1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Acta Trop. Author manuscript; available in PMC 2021 April 01.

-, HHS Public Access
«

Published in final edited form as:
Acta Trop. 2020 April ; 204: 105355. doi:10.1016/j.actatropica.2020.105355.

Partial protection with a chimeric tetraspanin-leucine
aminopeptidase subunit vaccine against Opisthorchis viverrini
infection in hamsters

Phung Thi LuyenP, Sujittra Chaiyadet?, Nuttanan Hongsrichan?, Javier Sotillo®d, Dinh Thi
Dieu HangP, Tran Quang Canh®, Paul J Brindley®, Alex Loukasd, Thewarach Laha®”

aDepartment of Parasitology, Faculty of Medicine, Khon Kaen University, Thailand. PHai Duong
Medical Technical University, Hai Duong city, Hai Duong province, Viet Nam ¢Centro Nacional de
Microbiologia, Instituto de Salud Carlos Ill, Majadahonda, Madrid, Spain 9Centre for Molecular
Therapeutics, Australian Institute of Tropical Health and Medicine, James Cook University, Cairns,
Australia ¢Department of Microbiology, Immunology and Tropical Medicine, George Washington
University, Washington DC, USA.

Abstract

Opisthorchiasis is a serious public health problem in East Asia and Europe. The pathology
involves hepatobiliary abnormalities such as cholangitis, choledocholithiasis and tissue fibrosis
that can develop into cholangiocarcinoma. Prevention of infection is difficult as multiple social
and behavioral factors are involved, thus, progress on a prophylactic vaccine against
opisthorchiasis is urgently needed. Opisthorchis viverrini tetraspanin-2 (Ov-TSP-2) was previously
described as a potential vaccine candidate conferring partial protection against O. viverrini
infections in hamsters. In this study, we generated a recombinant chimeric form of the large
extracellular loop of OWw-TSP-2 and O. viverrini leucine aminopeptidase, designated r Ov-TSP-2-
LAP. Hamsters were vaccinated with 100 and 200 pg of rOw-TSP-2-LAP formulated with alum-
CpG adjuvant via intraperitoneal injection and evaluated the level of protection against O. viverrini
infection. Our results demonstrated that the number of worms recovered from hamsters vaccinated
with either 100 or 200 pg of rOw-TSP-2-LAP were significantly reduced by 27% compared to the
adjuvant control group. Furthermore, the average length of worms recovered from animals
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vaccinated with 200 pg of rOw-TSP-2-LAP was significantly shorter than those from the control
adjuvant group. Immunized hamsters showed significantly increased serum levels of anti-rOv-
TSP-2 IgG and 1gG1 compared to adjuvant control group, suggesting that rOv-TSP-2-LAP
vaccination induces a mixed Th1/Th2 immune response in hamsters. Therefore, the development
of a suitable vaccine against opisthorchiasis requires further work involving new vaccine
technologies to improve immunogenicity and protective efficacy.
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1. Introduction

Opisthorchiasis caused by Opisthorchis viverriniis endemic in the Lower Mekong sub-
region including Thailand, Lao PDR, Cambodia, southern part of Vietnam and Myanmar
(Sanpool et al., 2018; Sithithaworn et al., 2012). The infection rate remains high in areas
where people consume undercooked cyprinid fish containing the infective metacercariae
(Chavengkun et al., 2016). Adult flukes live for several years in the biliary tract of the
definitive host (including humans) causing chronic inflammation of the bile duct epithelium
that can develop into fibrosis and eventually cholangiocarcinoma (CCA) - a fatal bile-duct
cancer (Khuntikeo et al., 2018; Sripa et al., 2012). Health education and mass drug
administration are currently the main control strategies against O. viverrini infection
(Khuntikeo et al., 2016), however, high infection rates are still maintained in many endemic
areas due to rapid reinfection (Saengsawang et al., 2016). A protective vaccine against this
liver fluke is not yet available, and a partially effective vaccine combined with other control
measures may be useful to decrease infection rates.

