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Abstract. Opisthorchis viverrini resides in bile ducts and could be targeted optimally 
by vaccination, which induces both mucosal and systemic antibodies, reflecting 
the migratory path of this liver fluke. Tetraspanins are transmembrane proteins 
essential for tegument formation of O. viverrini and are efficacious as vaccine 
antigens for diseases caused by this and other parasitic flatworms. Tetraspanin-2 
of O. viverrini (Ov-TSP-2) was expressed on the surface of Bacillus subtilis spores 
following transformation of B. subtilis strain WB800N with a plasmid encoding 
a fusion of a large extracellular loop region of Ov-TSP-2 (LEL-Ov-TSP-2) and B. 
subtilis spore coat protein CotC. Immunogenicity of the recombinant spores was 
assessed by measuring serum and bile immunoglobulins following oral vaccina-
tion of hamsters with the recombinant spores, 2.5×108 spores six times over four 
weeks. Sporulation of recombinant B. subtilis expressing fusion proteins was 
confirmed by western blotting and immunofluorescence using anti-Ov-TSP-2 
antibodies. Significantly elevated levels of serum- and bile-specific IgG antibo-
dies to LEL-Ov-TSP-2 were evident at day 42 following the first oral dosing. The 
findings indicate oral vaccination of hamster with recombinant B. subtilis spores 
expressing Ov-TSP-2 holds promise as a suitable approach for the control of this 
carcinogenic liver fluke infection.
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INTRODUCTION

Opisthorchiasis is endemic in the 
lower Mekong basin of Southeast Asia 
including Lao PDR and Thailand (Si-
thithaworn et al, 2012), and is classified by 
the International Agency for Research on 
Cancer as a group 1 carcinogen (Bouvard 
et al, 2009). The mechanisms by which O. 
viverrini leads to malignancy are complex 
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and include chronic inflammation, me-
chanical damage of the bile duct epithe-
lium by feeding worms, elevated dietary 
nitrosamines, and secretion by the para-
site of growth factors and other proteins, 
which stimulate proliferation of biliary 
epithelium, induction of angiogenesis and 
interference with homeostatic apoptosis 
(Sripa et al, 2009; Smout et al, 2011; Smout 
et al, 2015; Brindley and Loukas, 2017; 
Jusakul et al, 2017). Infection with this fish-
borne pathogen also is known to modify 
the intestinal microbiome (Plieskatt et al, 
2013). In addition, elevated prevalence 
of Helicobacter pylori and H. bilis and their 
associated virulence factors have been 
reported during opisthorchiasis and as-
sociated hepatobiliary disease (Boonyanu-
gomol et al, 2012; Deenonpoe et al, 2017).

To date, there are no vaccines against 
human helminth infections despite nu-
merous reports of vaccine candidates 
in animal models of infection, notably 
proteins derived from excretory-secretory 
(ES) products and surface membrane pro-
teins (Acosta et al, 2008; Chaiyadet et al, 
2015; Van Meulder et al, 2015). 

O. viverrini tegument membrane itself 
as well as extracellular vesicles (EVs), 
which are derived from this structure, are 
enriched in tetraspanins (TSPs), includ-
ing tetraspanin 2 (Ov-TSP-2), belonging 
to CD63 family (Chaiyadet et al, 2017). 
TSPs are members of a superfamily found 
on plasma membranes and EVs of virtu-
ally all mammalian cells (Rocha-Perugini  
et al, 2016) and are involved in various 
biological processes, such as cell adhesion, 
migration, membrane fusion, signaling, 
protein trafficking as well as tumor me-
tastasis (Boucheix and Rubinstein, 2001; 
Hemler, 2001; Hemler, 2003; Hemler, 
2008). The structure of TSPs is distinctive, 
containing four transmembrane domains, 
intracellular N- and C- termini and two 

extracellular loops, a small extracellular 
loop 1 (SEL or EC1) and a large extracel-
lular loop 2 (LEL or EC2) (Maecker et al, 
1997). These extracellular domains are 
the most variable regions of TSPs. Fur-
thermore, TSPs are candidate molecules 
in the development of vaccines against 
numerous platyhelminths (Tran et al, 2006; 
Dang et al, 2012; Dakshinamoorthy et al, 
2013; Merrifield et al, 2016), including O. 
viverrini (Chaiyadet et al, 2015). 

