by live bacteria than the
cytoplasmic and surface-displayed expression (Hotz et al.
2009; Yigang and Yijing 2008).

The IgA and IgG antibody concentration was examined in the
immunized group and control group for 6weeks. Results showed

that the specific IgA and IgG antibody titer in immunized group
was generally increased post-inoculation of the ER-B, compared
to those of control group. IgA is the predominant antibody at the
mucosal surface, as its local production is greater than other
immunoglobulins. Therefore, an efficient ETEC oral vaccine
should be able to induce a specific mucosal IgA response. The
result clearly showed that fecal sIgA levels against LTA (day 14,
P<0.05), LTB (day 21, P<0.01), STb (day 21, P<0.05), and
F41 (day 14, P<0.05) in immunized group were significantly
increased compared to those of the control group. In addition,
statistically significant differences of IgAwere also observed for
spleens, milk, mesenteric lymph nodes, and intestinal mucus.
Similarly, the systemic IgG responses were also significantly
increased in immunized groups compared to the control group
(P<0.05). These data suggest that oral immunizations can stim-
ulate antigen-specific mucosal and systemic immune responses
after intragastric administration.

In addition, SI ratio of cell proliferative responses showed a
significant increase of splenocytes and mesenteric lympho-
cytes, indicating that LT-STb fusion antigen can stimulate
antigen-sepcific cellular immune responses. Th 1 (IFN-γ)/Th
2 (IL-4) ratio in mesenteric lymph node cells of immunized
mice was obviously decreased as compared to controlled mice,
which further demonstrated that this cellular immune response
is more skewed toward Th2. To maximize the protective
efficacy, we evaluated the immunization strategy with
the ER-B thrice with a 2-week interval. This protocol
was adapted from a previous study (Challacombe 1983),
which was consistently effective when mice were im-
munized with particulate oral vaccines. After immuniza-
tion, the neutralization assay and the suckling mice
challenge study showed that the immune potency could
efficiently inhibit the toxicity of LT and STb, thereby
resulting in effective protection against ETEC infection.

In summary, our results showed that recombinant E. coli
RE-B possessed stronger immunogenicity, which made it a
more appropriate candidate as orogastrically live bacterial
vaccine against ETEC infection.
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