Tetraspanins (TSPs) are transmembrane proteins containing four transmembrane domains
and two extracellular domains, including a small extracellular loop (SEL) and a large
extracellular loop (LEL). In trematodes, TSPs are distributed throughout the tegumental
membranes, and have also been found in secreted extracellular vesicles (EVs) of many
platyhelminthes, including O. viverrini (Chaiyadet et al., 2017; Chaiyadet et al., 2015;
Cwiklinski et al., 2015; Nowacki et al., 2015; Piratae et al., 2012; Sotillo et al., 2016; Zhu et
al., 2016). TSPs are also important immunogenic antigens that have been used for vaccine
and diagnostic purposes (Chen et al., 2016; Tran et al., 2006; Wang et al., 2018). In this
sense, the LEL sequence of a TSP from S. mansoni (Sm-TSP-2) is a promising candidate
against schistosomiasis with an efficacy of more than 60% worm reduction in an
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experimental animal model (Tran et al., 2006), and SmTSP-2 has already completed a
phase 1 clinical trial for schistosomiasis (Tebeje et al., 2016).

The leucine aminopeptidases (LAPs), members of the M17 family of Zn-metalloproteases,
preferentially cleave leucine residues at the N-termini of proteins and short peptides
(Rawlings et al., 2010). LAPs are involved in different functions such as migration, tissue
invasion, and digestion of nutrients in helminth parasites (Maggioli et al., 2018). In addition,
LAP has been detected in EVs of the liver fluke Fasciola hepatica (Cwiklinski et al., 2015)
and has been proposed as a promising candidate for vaccination against fasciolosis with 85%
worm reduction in sheep infected with £ hepatica (Maggioli et al., 2011) and 64% worm
reduction in vaccinated mice challenged with Fasciola gigantica (Changklungmoa et al.,
2013).

An interesting strategy to induce higher protection is the use of chimeric proteins that
contain multiple antigenic epitopes from different proteins in a single polypeptide backbone
(Dias et al., 2018). To date, several chimeric proteins have been used for vaccination to
induce higher levels of protection against parasites, including a chimeric multi-antigen of the
immunodominant B and T cell epitopes of Babesia bovis proteins against babesiosis
(Jaramillo Ortiz et al., 2016), a chimeric protein composed of specific CD4+ and CD8+ T-
cell epitopes of Leishmania infantum against visceral leishmaniasis (Martins et al., 2017)
and a chimeric form of CSPVK210/VK247 proteins against Plasmodium vivax infection
(Shabani et al., 2017). Chimeric proteins from S. mansoni have been expressed and tested as
vaccines, including Sm-TSP-2 fused to Sm29 or SmTSP-2 fused to the immunodominant
5B region of the hookworm aspartic protease Na-APR-1, and both constructs induced higher
protection levels against S. mansoni challenge infection in mice than immunization with
Sm-TSP-2 or Sm29 alone (Pearson et al., 2012; Pinheiro et al., 2014). Furthermore,
immunization with rOvw-TSP-2 induced antibody responses in hamsters and partially
protected against O. viverrini challenge infection (Chaiyadet et al., 2019). Thus, a
combination of Ov-TSP-2 with other proteins could enhance vaccine potential and increase
efficacy compared to single proteins.

In this study, we designed and produced the r Ov~TSP-2-LAP chimeric protein composed of
Ov-TSP-2 LEL and O. viverrinileucine aminopeptidase, and evaluated the immunogenicity
and protective efficacy against O. viverrini challenge infection.