There are increasing evidences that 
mucosal immune responses might play 
a key role in controlling liver flukes such 
as O. viverrini and Clonorchis sinensis 
(Chawengkirttikul and Sirisinha, 1988; 
Jittimanee et al, 2007; Zhang et al, 2008; 
Sun et al, 2018), suggesting that oral im-
munization could be an effective strategy 
to combat this infection. However, one of 
the major obstacles of orally-delivered 
vaccines is proteolysis of the antigens 
in the stomach (Patel et al, 2014). One 
approach that have emerged in the last 
decade is to deliver vaccine antigens us-
ing spores from Bacillus subtilis, which 
has been used as a model vehicle for the 
delivery of recombinant protein antigens 
to avoid the extreme environment of  the 
gastrointestinal tract (Duc and Cutting, 
2003; Knecht et al, 2011; Hinc et al, 2013; 
Rosales-Mendoza and Angulo, 2015). The 
advantages of using B. subtilis instead of 
other microbial cell-surface display sys-
tems are its safety (non-pathogenic) and 
stability (survival under extreme condi-
tions) (Duc and Cutting, 2003; Wang et al, 
2017). Despite novel attempts designed 
to display antigen proteins directly on B. 
subtilis spores without anchor proteins 
as scaffolds, conventional approaches 
making use of spore coat proteins (CgeA, 
CotC, CotE, CotG, CotX, CotZ, and OxdD) 
as anchoring motifs (Mauriello et al, 2004; 
Wang et al, 2017), and CotC has recently 
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been successfully employed to create a 
vaccine against C. sinensis in animal mod-
els (Qu et al, 2014; Wang et al, 2014; Tang 
et al, 2016; Jiang et al, 2017). 

The performance of several vaccine 
candidate antigens against opisthor-
chiasis has been described (Sirisinha and 
Wongratanacheewin, 1986; Jittimanee  
et al, 2012; Papatpremsiri et al, 2016), but 
have not included recombinant proteins. 
Hence, in order to investigate the potential 
of TSPs for oral vaccination against opis-
thorchiasis, Ov-TSP-2 was employed as a 
target antigen fused with B. subtilis spore 
coat CotC protein. This study provides a 
platform from which to deliver mucosal 
vaccination against human opisthorchia-
sis and associated cholangiocarcinoma.

MATERIALS AND METHODS

Construction of plasmid pHT01-CotC-LEL-
Ov-TSP-2 and transfection of B. subtilis

The complete coding sequence (CDS) 
of B. subtilis spore coat CotC protein 
(spanning nt 177-553 of GenBank acces-
sion no. X05680.1) was fused to the 5′ end 
of Ov-TSP-2 LEL coding sequence (span-
ning nt 325-552 of GenBank accession no. 
JQ678707.1), resulting in CotC-LEL-Ov-
TSP-2. In brief, a 380 bp fragment from 
CotC gene (Wang et al, 2014) was PCR 
amplified using specific primers, forward 
(5’-CATGGATCCTGTAGGATAAATC-
GTT-3’) and reverse (5’- GCCGAATTC-
GTAGTGTTTTTTATGC-3’), containing 
restriction site of BamH I and EcoR I (un-
derlined), respectively. PCR mixture (25 
µl) consisted of 20 ng of  B. subtilis PY79 
strain genomic DNA (kindly provided 
by the Department of Biochemistry, The 
Ohio State University, USA), 0.2 mM 
dNTPs, 1.5 mM MgCl2, 1 μM forward 
primer and reverse primers, 1.25 U Taq 
polymerase (Thermo Fisher Scientific, 

Waltham, MA) and buffer (DNA Amplifi-
cation Kit; Vivantis, Selangor Darul Ehsan, 
Malaysia). Thermocycling, conducted in 
Bio-Rad C1000 Thermocycler (Bio-Rad 
Lab, Hercules, CA) were as follows: 94°C 
for 3 minutes; 35 cycles of 94°C for 30 
seconds, 55°C for 30 seconds and 72°C for 
40 seconds; and a final step of 72°C for 7 
minutes. Amplicon was gel-purified (Nu-
cleoSpin® Gel and PCR Clean-up; Mach-
erey-Nagel, Bethlehem, PA) and inserted 
into pGEM-T easy vector (Promega, Madi-
son, WI) and designated pGEM-CotC. 
Ov-TSP-2 LEL gene fragment (228 bp) 
was amplified using forward (5’-ACGC-
GAATTCCGCGATAAGATCCCCGG-3’) 
and reverse (5’-ACGCTCTAGACTGGAT-
GAACTCTTCGAC-3’) primers, contain-
ing restriction site for EcoR I and Xba I 
(underlined), respectively, directly from 
a plasmid carrying Ov-tsp-2 LEL gene 
(Chaiyadet et al, 2017). The components of 
the PCR mixture was as described above 
except that the above mentioned primers 
and pGEM-CotC were used,  and the ther-
mocycling conditions were as per above. 
The EcoR I/Xba I LEL-Ov-TSP-2 fragment 
was inserted into pGEM-CotC at restric-
tion sites for EcoR I and Xba I using T4 li-
gation at 22°C for 10 minutes, resulting in 
pGEM-CotC-LEL-Ov-TSP-2 construct. Se-
quence of fused CotC-LEL-Ov-TSP-2 were 
verified by DNA sequencing (BioBasic, 
Ontario, Canada). The fusion fragment of 
CotC-LEL-Ov-TSP-2 was subcloned into 
B. subtilis shuttle vector pHT01 (Mobitec, 
Göttingen, Germany) at BamH I and Xba 
I cloning sites (Nguyen and Schumann, 
2014) (resulting in pHT01-CotC-LEL-Ov-
TSP-2). CotC gene sequence alone was 
cloned into pHT01 (Mobitec) as control 
(resulting in pHT01-CotC). The BamH I/
Xba I CotC gene sequence was PCR ampli-
fied using forward (5’-CATGGATCCTG-
TAGGATAAATCGTT-3’) and reverse (5’- 
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GCCTCTAGAGTAGTGTTTTTTATGC-3’) 
primers (underlined are restriction site 
of BamH I and Xba I, respectively). PCR 
mixture was prepared and subjected to 
thermocycling as described above. 

