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Introduction

Schistosomiasis is a neglected tropical disease (NTD) caused by infection with any of the 

five Schistosoma species: S. mansoni, S. japonicum, S. heaematobium. S. mekongi, or S. 
intercalatum [1]. It is endemic in 76 countries and territories and affects over 250 million 

people [2]. A quality-of-life assessment defines a significant 9.5–24% disability with the 

most aggressive schistosome species, S. japonicum [3, 4].

Schistosomiasis japonica is a major disease risk for more than 40 million people in China 

[5], and 7 million more in the Philippines [6]. It has more than 40 mammalian animals as 

reservoir hosts that play a role in maintaining the parasite and increasing the chances for 

human infection [7]. In China, there are several hundred thousand livestock, including over 

200,000 buffalo currently infected [8]. Considering the zoonotic nature of schistosomiasis 

japonica and the important role buffalo and cattle play in environmental contamination and 
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transmission to humans [9–15], a transmission blocking veterinary vaccine for domesticated 

bovines would provide an additional and unique approach to schistosomiasis japonica 

control.

Paramyosin is a 97-kDa myofibrillar protein with a coiled-coil structure found only in 

invertebrates. In addition to the muscles of all 3 developmental stages of Schistosoma 
japonicum, paramyosin is located on the tegumental surface of lung stage schistosomula and 

in the secretory glands of cercariae [16]. Immunization with paramyosin confers resistance 

to infection by S. mansoni in mice [17, 18], and an anti-paramyosin monoclonal antibody 

confers resistance to infection with S. japonicum in mice [19].

We have demonstrated the vaccine potential of S. japonicum paramyosin (Sj97) in mice 

immunized with protein biochemically purified from S. japonicum adult worms [20]. This 

work has also been extended to domestic sheep, pigs and water buffalo immunized with 

recombinant fragments of Sj97 [21–24]. In immuno-epidemiology studies conducted in an 

S. japonicum endemic region of the Philippines, we have demonstrated that individuals with 

a Th2 biased cellular response [25] or IgE biased humoral responses to Sj97 [26] are 

relatively resistant to reinfection following treatment compared to individuals without these 

responses.

Together, these data support paramyosin as a leading vaccine candidate for schistosomiasis, 

but the low yields of full-length recombinant protein have hampered its further development 

[27]. Our group overcame this scale-up challenge lately [28], which has enabled larger scale 

testing of both the safety and efficacy of recombinant full length Sj97. Here, we report the 

results of 3 vaccine-challenge experiments in buffalo conducted in 2008, 2013 and 2016 

using full-length rSj97 produced at pilot scale.

Materials and Methods

1. Recombinant protein production and characterization

Pilot scale production of recombinant full-length paramyosin (rSj97) has been described 

previously [28]. Briefly, kanamycin-resistant recombinant pET30 plasmids were 

transformed into BL21(DE3) and expressed at the pilot scale using our published 

fermentation and chromatographic purification process (see figure S1 of reference[28]). 

Lyophilized, vialed rSj97 was resuspended in 1 ml of LPS-free water. LPS (endotoxin) 

levels were determined using an FDA-cleared LAL-assay (Lonza, USA). The protein 

concentration was assessed with a BCA-based protein assay containing bovine serum 

albumin as the standard (Pierce, Rockford, IL). Protein purity was assessed with 4–15% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and colloidal 

Coomassie staining (Gelcode Blue; Pierce, Rockford, IL). Proteins on stained SDS-PAGE 

gels were excised and subjected to trypsin digestion and nano-liquid chromatography-

tandem mass spectrometry-based peptide sequencing (ProtTech, Norristown, PA). Residual 

SDS was measured using a quantitative colorimetric assay as described elsewhere [29]. 

Secondary and tertiary protein structure analyses were performed on 0.6 nM solutions of 

rSj97 in the presence and absence of 0.05% SDS by circular dichroism on a 

spectropolarimeter (J-185; Jasco Inc., Easton, MD) with a 0.2-mm-path-length cuvette with 
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temperature control at 25°C. Raw data in millidegrees were converted to ellipticity and used 

to calculate helix fractions [30] and the presence of a coiled-coil tertiary structure [31]. The 

recombinant Sj97 was functionally characterized for IgG and collagen binding by enzyme-

linked immunosorbent assay (ELISA)-based assays as described elsewhere [28].