2. Materials and methods

2.1. Construction, expression and purification of rOv -TSP-2-LAP

The chimeric Ov -tsp-2-lap sequence was designed by combination of the LEL sequence of
Ov-tsp-2 (GenBank accession number JQ678707.1) with the 5° end of the complete coding
sequence (CDS) from O. viverrini leucine aminopeptidase (GenBank accession number
KX187340.1). The fusion sequence was inserted into the pET15b vector (Novagen, USA) at
Nde /and BamH [restriction enzyme sites to form the pET15b- Ov-tsp2-/ap plasmid. This
recombinant plasmid was constructed by gene synthesis (Genscript, NJ, USA).
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The constructed plasmid was transformed into Escherichia coli (BL21 DE3 strain) to express
the rOV-TSP-2-LAP chimeric protein. Briefly, a transformed single colony of £. co/iBL21
was grown at 18°C for 12-14 h to an optical density of approximately 0.6-0.8 at 600 nm,
and expression of the chimeric protein was induced by adding 0.4 mM IPTG and culturing at
18°C for 24 h. After induction, the bacterial cells were harvested by centrifugation at 15,000
g for 20 min at 4°C. The pellet was resuspended in resuspension buffer (25 mM HEPES,
10% (v/v) glycerol, 1.0 mM EDTA, 1% (v/v) Triton X-100) and submitted to three cycles of
sonication lasting 30 s each and centrifuged at 15,000 g at 4°C for 10 min. The cell pellet
was subsequently resuspended in lysis buffer (25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1%
TritonX-100, 1 mM EDTA, 5% glycerol) and high salt solution (500 mM NaCl, 5 mM
EDTA, 50 mM Tris-HCI, pH 8.0) and centrifuged as above to remove cell debris. The pellet
was collected and solubilized in denaturing buffer (20 mM Tris, 6 M Guanidine-HCI, 2 mM
B-ME, pH 8.0) with light stirring at room temperature overnight. The recombinant proteins
in the supernatant was collected by centrifuging at 15,000 g at 4°C for 30 min.

The recombinant chimeric protein was purified under denaturing conditions using a Ni%*-
NTA affinity column (Thermo Fisher Scientific, USA). The column was equilibrated with
denaturing binding buffer (8 M urea, 20 mM NaH,PO4, 500 mM NaCl, pH 8.0). The
recombinant protein under denaturing conditions was applied to the column and washed 2
times with denaturing wash buffer 1 (8 M urea, 20 mM NaH,PQO,4, 500 mM NaCl, pH 6) and
subsequently with denaturing wash buffer 2 (8M urea, 20 mM NaH,PQO,, 500 mM NaCl, pH
5.3). The recombinant protein was eluted with denaturing elution buffer (8 M urea, 20 mM
NaH,PO,4, 500 mM NaCl, pH 4). The denatured purified protein was refolded by stepwise
dialysis to remove urea using D-tube dialyzer Mega, MWCO 3.5 kDa (Merck KGaA,
Germany) at 4°C against 20 mM HEPES. The soluble chimeric protein was evaluated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) and Western blot
analyses.

Immunoblot analysis of the rOv-TSP-2-LAP chimeric protein

A total of 2.5 micrograms of rOv~TSP-2-LAP was separated on a 15% SDS-PAGE gel and
transferred onto nitrocellulose membrane (Mini Trans-Blot Cell, Bio-Rad). The membrane
was blocked with 5% skim milk in PBS containing 0.1% Tween-20 (PBST) for 2 hours at
room temperature with shaking. Membranes were then washed 3 times with PBST and
incubated with anti-6x-His Tag Monoclonal Antibody-HRP (Invitrogen, US) for 2 hours at
room temperature or with hamster anti- Ov-LEL-TSP-2 antiserum as previously described
(Chaiyadet et al., 2019) diluted 1:2,000 in PBST overnight at 4°C followed with secondary
anti-hamster 1lgG-HRP antibody (Thermo Fisher scientific, USA) (diluted 1:3,000 in PBST)
at room temperature for 2 hours. Membranes were then washed 3 times with PBST for 10
min. The colorimetric signal was developed using LuminataTM Forte Western HRP
Substrate (Millipore, USA).