E. coli DH5α strain (Promega) cells 
were individually transformed with 
all plasmid constructs described above 
(pGEM-CotC, pGEM-CotC-LEL-Ov-
TSP-2, pHT01-CotC and pHT01-CotC-
LEL-Ov-TSP-2) by heat shock method 
(Froger and Hall, 2007). B. subtilis WB800N 
strain (Moabites, Gothingen, Germany) 
was transformed with pHT01-CotC and 
pHT01-CotC-LEL-Ov-TSP-2 for protein ex-
pression according to the manufacturer’s  
instructions with some modification (Ilk 
et al, 2011). In short, one ml aliquot of 
competent cells was inoculated into 20 ml 
of LS medium [80 ml of distilled water, 
10 ml of 10x S-base (Mobitec), 2.5 ml of 
20% (w/v) glucose, 0.5 ml of 0.1% (w/v) 
L-tryptophan, 0.5 ml of 2% (w/v) casein, 
5 ml of 2% (w/v) yeast extract, 0.25 ml of   
1 M MgCl2, and 0.05 ml of 1M CaCl2]. Cells 
were incubated at 30°C for 2 hours with 
shaking. A 10 μl aliquot of 0.1 M EGTA 
was added to 1 ml of competent cells, in-
cubated for 5 minutes at ambient tempera-
ture, then 10 ng of plasmid were added to 
the competent cells and incubated for 2 
hours at 37°C with shaking. Transformed 
cells were centrifuged at 1,200g at 10°C 
for 5 minutes, re-suspended with 50 μl of 
supernatant and grown overnight at 37°C 
on Luria-Brentani (LB) agar (TM Media, 
Rajasthan, India) plates containing 5 μg/
ml chloramphenicol. Transformed B. sub-
tilis cells were assessed for the presence 
of recombinant plasmids by PCR using 
specific primers flanking the insert sites 
as described above. 
Calculation of plasmid copy number

Plasmid DNA was extracted from 9 
ml of transformed B. subtilis cells (2.58x108 

cells/ml) carrying pHT01-CotC-LEL-Ov-
TSP-2 using a Minaret plasmid extraction 
kit (Qiagen, Hilden, Germany). Plasmid 
concentration was measured using a 
NanoDrop spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA) and the 
corresponding copy number calculated 
using the equation (Lee et al, 2006; Zhong 
et al, 2011): number of copies (molecules) 
= (DNA amount (ng)x6.0221x1023)/(DNA 
length (bp)x660x1x109).
Preparation of Bacillus subtilis spores

B. subtilis WB800N was cultured in a 
sporulation broth (TM Media) as previ-
ously described (Wher and Frank, 2004; 
Wang et al, 2014). In brief, a fresh LB agar 
culture of transformed B. subtilis WB800N 
was washed with normal saline solution 
(NSS) onto the surface of a Roux bottle 
(Sigma-Aldrich, Singapore) containing 
250 ml of sporulation medium containing 
5 μg/ml chloramphenicol and incubated at 
35ºC for 5 days with shaking. The sporu-
lation culture was centrifuged at 10,000g 
for 10 minutes, re-suspended in 50 ml of 
NSS and centrifuged as before. The pel-
let (spores) was suspended in 50 ml of 
NSS and purified according to Wang et al  
(2014) as follows. The suspension was 
treated with 4 mg/ml lysozyme (to break 
residual sporangial cells) and washed 
sequentially with 1 M NaCl, 1 M HCl 
and NSS (twice). Phenylmethylsulfonyl 
fluoride (1 mM) was included in each 
solution to inhibit proteolysis. Spores in 
NSS then were incubated at 65ºC for 1 
hour (to destroy residual sporangial cells). 
Spore numbers were determined by direct 
counting in a Burker chamber under an 
optical microscope (40x magnification). 
Purified spore samples were stored at 
-20ºC until used. Spores were checked for 
presence of recombinant plasmids by PCR 
as described above. 
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Detection of fusion protein on transformed 
B. subtilis WB800N spore surface