2. Vaccination experiments

The animal use protocol has been reviewed and approved by the Institutional Animal Care 

and Use Committee at the Shanghai Veterinary Research Institute (ShVRI) in China, and the 

Animal Welfare Committee of the Office of Research Administration for the Lifespan 

IACUC.

Montanide™ ISA206 adjuvants were from Seppic, France. Adjuvant-protein formulation 

was prepared the day before vaccination following the manufacturer’s recommendation. In 

brief, LPS-free water reconstituted rSj97, or lyophilization buffer (50M sodium phosphate, 

0.05% tween-20, 0.3% sucrose, pH7.4) as the control, was added to ISA206 at 50:50 (w:w) 

ratio. The mixtures were stirred at a low shear rate (300 rpm) for 10 min at 30°C in a glass 

beaker to form the water-in-oil-in-water emulsion [32].

Male and female water buffalo aged 10 to 17 months were purchased from non-

schistosomiasis endemic area in Jiangsu, China. Animals were pre-screened for intestinal 

helminthes using 50g of stool with the modified saturated saline floatation method. An anti-

soluble egg antigen (SEA) ELISA test was also carried out on all the buffalo using pre-

immune serum in order to confirm their schistosomiasis-free status. All buffalo received 

15mg/kg albendazole orally 4 weeks before the 1st immunization for presumptive treatment 

of potential geohelminth infections.

Vaccination protocols were based on those of Xu et al [33, 34]. Water buffalo were 

vaccinated at 0, 4 and 8 weeks by injecting emulsions subcutaneously at the lower third 

(near the shoulders) of a buffalo neck. At 12wk, all animals were challenged with 1,000 +/

−3 cercariae shed from the infected snails percutaneously. Schistosoma japonica infected 

Oncomelania hupensis hupensis snails were kept in the lab of ShVRI for lifecycle 

maintenance.

The 2008 trial—Sixteen water buffalo were equally allocated into 2 groups based on their 

gender, age and weight. One group received 3 vaccinations of 250ug rSj97-ISA206 at 4-

week intervals, and the unvaccinated control group was injected with ISA206 emulsified 

with the lyophilization buffer with the same schedule.

The 2013 trial—Thirty-two water buffalo were allocated into 2 vaccination groups with 11 

buffalo each and 1 control group with 10 buffalo based on their gender, age and weight. One 

group received 3 doses of 250ug rSj97-ISA206 at 4-week intervals; the second group 

received 500 μg/dose for 3 injections at 4-week intervals. The controls were injected with 

ISA206 emulsified with the lyophilization buffer.

The 2016 trial—Sixteen water buffalo were allocated into 2 groups with 8 buffalo each 

based on their gender, age and weight. One group received 3 vaccinations of 500 μg/dose 
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rSj97-ISA206 at 4-week intervals; the other group received injection of ISA206 emulsified 

with the lyophilization buffer.

3. Sample collection

Serum samples were collected from the animals pre- and 4 weeks post each vaccination and 

challenge infection, as well as at the time for perfusion. In the 2016 trial, we collected serum 

2, 4 and 8 weeks post-challenge corresponding to weeks 0, 4, 8, 12, 14, 16, 18 and 20 of the 

experiment. Whole blood (K2EDTA-anticoagulated) was collected at 0, 4, 8 and 12 weeks 

for hemogram and chemistry analysis to monitor buffalo health status after vaccination.

4. Worm antigen preparation

SWAP (soluble worm antigen preparation) and SEA (soluble egg antigen) were prepared 

under endotoxin free conditions according to standard procedures [35]. In brief, 7–8 weeks 

after S. japonicum cercarial exposure, infected rabbits (~2500 cercariae/rabbit) were 

perfused and adult worms and rabbit livers were collected and rinsed with LPS-free PBS. 

The collected worms and purified eggs were re-suspended in PBS and sonicated for 4 times 

of 1 min on ice on full power (Fisher scientific model F60 sonic dismembrator, USA), 

followed by centrifuging at 30,000g for 30min at 4°C. The resulting supernatant was stored 

at −80°C.