2.3. Preparation of O. viverrini metacercariae

O. viverrini metacercariae were prepared as previously described (Laha et al., 2007). Briefly,
wild caught cyprinid fishes were mixed with 0.25% pepsin, 1.5% HCI in normal saline
solution (NSS) and homogenized in an electric blender. The mixture was incubated in a
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shaking water bath at 37°C for 1 hour for digestion. The digested solution was filtered
through a series of sieves (1,000, 300, and 106 um meshes). The debris obtained by filtering
on 106 um mesh was washed and repeatedly sedimented with 0.85% NaCl in a
sedimentation jar until the supernatant became clear. Sediments were examined for O.
viverrini metacercariae under a stereomicroscope. O. viverrini metacercariae were collected
and stored in sterile 0.85% NaCl at 4°C until used.

2.4. Experimental animals and vaccination protocol

Male Syrian golden hamsters (8 weeks-old) were used for the vaccination experiment.
Animal experiments were approved by the Animal Ethics Committee of Khon Kaen
University (IACUC KKU 51/61). Hamsters were maintained in the animal house care unit at
the Faculty of Medicine, Khon Kaen University. Thirty hamsters were divided into three
groups (10 hamsters per group) as follows: 1) control hamsters immunized with a colloidal
suspension of aluminium hydroxide gel (Invivogen, USA) and CpG ODN 1826 (10 pg)
(Invivogen, USA) (Alum-CpG); 2) vaccinated hamsters immunized with 100ug of rOv-
TSP-2-LAP and alum-CpG; and 3) vaccinated hamsters immunized with 200 ug of rOv-
TSP-2-LAP and alum-CpG. Immunizations were performed three times at 2-week intervals
by the intraperitoneal route. Two weeks after the third immunization, each hamster was
orally infected with 50 O. viverrini metacercariae, and eight weeks later all hamsters were
euthanized. Hamster livers were collected, dissected and number of adult worms counted.
Blood samples were taken at day O (pre-immunization), at 6 weeks post-immunization via
retrobulbar sinus and at necropsy (post-challenge) by cardiac puncture. A schematic
representation of the hamster vaccination trial is shown in Fig. 1.

2.5. Worm recovery

The number of worms in hamster livers were counted and the percentage of worm reduction
was calculated using the equation: % worm reduction = A-B/A x 100, where A represents
the mean parasite recovery from the adjuvant control group, and B represents the mean
parasite recovery from the 100 ug or 200 pg rOv-TSP-2-LAP immunized groups.

2.6. Measurement of worm length

Recovered worms from each experimental group were measured the body length as
previously described (Chaiyadet et al., 2019). Briefly, worms were washed three times with
sterile NSS. Worms were then dehydrated and fixed in pre-warmed 10% formalin. Images of
the worms were captured, and worm length was measured using NIS-Element software
(Nikon SMZ 745T, Japan).

2.7. Fecal egg counts

Feces from individual hamsters were collected weekly from weeks 4-7 post-challenge.
Number of eggs per gram (EPG) of feces was determined using a modified formalin-ether
acetate technique (Elkins et al., 1986). Briefly, stool samples were suspended in NSS then
filtered through 2 layers of gauze. The flow-through was centrifuged at 4,000 g for 5 min,
supernatants decanted, and 7 ml of 10% formalin and 3 ml of ethyl acetate were added to the
pellet. Samples were shaken vigorously and centrifuged at 4,000 g for 5 min. The sediment
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was collected and resuspended in 10% formalin. To determine the EPG, the total number of
drops of sediment were counted, and two drops were examined. EPG was calculated as
follows: EPG = TV/vw, where T = the number of eggs counted, V = total volume of
sediment in drops, v = the number of drops examined, w = the weight of the fecal sample.