Presence of fusion Ov-TSP-2 on the 
surface of transformed B. subtilis WB800N 
spores harvested on day 5 after sporula-
tion was analyzed by immunoblot analy-
sis. Spore coat proteins were extracted 
using SDS-DTT extraction buffer (0.5% 
SDS containing 0.1M DTT and 0.1 M 
NaCl), separated by 12% SDS-PAGE and 
transferred onto nitrocellulose membrane 
using a Mini Trans-Blot Cell (Bio-Rad, 
Hercules, CA). Membrane was washed 
with PBST [1x phosphate-buffered saline 
(PBS) containing 0.01% Tween 20], in-
cubated with 5% skim milk in PBST for 
two hours at ambient temperature, and 
treated with anti-Ov-TSP-2 rabbit serum  
(Chaiyadet et al, 2017)  (diluted 1:1,000 
in 1% skim milk in PBST) overnight at 
4°C followed by goat anti-rabbit HRP-
conjugated secondary antibodies (Merck 
Millipore,  Burlington, MA) (1:1,000 in 1% 
skim milk in PBST) at ambient tempera-
ture for 2 hours. Immunoreactive protein 
bands were visualized using an enhanced 
chemiluminescence (ECL) method (Lu-
minataTM Forte Western HRP substrate; 
Merck Millipore).
Semi-quantitative determination of recom-
binant Ov-TSP-2 on transformed B. subtilis 
WB800N spore surface

A 0.4 ml aliquot of 2.5 x 108 Ov-TSP-2 
recombinant B. subtilis WB800N spores 
(equal to single dose vaccination) was 
used for extraction of coat proteins with 
SDS-DTT extraction buffer as described 
above. Protein concentration was mea-
sured with a NanoDrop spectrophotom-
eter (Thermo Fisher Scientific) and total 
protein yield per spore was calculated. 
Semi-quantitative analysis of recom-
binant Ov-TSP-2 on spore surface was 
determined by a dot-blot analysis as pre-

viously described (Isticato et al, 2001). In 
brief,  two-fold serial dilutions (200-12.5 
µg) of extracted spore coat proteins were 
dotted onto nitrocellulose membrane and 
two-fold serial dilutions (50-3.12 ng) of 
purified rOv-TSP-2 (Chaiyadet et al, 2017) 
was used as standard control. Three μl 
aliquots of extracted Ov-TSP-2 spore coat 
proteins and purified rOv-TSP-2 were 
dotted onto the nitrocellulose membrane 
and air dried at ambient temperature for 
1 hour, then the membrane was incubated 
with 5% skim milk in PBST for 1 hour 
at ambient temperature. The membrane 
was incubated with anti-Ov-TSP-2 rabbit 
serum (1:1,000 in 1% skim milk in PBST) at 
ambient temperature for 2 hours, followed 
by goat anti-rabbit HRP-conjugated sec-
ondary antibody (1:1,000 in 1% skim milk 
in PBST) at ambient temperature for 1 
hour. Immunoreactive protein spots were 
visualized using 3,3’-diaminobenzidine 
(DAB) (Sigma-Aldrich). Semi-quantitative 
analysis of protein content per dot was 
performed using Image Studio Lite 5.2 
and results were plotted using Microsoft 
Excel program (Isticato et al, 2001). 
Immunofluorescence detection of Ov-TSP-2 
on B. subtilis spore surface

In order to confirm expression of Ov-
TSP-2 fusion protein in B. subtilis, spore 
cultures (250 µl) were treated at day 5 
after initiation of sporulation with 30 mM 
NaPO4 pH 7.5 containing  2.4% parafor-
maldehyde and 0.04% glutaraldehyde for 
10 minutes on ice, then for 50 minutes at 
ambient temperature (Zhou et al, 2008a). 
The treated bacteria were washed three 
times in PBS pH 7.4 and re-suspended in 
125 μl of GTE solution (50 mM glucose, 20 
mM Tris-HCl pH 7.5, 10 mM EDTA, and 2 
mg/ml lysozyme). Samples (10 μl) were 
dispensed onto microscope slides and 
air-dried. Then slides were immersed in 
methanol at -20°C for 5 minutes, followed 
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by acetone at -20°C for 30 seconds, and 
air-dried. Subsequently, slides were incu-
bated with 2% bovine serum albumin in 
PBS for two hours at ambient temperature, 
then with purified IgG from anti-Ov-TSP-2 
rabbit serum (Chaiyadet et al, 2017) (1:200 
in PBS) overnight at 4ºC. The correspond-
ing control samples were incubated with 
PBS. Slides then were treated with Alexa 
fluor 488-labeled goat anti-rabbit IgG 
(Invitrogen) (1:400 in PBS) for 1 hour and 
viewed under fluorescent light at 488 nm 
excitation (Leica microscope fitted with 
DFC500 digital camera; Leica, Wetzlar, 
Germany). Fluorescence intensity of re-
combinant Bacillus spores was examined 
from 10 areas of each photograph and re-
ported as corrected total cell fluorescence 
(CTCF) using Image J software version 
1.50i (http://imagej.nih.gov/ij/).
Immunization of hamsters with B. subtilis 
spores expressing Ov-TSP-2