5. Isotype-specific ELISA

An indirect-ELISA was used to detect SWAP, SEA, and rSj97 specific IgG1 and IgG2. One 

μg per well of each antigen were used to coat a 96-well Maxisorb Nunc immunoplate 

(Sigma-Aldrich,) overnight. The plates were blocked with 150 μL 0.5% gelatin-PBST for 

1hr at 37°C. Antigen-specific IgG1 and IgG2 were detected using sheep anti-bovine IgG1-

HRP and IgG2-HRP conjugates (Bio-rad, Raleigh, NC) at 1:6000 dilution. After a final 

wash, the plates were developed by adding 3, 3′, 5, 5′-Tetramethylbenzidine (TMB) liquid 

substrate (Sigma-Aldrich, Mannheim, Germany). The reaction was stopped with 1M H2SO4 

and read on a micro-plate ELISA reader (Bio-rad, Raleigh, NC) at 450nm.

6. Vaccination safety assessments

On each vaccination day, the veterinary team weighed the animals, recorded rectal 

temperature, and evaluated the animals for health status using a standardized veterinary 

physical assessment tool, the Body Condition Score (BCS) [36, 37]. Whole blood samples 

were assayed for WBC (×109/L), RBC (×1012/L), HGB (hemoglobin, g/L), HCT 

(hematocrit, %), MCV (mean corpuscular volume, fL/cell), MCH (mean corpuscular 

hemoglobin, pg/cell), MCHC (mean corpuscular hemoglobin concentration, g/L) RDW (red 

blood cell distribution width, %), PLT (platelet count, ×109/L), MPV (mean platelet volume, 

fL), PDW (platelet distribution width, fL), PCT (plateletcrit, %), ALB (albumin, g/L), Cr 

(creatinine, μmol/L), GLU (glucose, mmol/L), ALT (alanine aminotransferase, u/L), AST 

(aspartate aminotransferase, u/L), ALP (alkaline phosphatase, u/L), UREA (blood urea 

concentration, mmol/L), LDH (lactate dehydrogenase, u/L), CK (creatine kinase, u/L), Ca 

(calcium, mmol/L), Mg (magnesium, mmol/L), and P (phosphate, mmol/L). Hemograms 

were measured on a BS-2800Vet automatic blood cell analyzer (MINDRAY Bio-medical 
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electronics CO. LTD, Shenzhen, China). Chemistry assays were performed on a BS-200 

Chemistry Analyzer (MINDRAY Bio-medical electronics CO. LTD, Shenzhen, China) 

following manufacture’s recommendation.

During the first 30 minutes following each immunization, animals were monitored for signs 

of anaphylactic shock, such as heavy breathing and restlessness. Rectal temperatures were 

taken for each buffalo 1hr after vaccination. Nose dryness and erythema at the injection site 

was closely observed for 4–5 hrs after each vaccination. Injection site erythema and nose 

dryness was also assessed and recorded again one day after each vaccination.

All animals were weighed and then euthanized at either 10 weeks (2008 trial) or 8 weeks 

(2013 and 2016 trials) post-challenge. Adult worms were obtained from the portal vein of 

euthanized water buffalo by perfusion of the descending thoracic aorta with saline and the 

intestinal mesentery and liver were examined after perfusion to collect any additional 

remaining worms.

All adult worms recovered from each water buffalo were counted, categorized and recorded 

as males, females and total worm number (worm burden). A five gram sample of the left 

lateral hepatic lobe from each water buffalo was digested in 5% KOH (w/v) for 18 hours at 

37°C. The suspension was then agitated and a 1mL sample of the liver suspension was 

collected, and centrifuged at 3000rpm for 1 min. Then, the pellet was re-suspended in 200μL 

of PBS, and the total eggs were counted under a microscope. Using the average of three 

separate samples, the number of eggs per gram (EPG) of liver tissue was calculated for each 

animal.