Indirect ELISA for antibody responses

Specific total 1gG and IgG isotypes (IgG1 and IgG2b) against rOv- TSP-2-LAP in the serum
of hamsters were analyzed by indirect ELISA. Briefly, 96-well ELISA plates (NUNC-F96,
Fisher Scientific, USA) were coated with 100 pl of rOv-TSP-2-LAP (1 pug/ml) in coating
buffer (15 mM Na,COs3, 35mM NaHCOs3, pH 9.6) and incubated at 4°C, overnight. Coated
plates were washed three times with PBST, and non-specific binding was blocked with 200
ul/well of 5% skim milk in coating buffer for 2 h at 37°C. Plates were then washed three
times with PBST. One hundred pl of hamster sera diluted in PBST with 2% of skim milk
(1:1,000 dilution for total 1gG; 1:100 for isotype 1gG1; 1:50 for isotype 1gG2b) were added
and incubated at 37°C for 2 h. Plates were washed with PBST, probed with 100 pl of anti-
hamster 1gG-HRP, diluted 1:3,000 (Thermo Fisher scientific, USA) for total 1gG detection;
mouse anti-hamster IlgG1-HRP (Southern Biotech), diluted 1:2000 for 1gG1 detection and
goat anti-mouse 1gG2b-HRP (Thermo Fisher scientific, USA), diluted 1:2,000 for 1gG2b
detection, incubated for 2 h at 37°C and washed with PBST. Finally, 50 pl of TMB (Thermo
Fisher Scientific, USA) was added to each well, plates were incubated for 20 minutes, and
the reactions were stopped by addition of 50 pl/well of 0.5M H,SO4. Colorimetric reactions
were read at a wavelength of 450 nm on a Spectra Max microplate reader (Molecular
Devices, USA).

2.9. Statistical analysis

All data are presented as mean + standard deviation (SD). Statistical analyses were
performed using GraphPad Prism 7.0 software (GraphPad Software, La Jolla, CA, USA).
Data were analyzed by one- or two-way ANOVA and Tukey’s test to compare datasets. ~-
values < 0.05 were considered as statistically significant.

3. Results

3.1

Expression and purification of rOv- TSP-2-LAP protein

The total chimeric Ov-tsp-2-Iap sequence was 1,929 base pairs including 234 base pairs
from LEL of Ov-tsp-2and 1,695 base pairs from Ov-/ap, encoding for 643 amino acids (78
and 565 amino acids of Ov-TSP-2 and Ov-L AP, respectively) (Supplementary file 1). The
theoretical molecular weight of the chimeric protein is 72.3 kDa, including 69.7 kDa of the
chimeric Ov-TSP-2-LAP sequence fused to 2.6 kDa of vector-derived sequence from
PET15h. The rOw-TSP-2-LAP was expressed as an insoluble protein and purified under
denaturing conditions. The purified protein then was refolded to generate soluble material
with a yield of 5 mg/liter of culture media. Western blot using anti-6xHis tag and hamster
anti-rOv-LEL-TSP-2 antibodies confirmed the identity of the protein (Fig. 2).
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3.2. Vaccinated hamsters harbor reduced worm and egg burdens

All adult flukes from individual hamster livers were collected and counted. The adjuvant
control group had a mean worm recovery of 38.17 + 6.27, while hamsters immunized with
100 pg and 200 pg of rOv-TSP-2-LAP had a significantly lower average worm burden of
27.8 + 6 and 27.8 + 5.5, respectively (P<0.01) (Fig. 3A). These equated to 27.2% reductions
for both 100 pg and 200 pg rOv-TSP-2-LAP groups compared to the adjuvant control group.
Fecal egg counts were not significantly different between vaccinated groups compared to the
adjuvant control group (Fig. 3B).

3.3. Vaccination dose affects size of recovered adult worms

All intact worms from each animal group were fixed in 10% formalin to measure their
length. Average worm length from the 200 pg rOv-TSP-2-LAP vaccinated group was
significantly shorter compared to worms recovered from the 100 pg rOv-TSP-2-LAP and
adjuvant control group (P<0.0001); there was no significant difference between the 100 ug
rOv-TSP-2-LAP and adjuvant control groups. Mean + SD of worm length in the adjuvant
control group, 100 pg rOw-TSP-2-LAP group and 200 pug rOv-TSP-2-LAP group were 4.27
+0.57 mm, 4.37 + 0.48 mm, 3.69 + 0.46 mm, respectively (Fig. 4).