Fifteen male golden Syrian hamsters 
(Mesocricetus auratus), reared at the animal 
facility, Faculty of Medicine, Khon Kaen 
University, were randomly divided into 
three equal groups, designated pHT01-
CotC-LEL-Ov-TSP-2, pHT01-CotC and 
NSS (negative control). The pHT01-
CotC-LEL-Ov-TSP-2 group was orally 
administrated 2.5 x 108 B. subtilis spores 

expressing CotC- LEL-Ov-TSP-2 (recom-
binant spores), pHT01-CotC group with 
2.5 x 108 B. subtilis spores expressing CotC 
and negative control group with NSS on 
days 0, 1, 14, 15, 28, and 29 using an oro-
intragastric feeding tube (Table 1). Blood 
samples (1 ml) from each hamster in each 
group were collected one day before the 
first immunization (pre-immunization 
serum). Hamsters were euthanized at 14 
days after the final oral immunization, 
and venous blood (5 ml) from heart for 
serum preparation and bile from gallblad-
der were collected to determine antibody 
responses (Fig 3A). 

Animal protocols were approved by 
the Animal Ethics Committee of Khon 
Kaen University according to the Ethics of 
Animal Experimentation of the National 
Research Council of Thailand (approval 
number ACUC-KKU-41/60).
Detection of hamster anti-LEL-Ov-TSP-2 
specific IgG by ELISA and western blotting

ELISA for hamster anti-LEL-Ov-TSP-2 
specific IgG was optimized as previously 
described (Tran et al, 2006; Pearson et al, 
2012). In short, 96-well microtiter plates 
(Thermo Fisher Scientific) were coated 
with 100 μl aliquots of recombinant LEL-
Ov-TSP-2 (Chaiyadet et al, 2017) (1 μg/
ml in coating buffer containing 35 mM 

Table 1
Corrected total cell fluorescence (CTCF) intensity of Bacillus subtilis WB800N spores 

transformed with pHT01-CotC (CotC) and pHT01-CotC-LEL-Ov-TSP-2 
(CotC-LEL-Ov-TSP-2).

	 B. subtilis WB800N	 CTCF
	 spores (n = 5)	 (mean ± SD)	

Minimum	 Maximum

PBS		  229	± 319	 -4	 1,081
CotC		  8	± 12	 0	 41
CotC-LEL-Ov-TSP-2	 4,644	± 2,241	 1,971	 8,205

PBS, phosphate-buffered saline used in suspension  of wild type B. subtilis WB800N control.
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NaHCO3 and 14 mM Na2CO3 pH 9.6) 
per well, incubated at 4°C overnight and 
washed 3 times with washing buffer [9 g 
(0.154 M) NaCl and 0.5 ml Tween 20 in 1 
liter of de-ionized water]. After incubat-
ing with 5% skim milk in coating buffer 
for 2 hours at 37°C, plates were treated 
with hamster sera or bile [1:50 dilution in 
2% skim milk in incubation buffer (0.138 
M NaCl, 9 mM Na2HPO4·2H2O, 0.84 mM 
NaH2PO4·2H2O, and 0.5 ml Tween 20)] 
for 2 hours at 37°C. After washing, plates 
were incubated with HRP-conjugated rab-
bit anti-hamster IgG secondary antibodies 
(Sigma) (1:1,000 in PBS, for 1 hour at 37°C 
followed by tetramethylbenzidine (TMB) 
(Thermo Fisher Scientific) stock solution 
following company instructions for 15 mi- 
nutes at ambient temperature. The reac-
tion was stopped with 2 M H2SO4 and A450 

nm of each well was measured using TMB 
solution as a blank control. 

For western blotting, 2 μg of recombi-
nant LEL-Ov-TSP-2 (Chaiyadet et al, 2017) 
was subjected to 15% SDS-PAGE and 
transblotted onto a nitrocellulose mem-
brane (Mini Trans-Blot Cell, Bio-Rad), 
washed with PBST and treated with 5% 
skim milk in PBST for 2 hours at  ambient 
temperature. Membrane was incubated 
with hamster serum (1:100 in 1% skim 
milk in PBST) overnight at 4°C, followed 
by incubation with goat anti-hamster 
IgG HRP-conjugated secondary antibody 
(Thermo Fisher Scientific) (1:1,000 in 1% 
skim milk in PBST) at ambient tempera-
ture for 2 hours. Immunoreactive protein 
was visualized using the ECL method as 
described above.
Statistical analysis

Experimental values are expressed as 
mean ± standard deviation (SD) obtained 
from three independent experiments. 
Data were analyzed using one-way analy-

sis of variance (ANOVA) and paired t-test 
as post-hoc test using GraphPad Prism 
software version 7.04 (www.graphpad.
com). P-value ≤0.05 is considered statisti-
cally significant.