7. Statistical analysis

Statistical analyses were performed with JMP v11 software (SAS Institute, Cary, NC) with 

exception of the Friedman test (SAS v9.4; SAS Institute, Cary, NC). Data were analyzed 

using the non-parametric Kruskal-Wallis test to compare continuous variables among three 

groups while the non-parametric Wilcoxon rank sum test was used for comparison of 

continuous variables between two groups. For comparisons among groups at each time 

point, the Friedman test was performed with multiple post-hoc comparisons. The Fisher’s 

exact test was applied to compare the ratio of gender among groups. Spearman’s correlation 

coefficient (rs) was used to determine linear relationships between liver egg number and 

worm burden. Efficacy is reported as the percent reduction in median total worm number 

between the treatment groups. A P-value < 0.05 was considered statistically significant.

Results

1. Recombinant protein production

The purified rSj97 was >95% pure as judged by sodium dodecyl sulfate-polyacrylamide gel 

electrophoretic analysis and was free of significant endotoxin contamination. We produced 2 

lots of rSj97 for these buffalo experiments. Lot # 4530 was used for the trial in 2008. Lot # 

7170 was used for the trials in 2013 and 2016. Each vial of lot # 4530 contains 0.07 EU per 

mg of protein and less than 0.01% SDS. Each vial of lot # 7170 contains 0.03 EU per mg of 

protein and 0.032% SDS. Both lots of rSj97 are stable when stored at 4°C for 45 days as 
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assessed by a 4–15% SDS-PAGE separation under reducing conditions. An alpha-helical 

coiled-coil tertiary structure, immunoglobulin, and IgG and collagen binding characteristics 

were confirmed for both lots of the recombinant paramyosin (data not shown).

2. Vaccination safety (assessed for the 2013 and 2016 trials)

In both the 2013 and 2016 trials, we detected no significant differences between the 

treatment groups at baseline with regards to age, gender, weight, body condition score 

(BCS), hematologic parameters or chemistry analytes designed to assess hepatic and renal 

function at the baseline of the experiment (see Table 1 for 2013 data, and Supplement Table 

1 for 2016 data). Laboratory values for all animals were within published reference intervals 

for this species [38, 39].

We did not detect any significant differences in rectal temperature, BCS or body weight 

between the treatment groups at any time point during the vaccination series (Figure S1, S2). 

We did not detect any significant differences in hemogram or chemistry analytes between 

the treatment groups at any time point during the vaccination series in the 2013 trial. In 2016 

trial, LDH levels are significantly higher in vaccination group across all time points before 

challenge infection, while the average levels of AST, ALT and Cr differed at several time 

points sporadically between the control and vaccinated groups (Figure S3, S4).

In both the 2013 and 2016 trials, no severe adverse events attributable to the injection were 

observed. In the 2013 trial, at one day post-immunization, injection site erythema was noted 

in 5 animals (2 in control group, 2 in 250ug injection group, and 1 in 500 μg injection group) 

after the 1st injection; 3 (1 in control group and 2 in 250 μg injection group) after the 2nd 

injection; 3 (1 in control group and 2 in 250 μg injection group) after the 3rd injection. The 

diameter of the erythematous area was less than 1.0 cm in all cases. In the 2016 trial, buffalo 

skin reactions after vaccination were similar, with no erythematous area exceeding 1.0 cm in 

diameter in any animal at any time point.

In both the 2013 and 2016 trials, there was no more than a 0.3°C temperature change from 

baseline when measured 1hr after injection in all animals at all time points. At the time of 

perfusion, no significant gross anatomic lesions were observed in the abdominal organs of 

any animal in either trial.

3. Vaccination efficacy

In the 2008 trial, buffalo vaccinated with 250 μg rSj97 per injection (n=7) had a 51.5% lower 

median worm burden compared to the control animals (n=6), but this difference did not 

achieve statistical significance (P = 0.069, Figure 1A). For the 2013 trial, we increased both 

the sample size and the dose of rSj97. Buffalo vaccinated with 250 μg rSj97 per injection 

(n=10) had a 60.9% lower median worm burden compared to the control animals (P = 0.069, 

n=9), while buffalo vaccinated with 500 μg rSj97 per injection (n=10) had a 57.8% lower 

median worm burden compared to the control animals (P = 0.026, Figure 1B).