3.4. Vaccination of hamsters induced anti-rOv-TSP-2-LAP antibody responses

The specific total 1gG levels against rOv-TSP-2-LAP in the sera of immunized hamsters
from either 100 pg or 200 ug rOv-TSP-2-LAP groups significantly increased after the third
immunization (P<0.0001), while there was no differences in the adjuvant control group. IgG
levels in both vaccinated groups were significantly higher compared to the adjuvant control
group post-immunization (P<0.0001). Furthermore, 1gG levels in the adjuvant control group
were significantly increased post-challenge compared to post-immunization (P<0.0001),
whereas no significant differences were observed between pre- and post-challenge responses
in the 100 pg (P=0.8999) group but were significantly decreased in the 200 ug r Ov-TSP-2-
LAP groups (P<0.05). In addition, serum IgG levels from the 100 ug and 200 ug rOv-TSP-2-
LAP groups were significantly increased post-immunization and post-challenge compared to
naive animals (P<0.0001) (Fig. 5).

Specific 1gG1 levels against rOv-TSP-2-LAP in the serum of hamsters immunized with
either 100 pg or 200 ug rOv-TSP-2-LAP were significantly increased after the third
immunization (P<0.01 and P<0.05, respectively) while 1gG1 levels were not different in the
adjuvant control group at any time. IgG1 levels in both vaccinated groups were significantly
higher than in the adjuvant control group at post-immunization and post-challenge.
Furthermore, 1gG1 levels significantly decreased (P<0.05) post-challenge compared to post-
immunization in the 200 pg rOv-TSP-2-LAP group (Fig. 6).

Specific serum IgG2b levels against rOv-TSP-2-LAP were non-significantly elevated post-
immunization compared to pre-immunization in both 100 ug rOv-TSP-2-LAP and 200 ug
rOv-TSP-2-LAP groups. 1gG2b levels in both immunized groups trended towards being
higher than in the adjuvant control group post-immunization but this did not reach statistical
significance. Serum 1gG2b level increased in the 200 ug rOv-TSP-2-LAP group post-
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challenge compared to post-immunization (P<0.01), while antibody levels in 100 pg r Ov-
TSP-2-LAP group were not significantly different between these two time points (Fig. 7).

4. Discussion

Chimeric proteins have the advantage of containing several antigenic and immunogenic
epitopes from at least two or more proteins from the parasite that induce protective effects
against infection (Anugraha et al., 2015; Cabrera-Mora et al., 2016). In this study, a
recombinant chimeric form of O. viverrini TSP-2 and LAP shows potential as a vaccine
candidate against challenge infection. A previous study showed that a tetraspanin fused with
the thioredoxin fusion tag of a plasmid vector stimulates protective immune responses
against O. viverrini infection (Chaiyadet et al., 2019), and recombinant LAPs have been
explored as promising vaccine candidates against £ Aepaticaand F. gigantica infections with
reductions in worm burdens of up to 86.7% in sheep and 64% in mice, respectively
(Changklungmoa et al., 2013; Maggioli et al., 2011). The chimeric recombinant protein of
O. viverrini TSP-2 and LAP was successfully expressed and refolded to generate a soluble
protein, and its immunogenicity and protective efficacy against O. viverrini challenge were
comparable to previous studies using subunit vaccine antigens (Chaiyadet et al., 2019). The
lack of increased protection of rOv-TSP-2-LAP compared to TSP-2 alone is most likely a
result of the difficulty of expressing this protein in a soluble form. The chimeric protein was
insoluble and subsequently refolded, which might have affected some of the most important
epitopes of the protein since the refolded structure of rOw-TSP-2-LAP may not be
completely similar to native OVTSP-2 and Ov-LAP. Therefore, the specific immune
response in vaccinated animals was possibly targeted towards linear epitopes and not to the
conformational epitopes present in rOv-TSP-2-LAP.