RESULTS

Surface expression of Ov-TSP-2 on recom-
binant B. subtilis WB800N spores

B. subtilis WB800N strain was trans-
formed with recombinant pHT01-CotC-
LEL-Ov-TSP-2 plasmid. Mean copy num-
ber (± SD) of plasmid pHT01-CotC-LEL-
Ov-TSP-2 per transformed B. subtilis cell 
was 3.28 ± 0.15, which was in agreement 
of the manufacturer’s claim for pHT01 
transfection into B. subtilis WB800N of 
4-6 copies/cell. Analysis of coat proteins 
on day 5 of sporulation by SDS-PAGE, a 
protein of ~ 23 kDa, consistent with that 
of fusion CotC (14.65 kDa of CotC plus 
8.39 kDa of Ov-TSP-2-LEL) (Chaiyadet 
et al, 2017), whereas this protein was ab-
sent in coat proteins of B. subtilis spores 
transformed with pHT01-CotC (Fig 1A). 
Western blotting revealed a 23 kDa im-
munoreactive coat protein from recombi-
nant spores expressing fusion CotC when 
probed with rabbit anti-Ov-TSP-2 IgG (Fig 
1B).  The quantity of total coat protein per 
Bacillus spore was 3.36 pg. Dot blot analy-
sis showed the amount of CotC-LEL-Ov-
TSP-2 fusion protein represented 0.024% 
of the total coat proteins extracted from B. 
subtilis spore coat (Fig 1C). Thus, the ap-
proximate amount of CotC-LEL-Ov-TSP-2 
fusion protein was 0.81 fg/spore. As each 
hamster was orally administrated with 2.5 
x 108 spores each time, this corresponds to 
0.20 μg of CotC-LEL-Ov-TSP-2 per dose 
for each hamster. 

Fluorescence microscopy using puri-
fied anti-Ov-TSP-2 IgG with Alexa Fluor 
488-labeled goat anti-rabbit IgG detected 
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	 patients with 	 42 (58.3)	 28 (38.4)	 70 (48.3)	 23 (32.0)	 36 (49.3)	 59( 40.7)

Fig 1 - SDS-PAGE of recombinant Ov-TSP-2 expression in transformed Bacillus subtilis WB800N 5 
days post sporulation (A), western blots of recombinant CotC and CotC-LEL-Ov-TSP-2 fu-
sion protein on B. subtilis WB800N spore coat (B), and dot blots of proteins extracted from 
transformed B. subtilis WB800N (C). Bacillus subtilis WB800N transformed with recombinant 
expression plasmids were grown in sporulation solution and harvested after 5 days. Panel A.  
Extracted spore coat proteins were analyzed by 15% SDS-PAGE. Lane 1, protein molecular 
mass standards; lane 2, B. subtilis WB800N spores transformed with pHT01-CotC; lane 3, B. 
subtilis WB800N spores transformed with pHT01-CotC-LEL-Ov-TSP-2. Panel B. Western blots 
of proteins in Panel A immunoreactive to purified rabbit anti-Ov-TSP-2 IgG. Panel C. Dot blot 
analysis of transformed B. subtilis WB800N spore coat proteins immunoreactive to purified 
rabbit anti-Ov-TSP-2 IgG. Lane 1, B. subtilis WB800N transformed with pHT01-CotC-LEL-Ov-
TSP-2; lane 2, B. subtilis WB800N transformed with pHT01-CotC; lane 3, purified rOv-TSP-2. 
Protein content of each spot is indicated.
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Fig 2 - Immunofluorescence of fusion CotC-LEL-Ov-TSP-2 on surface of Bacillus subtilis WB800N 
spores. Panels A-C. Spores transformed with pHT01-CotC-LEL-Ov-TSP-2 treated with puri-
fied rabbit anti-Ov-TSP-2 IgG followed with Alexa fluor 488-conjugated goat anti-rabbit IgG. 
Panels D-F. Spores transformed with pHT01-CotC treated with purified rabbit anti-Ov-TSP-2 
IgG followed with Alexa fluor 488-conjugated goat anti-rabbit IgG. Panels A and D are ob-
served under fluorescence microscope, panels B and E under bright field light microscope and 
panels C and F are merged bright field/fluorescence images. Panel G. Quantitative output of 
fluorescence micrographs of panels A and D created using an ImageJ software.

G
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Table 2 
Specific anti-Ov-TSP-2 IgG levels in sera collected from hamsters pre- and post-oral 

immunization.