In the 2016 trial, buffalo vaccinated with 500 μg rSj97 per injection (n=8) had a 57.8% lower 

median worm burden compared to the control animals (n=8, P = 0.014, Figure 1C).
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In all three trials, worm burden was significantly correlated with the quantity of eggs trapped 

in liver tissue across all treatment groups (Spearman’s rs all >0.5, all P < 0.002). We did not 

detect a difference in the female to male worm ratio between any treatment groups for any 

trial, nor did we detect a difference in liver eggs per number of paired worms.

4. Buffalo mortality

Out of 64 buffalo under study, a total of 6 buffalo died during the trials. Autopsy of the 

carcasses revealed that two deaths were due to accidents, two deaths due to kidney stones, a 

relatively frequent problem among water buffalo in the region. There was no evidence 

implicating either the vaccine or adjuvant in the deaths of the animals.

In the 2008 trial, 1 buffalo in the 250 μg rSj97 injection group died 4 weeks after the 

challenge infection due to apparent weakness. Two animals died in the control group with 1 

death occurring 2 days before the challenge infection and one occurring 2 days before 

perfusion. In this first animal, a carpentry nail was found embedded in the pericardium. In 

the second animal, the death 2 days post challenge infection may be related to the challenge 

inoculum.

In the 2013 trial, 1 buffalo in the 500 μg rSj97 injection group died 1 day before the 3rd 

immunization and this death was caused by urinary tract obstruction. One buffalo in the 250 

μg group encountered an accident that caused a rear leg wound and died 4 days before the 

challenge infection due to weakness. One death in the control group occurred 12 days after 

challenge infection due to urinary obstruction.

No buffalo died during the 2016 trial.

These buffalo mortality results are consistent with the prior published data of other 

experienced schistosome vaccine research groups [22].

5. Antigen specific antibody response

We measured rSj97 specific IgG1 and IgG2 in water buffalo at pre- and post-vaccination 

time points and after Schistosoma japonicum challenge. IgG2 responses developed more 

rapidly and achieved higher levels compare to IgG1 responses both after the vaccination 

series as well as after challenge infection. The levels of specific IgG1 and IgG2 remained 

low in the control group in all trials (Figure 2A–F). In the vaccination groups, rSj97-specific 

IgG1 levels reached their maxima prior to challenge infection and plateaued thereafter 

(Figure 2A, C and E), while the IgG2 levels peaked after either the 2nd or the 3rd vaccination 

(Figure 2B, D and F).

Neither anti-SWAP nor anti-SEA IgG1 or IgG2 levels in the vaccinated groups increased 

significantly before challenge infection compare to the controls. Moreover, SWAP- and 

SEA- specific IgG1 and IgG2 increased slightly after challenge infection, but no statistically 

significant differences were detected between the vaccination and control groups (data no 

shown).
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Discussion

S. japonicum is a zoonosis with domesticated water buffalo, the key labor force for rice 

farming and one of the main sources of dairy products, suffering from the disease, as well as 

constituting a critical reservoir for continuing transmission to humans. This domesticated 

reservoir constitutes the target population for a veterinary anti-schistosome vaccine, which 

would improve bovine health and functional work capacity while reducing parasite 

transmission to humans.

In three independent vaccine trials, we show that full-length recombinant paramyosin 

produced at pilot scale, together with ISA206 as adjuvant, resulted in 51.5–60.9% median 

worm reduction in water buffalo following S. japonicum challenge infection. These levels of 

protection have not been previously obtained in large animal models with recombinant 

paramyosin either adjuvanted with BCG (43.2%–44.2%)[23], TiterMax (32.9–34.5%) [21] 

or QuailA (34%, not statistically significant) [22], nor any other S. japonicum vaccine 

candidate to date [15, 24], including a vaccination field trial with Sj28 GST and Sj23 DNA 

vaccine, which conferred 33–44% worm reduction in the vaccinated groups [40]. Because 

bovines play a major role in schistosomiasis japonica transmission in endemic areas [41, 

42], a vaccine that generates more than 50% of protection in domestic cattle and water 

buffalo would constitute a key asset for disease control and elimination [43, 44].