Immunization with rOw-TSP-2-LAP chimeric protein elicited a strong humoral immune
response in all vaccinated hamsters, which had significantly increased total 1gG levels after
three immunizations compared to the control group. However, serum IgG levels were not
further elevated post-challenge in any of the vaccinated hamster groups. This result was
similar to that observed in previous studies when vaccinating with rOv-TSP-2 (Chaiyadet et
al., 2019). A feasible explanation for this observation is that vaccination induced 1gG-
secreting memory B cells specific to chimeric rOv-TSP-2-LAP protein which acted upon
newly excysted juvenile flukes as they migrate up the higher order bile ducts, interrupting
EVhost cell communication (Chaiyadet et al., 2015) and retarding fluke development. This
impacted the length of the flukes in vaccinated groups, which were significant shorter than
flukes from the control animals. The process to produce specific antibodies from memory B
cells occurs in germinal centers with high-affinity and high antigen-binding capacity
(Siegrist, 2018). Therefore, the efficacy of the 1gG antibodies to kill the worms in the
vaccinated groups would be higher than in the control groups, where IgG antibody responses
would not be detected until adult flukes had resided in the bile ducts and become less
susceptible to antibody-mediated attack.

Since hamster and mouse immunoglobulins shared many structural features (McGuire et al.,
1985) and there is a lack of commercially available anti-hamster secondary antibodies, we
used goat anti-mouse 1gG2b-HRP to detect IgG2b levels in the serum of hamsters in this
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study. The presence of 1IgG1 in hamsters is indicative of a Th2-like response, which has
traditionally been described as most effective against extracellular pathogens (Conrad et al.,
2017), while 1gG2a, 1gG2b and 1gG3 are associated with a Th1 response and protection
against intracellular pathogens (Germann et al., 1995). The vaccine used herein was
formulated with alum and CpG oligodeoxynucleotide (CpG ODN) 1826 adjuvant, the latter
of which stimulates antigen presenting cells via Toll-like receptor 9 (Hemmi et al., 2000),
activates the innate and adaptive immune responses of the host, and the responses are
strongly Thl-biased (Roman et al., 1997). Furthermore, previous studies showed that
immunization of hamsters with O. viverrini crude antigen formulated with only CpG ODN
1826 adjuvant elicited a protective Thl-like response against O. viverrini infection
(Kaewraemruaen et al., 2016). However, the levels of specific 1gG1 to chimeric r Ov-TSP-2-
LAP were significantly increased after three immunizations compared to the adjuvant
control, indicating that immunization with this protein adjuvanted with CpG ODN 1826
produced a mixed Th1/Th2 immune response. Moreover, increased levels of 1gG2b were
related to higher expression levels of TGF-B in spleen cells of vaccinated hamster compared
to control animals (Supplementary Fig. 1.). In mice, TGF-p is a switch factor to promote
differentiation to an 1gG2b isotype in B cells (Deenick et al., 2005). Interestingly, 19G2
responses increased mostly after challenge, compared with 1gG1 responses which peaked
after vaccination and didn’t further increase after challenge. 1gG2 responses dominate in the
response to bacterial polysaccharide antigens and drive class switching, but Iss is known
about the role of this isotype in antibody responses to helminths compared to IgE and 1gG4.
Mixed Th1/Th2 immune responses have also been found in response to chimeric proteins
such as rFhLAP-CL1 in sheep challenged with £ hepatica (Ortega-Vargas et al., 2019),
SmTSP-2/5m29 in mice challenged with S. mansoni (Pinheiro et al., 2014) and the chimeric
epitope from multistage of filarial antigen against Brugia malayiin gerbil (Anugraha et al.,
2015).