	 Hamster group (n = 5)	 A450nm
		  (mean ± SD)

		  Pre-immunization	 Post-immunization

NSSa		  0.091 ± 0.004	 0.103 ± 0.027
		  (min = 0.086, max = 0.955)	 (min = 0.081, max = 0.147)
CotCb		  0.091 ± 0.006	 0.080 ± 0.049
		  (min = 0.081, max = 0.097)	 (min = 0.080, max = 0.133)
CotC-LEL-Ov-TSP-2c	 0.0954 ± 0.0133	 0.133 ± 0.024
 		  (min = 0.082, max = 0.111)	 (min = 0.102, max = 0.169)

aImmunized with normal saline solution. bImmunized with Bacillus subtilis WB800N spores trans-
formed with pHT01-CotC.  cImmunized with B. subtilis WB800N spores transformed with and 
pHT01-CotC-LEL-Ov-TSP-2. Max, maximum; min, minimum.

expression of Ov-TSP-2 on B. subtilis spore 
surface on 5 days of sporulation (Fig 2A, 
B and C) and on recombinant spores 
expressing only CotC (Fig 2D, E and F), 
whereas no specific fluorescence was 
observed when PBS served as the probe 
(not shown), indicating that florescence 
was specific to Ov-TSP-2. Fluorescence 
intensity of Bacillus spores expressing 
CotC-LEL-Ov-TSP-2 was significantly 
higher than control groups (CotC express-
ing and PBS; p<0.0001) (Fig 2G). 
Anti- LEL-Ov-TSP-2  specific IgG response 
in orally immunized hamsters determined 
by ELISA

Sera were collected one day prior to 
first oral immunization (day-1) and two 
weeks after the final immunization (day 
42 post-immunization). IgG levels specific 
to LEL-Ov-TSP-2 from hamsters orally 
immunized with recombinant spores con-
taining CotC-Ov-TSP-2 were significantly 
higher than those from pre-immunization 
sera from the same hamsters (p<0.05) 
(Fig 3A). No significant differences were 

observed between IgG levels of pre-im-
munization and post-immunization sera 
from hamsters orally immunized with 
recombinant spores containing CotC or 
from NSS control group (Fig 3B). A450 nm 
values of each group are listed in Table 2. 

IgG levels in bile from hamsters 
orally immunized with recombinant 
spores containing CotC-Ov-TSP-2 are 
significantly higher than those from orally 
immunized with CotC-expressing spores 
and NSS group (p<0.05) at day 42 post-
immunization. No significant differences 
were observed between control groups 
(Fig 3C). A450 nm values of each group are 
listed in Table 3. 

Western blot analysis of recombinant 
LEL-Ov-TSP-2 showed specific immu-
noreactivity of a 29 kDa protein against 
antibodies present in hamster vaccinated 
with recombinant spores containing CotC-
Ov-TSP-2 (Fig 3D) as previously described 
(Chaiyadet et al, 2017). Sera of hamsters 
orally administered with Bacillus spores 
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Fig 3 - Levels of immunized hamster serum IgG against fusion LEL-Ov-TSP-2 and western blots of 
hamster sera. A. Protocol and timeline for vaccination of hamsters with transformed Bacillus  
subtilis WB800N spores. B. IgG levels in bile of hamsters immunized orally with spores 
transformed with pHT01-CotC-LEL-Ov-TSP-2. C. IgG levels in bile of hamsters immunized 
orally with spores transformed with pHT01-CotC. D. Western blots of extracted spore coat 
proteins of Bacillus subtilis WB800N transformed with pHT01-CotC-LEL-Ov-TSP-2 separated 
by 15% SDS-PAGE and treated with hamster immune sera (1:100 dilution), followed by goat 
HRP-conjugated anti-hamster IgG (1:1,000 dilution and visualized using an enhanced che-
miluminescence method. Lane 1, protein molecular mass standards; lane 2, immune serum 
of hamster immunized with spores transformed with pHT01-CotC; lane 3, serum of control 
hamster; lanes 4-7, immune serum of hamster immunized with spores transformed with 
pHT01-CotC-LEL-Ov-TSP-2. 
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expressing CotC only and of NSS group 
did not react to recombinant LEL-Ov-
TSP-2 (no specific band). 

DISCUSSION

B. subtilis is a gram-positive bacte-
rium found in soil and the gastrointestinal 
tract of ruminants and humans, and its 
rod-shaped morphology, together with 
a tough, protective endospore, allows it 
to tolerate extreme environmental condi-
tions (Knecht et al, 2011; Hinc et al, 2013). 
Expression of vaccine immunogens as fu-
sions with spore coat surface proteins of B. 
subtilis confers resistance to degradation 
within the stomach and gastrointestinal 
tract (Duc and Cutting, 2003; de Souza  
et al, 2014; Chaiyadet et al, 2017), and 
elicits specific immune responses and pro-
tective efficacy in animal models (Zhou  
et al, 2008a; Zhou et al, 2008b; Qu et al, 
2014; Wang et al, 2014). In this sense, it 
has been reported that oral delivery of B. 
subtilis spores expressing specific proteins 
can induce mucosal and systemic immu-
nity (Belyakov and Ahlers, 2009; Simerska 
et al, 2009). 