In bovines, Th1 polarized responses drive the production of IgG2 isotype, while Th2 polarize 

responses drive IgG1 isotype production [45]. In our trials, immunization with rSj97 in 

ISA206 generated a mixed response with induction of both IgG1 and IgG2 anti-paramyosin 

antibodies. However, we were unable to show a conclusive correlation between protection 

and isotype distribution in our vaccinated animals.

In humans, protective antibody responses in general, and anti-paramyosin responses in 

particular, are correlated with type 2 cellular and IgE isotype specific responses [25, 26, 46, 

47]. Although there is clear evidence of acquired protective immunity against S. japonicum 
in water buffalo [34], few studies have examined their humoral and cellular responses during 

schistosomiasis and, to our knowledge, none have explored antigen-specific IgG subclasses 

during vaccination [22, 48, 49]. Studies examining the regulation of immunoglobulin isotype 

expression in bovines indicate a role for IL-4 and IL-13 in the regulation of IgG1 and IgE 

expression in cattle [50, 51]. Unfortunately, we were unable to assay for rSj97 specific IgE 

or IL-13 levels in our experiments due to the unavailability of reagents for water buffalo. 

Future studies to better illustrate and understand bovine immune responses to schistosome 

infection and vaccination are warranted.

Montanide ISA206, which forms a stable water-in-oil-in-water emulsions, is a component of 

several licensed veterinary vaccines, including bovine vaccines for foot-and-mouth disease 

control [52]. In our trials, rSj97 adjuvanted with ISA206 showed an acceptable safety profile 

with no severe reactogenicity or body temperature oscillation among water buffalo in either 

vaccination or adjuvant only control groups after each injection. We detected no safety 

signals in the body conditions score, or in hematology parameters or serum tests of hepatic 

or renal function. Body weight showed the expected trend of increasing with age during the 
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trial in both vaccine and adjuvant groups, but we did not have a non-adjuvant control group 

for comparison.

The present work demonstrated that rSj97 adjuvanted with ISA206 is safe, well tolerated 

and reliably generates greater than 50% reduction in median worm burdens when 

administered as 3 doses of 500 μg rSj97 per buffalo. Larger trials are necessary to optimize 

rSj97-adjuvant combinations and evaluate the optimal vaccine in the context of field 

exposure as opposed to the laboratory exposure employed in the present studies. We are 

currently conducting a buffalo trial with rSj97-ISA206 vaccination followed by 6 months of 

community based field exposure. In parallel with this bovine trial, we are conducting 

detailed assessment of the potential for Type 1 hypersensitivity reactions to rSj97 in S. 
japonicum exposed humans. Together, these data are necessary to support large scale (Phase 

II) trials of rSj97 in ISA206 in bovines and Phase I trials in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. We conducted 3 vaccine trials with recombinant full-length paramyosin 

(rSj97) in water buffalo.

2. The three-dose 500 μg/dose regimen was well tolerated in two trials of 18 

buffalo.

3. Vaccinated buffalo had 51.5% to 60.9% lower worm burden post challenge 

compared to controls.

4. rSj97 is a safe and promising vaccine candidate for Schistosomiasis japonica.
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Fig. 1. 
Vaccination with rSj97 protects water buffalo from S. japonicum cercarial challenge. Median 

worm burden shown as the number of worms recovered at perfusion from the rSj97-ISA206 

vaccinated and control groups. (A) the 2008 trial, (B) the 2013 trial, (C) the 2016 trial. Lines 

indicate the median, boxes indicate the 75th percentile and whiskers indicate the 90th 

percentile of the distribution.
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Fig. 2. 
Vaccination with rSj97 generates both Th1 (IgG2) ad Th2 (IgG1) specific responses. Panels 

A, C and E, rSj97-specific IgG1. Panels B, D, and F, rSj97-specific IgG2. Panels A and B, 

the 2008 trial. Panels C and D, the 2013 trial. Panels E and F, the 2016 trial. Boxes depict 

the 250 μg rSj97/dose groups, triangles depict the 500 μg rSj97/dose groups, and dots depict 

the ISA206 alone control groups. Arrows indicate the time of challenge infection. P values 

reflect the result of the Friedman test comparing vaccinated versus control groups at a given 

time point. *P<0.05, **P<0.01, *** P<0.001
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