In conclusion, we have demonstrated that immunization of hamster with rOv-TSP-2-LAP
chimeric protein adjuvanted with alum/CpG ODN 1826 induced partial protection against O.
viverrini infection in terms of reduction in fluke burden. However, it does not enhance the
protection levels achieved with rOv-TSP-2 alone. In addition, a marked humoral immune
response was elicited, with production of both 1gG1 and 1gG2b specific antibodies against
the recombinant chimeric protein, suggesting a mixed Th1/Th2 immune response associated
with protection. The use of this protein as a vaccine candidate requires more research and
use of new vaccine technologies to make it a valid candidate against opisthorchiasis.
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Highlights

Recombinant chimeric form of the large extracellular loop of Ov-TSP-2 and
O. viverrini leucine aminopeptidase, designated rOv-TSP-2-LAP, was
produced in bacteria.

Hamsters immunized with recombinant rOv-TSP-2-LAP produced humoral
and cellular immune responses.

Hamsters vaccinated with rOv-TSP-2-LAP had significantly reduced fluke
burdens compared to control animals that received adjuvant alone.
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Fig. 1. Diagramatic representation of the hamster vaccination-challenge trial to assess efficacy of
immunization with rOv-TSP-2-LAP protein.

Ov-MC, O. viverrini metacercariae; EPG, worm eggs per gram of hamster faeces.
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Fig. 2. SDS-PAGE and Western blot analysis of samples from expression, purification and
refolding of insoluble rOv-TSP-2- LAP protein.

Protein marker (lane M), pre-induction cell lysate (lane 1), postinduction cell lysate (lane 2),
insoluble protein in cell pellet post-sonication (lane 3), denatured and IMACpurified protein
in 6M guanidine (lane 4), column flow-through (lane 5), insoluble eluted protein (lane 6),
soluble purified protein (rOv-TSP-2-LAP) in 20 mM HEPES after refolding (lane 7),
western blot of rOv-TSP-2-LAP probed with anti-6 his tag serum (lane 8), western blot of
rOv-TSP-2-LAP probed with hamster anti-rOv-LEL-TSP-2 serum (lane 9), western blot of
rOv-TSP-2-LAP probed with hamster naive serum control (lane 10). Molecular weight of
rOv-LEL-TSP-2 protein is approximately 75 kDa.
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Fig. 3. Worm recovery and egg per gram of feces (EPG).
(A) Number of worms recovered from the liver of each hamster group infected with 50 O.

viverrini metacercariae after vaccination. (B) Eggs per gram of feces (EPG) from
experimental hamsters. Each dot represents the total worm number or EPG of an individual
hamster. Mean and SD bar is shown. * P < 0.01.
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Fig. 4. Length of worms recovered from vaccinated hamsters.
Average length of all intact worms from each group was measured. Each dot represents the

length of a single worm. **** P < 0.0001.
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Fig. 5. Serum IgG levels in vaccinated hamsters
Total serum IgG levels against rOw-TSP-2-LAP were determined by indirect ELISA at pre-

immunization, post-immunization and post-challenge infection. Results represent the mean
absorbance measured at 450 nm. Each bar represents mean + SD of each group. * P < 0.05
and **** P < (0.0001.
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Fig. 6. Serum IgG1 levels in vaccinated hamsters
Total serum IgG1 levels against rOv-TSP-2-LAP were determined by indirect ELISA at pre-

immunization, post-immunization and post-challenge infection. Results represent the mean
absorbance measured at 450 nm. Each bar represents mean + SD of each group. * P < 0.05,
** P <0.01.
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Fig. 7. Serum 1gG2b levels in vaccinated hamsters
Total serum 1gG2b levels against r Ov-TSP-2-LAP were determined by indirect ELISA at

pre-immunization, post-immunization and post-challenge infection. Results represent the
mean absorbance measured at 450 nm. Each bar represents mean + SD of each group. ** P

<0.01.
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