TSPs are a family of membrane-span-
ning proteins that display four hydropho-
bic transmembrane domains interspersed  
with two extracellular loops and short in-

tracellular amino and carboxyl sequences 
(Maecker et al, 1997; Boucheix and Ru-
binstein, 2001; Yanez-Mo et al, 2009). 
TSPs are found on the plasma membrane 
and extracellular vesicles of several hel-
minths including blood and liver flukes 
(Chaiyadet et al, 2015; Rocha-Perugini  
et al, 2016; Sotillo et al, 2016), and have been 
considered as a potential protein target for 
vaccines against fluke infections (Da’dara 
et al, 2001; Tran et al, 2006; Chaiyadet et al, 
2015; Chaiyadet et al, 2017). Herein, we 
have successfully developed, to the best 
of our knowledge, the first B. subtilis spore 
coat protein-based immunogen using a 
protein from the carcinogenic liver fluke 
O. viverrini. SDS-PAGE, western blotting 
and immunofluorescence reveal that Ov-
TSP-2 was successfully fused with CotC 
and expressed on B. subtilis spore surface. 
Although other proteins from the related 
liver fluke C. sinensis have been success-
fully expressed in B. subtilis (Zhou et al, 
2008a; Zhou et al, 2008b; Yu et al, 2015; Wu 
et al, 2017; Sun et al, 2018), this is the first 
report of an O. viverrini protein fused with 
a spore coat protein from this bacterium. 
In addition, this is the first time an extra-
cellular loop of a tetraspanin from any 
helminth has been expressed in B. subtilis.

The recombinant spores were used 
as an oral immunogen in hamsters, pro-

Table 3 
Specific anti-Ov-TSP-2 IgG levels in bile collected from immunized hamsters.

		  A450nm

Hamster group (n = 5)	 (mean ± SD)	 Minimum	 Maximum
		
NSSa		  0.088 ± 0.004	 0.082	 0.093
CotCb		  0.092 ± 0.197	 0.068	 0.110
CotC-LEL-Ov-TSP-2c	 0.129 ± 0.022	 0.112	 0.165

aImmunized with normal saline solution. bImmunized with Bacillus subtilis WB800N spores trans-
formed with pHT01-CotC. cImmunized with B. subtilis WB800N spores transformed with and 
pHT01-CotC-LEL-Ov-TSP-2.
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voking significantly elevated IgG titers 
in both blood and bile. Control animals 
immunized with CotC-expressing spores 
did not show any significant IgG levels, 
suggesting antibody responses observed 
were directed against the TSP fragment. 
Serum IgG levels observed in this study, 
although low, are significantly greater 
than the control groups and are consis-
tent with findings in other studies (Zhou 
et al, 2008a; Zhou et al, 2008b). IgG levels 
in the bile of immunized hamsters also 
are significantly higher than in controls. 
This is of importance as adult parasites 
live in bile ducts of the host, and could 
be a potential site of action for protective 
antibodies. In this regard, a role in pro-
tective immunity has been described for 
IgG antibodies targeting other antigens of 
O. viverrini (Kaewraemruaen et al, 2016; 
Papatpremsiri et al, 2016).

Although a number of studies used 
a higher number of spores in their im-
munization studies than the 2.5x108 

spores employed in our study (Zhou  
et al, 2008a; Zhou et al, 2008b; Yu et al, 2015), 
Qu et al, (2014) used only 5x105 spores  
expressing CotC fused with C. sinensis leu-
cine aminopeptidase-2. However, in those 
studies BALB/c mice are  immunized 
intragastrically via oral administration 
9 times during the experimental period, 
compared to 6 oral immunizations of ham-
sters in the current study, but IgG levels 
of immunized mice are higher (Qu et al, 
2014) than immunized hamsters reported 
here. These findings suggest higher num-
bers of spores and more number of times 
of immunization should be considered in 
future studies to improve IgG titers in the 
hamster model. 

In conclusion, expression of liver 
fluke antigens as fusions with B. subtilis 
spore coat proteins represents a promising 
alternative for oral vaccination against 

opisthorchiasis and, in turn, liver fluke 
infection-induced cholangiocarcinoma. 
This study constitutes the first approach to 
develop oral vaccines against O. viverrini, 
and further studies comparing different 
antigens and immunization protocols 
should be performed. In addition, B. subti-
lis could be engineered to include an array 
of molecules from the parasite to enhance 
vaccine efficacy and to facilitate scaling 
of production of helminth vaccines for 
the control and prevention of liver fluke 
infection and other helminth parasites. 
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