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Schistosoma japonicum cathepsin B as potential diagnostic
antigen for Asian zoonotic schistosomiasis

Adrian Miki C. Macalanda1,2
& Jose Ma. M. Angeles1,3 & Kharleezelle J. Moendeg1,4

& Minh-Anh Dang-Trinh1,5
&

Luna Higuchi1 & Masashi Kirinoki6 & Yuichi Chigusa6 & Lydia R. Leonardo3
& Elena A. Villacorte3

& Pilarita T. Rivera3 &

Yasuyuki Goto7
& Shin-ichiro Kawazu1

Received: 28 February 2019 /Accepted: 25 July 2019 /Published online: 3 August 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
In this study, the diagnostic value of Schistosoma japonicum cathepsin B (SjCatB) was evaluated as an antigen for the early
detection of S. japonicum infection. SjCatB is a key protease used by the cercaria to penetrate the intact skin of the host for
transdermal infection. The early exposure of the host’s immune system to this enzyme may elicit early production of antibodies
against this molecule. Therefore, the recombinant SjCatB (rSjCatB) was expressed in Escherichia coli with N-terminal 6xHis-
tag. rSjCatB was tested for its performance as a diagnostic antigen using indirect enzyme-linked immunosorbent assay (ELISA)
with sera from experimentally infected mice collected at > 8 weeks post-infection. Showing 100% sensitivity and 95.0%
specificity in the ELISA, rSjCatB was then evaluated with sera from experimentally infected mice collected at 1–7 weeks
post-infection to determine how early the antibodies can be detected. Results showed that as early as 6 weeks post-infection, 2
of the 3 infectedmice were found to be positive with the antibodies against SjCatB. Furthermore, the potential of the recombinant
antigen in detecting human schistosomiasis was evaluated with archived serum samples collected from individuals who had been
diagnosed with S. japonicum infection by stool examination. Results showed 86.7% sensitivity and 96.7% specificity suggesting
its high diagnostic potential for human schistosomiasis. In addition, SjCatB showed minimal cross-reaction with the sera
collected from patients with other parasitic diseases. In conclusion, the results of this study suggest that SjCatB will be useful
in the development of a sensitive and specific early detection test for S. japonicum infection.
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Introduction

Schistosomiasis is one of the neglected tropical diseases
(NTDs) that causes chronic debilitating illness in infected in-
dividuals affecting millions of people globally (Chitsulo et al.
2000). In tropical countries, the socioeconomic and public
health impact of the disease is second only to malaria (CDC
2017). Schistosoma japonicum, the most prevalent species in
Asia, is found in China, the Philippines, and some parts of
Indonesia (Chitsulo et al. 2000). Due to the huge number of
eggs excreted by the female worm, S. japonicum is considered
to be the most pathogenic among the schistosomes that are
infective to humans (Mahmoud 2001). Recent reports of
emergence of new endemic foci being provable to be attribut-
ed to the migration of infected individuals or animals indicate
that new cases of human schistosomiasis pose a threat to the
elimination of the disease (Leonardo et al. 2015; Patz et al.
2000). The lack of effective screening method for humans and
animals from endemic areas could lead to the introduction of
the disease in non-endemic areas with environmental and eco-
logical conditions that will satisfy the life cycle of the parasite.

A good diagnostic test that can be employed in the surveil-
lance of schistosomiasis is that it is capable of detecting early
cases of the disease. The early diagnosis of infection may
prove useful especially in travelers potentially exposed to
S. japonicum infection, where prompt treatment will definitely
result in a positive outcome by killing the worms prior to egg
deposition in vital organs and tissues (Karcher et al. 2008).
Pathologic lesions associated with S. japonicum infection that
mainly occur due to the deposition of eggs in various vital
organs (Mahmoud 2001) may be avoided.

Being the first stage of the schistosome parasite to be ex-
posed to the host’s immune system, the cercaria seems to be
useful in providing the candidate antigens that might have the
potentials for the early diagnosis of the disease. Certain anti-
bodies against the antigens related to the cercaria have been
detected early in the course of infection (Zhou et al. 2010).
Soluble cercarial antigen (SCA) was previously reported to be
a good early diagnostic antigen (Zhang et al. 2015). However,
due to the nature of SCA being a crude antigen, there are
difficulties associated with its mass production for field appli-
cation, and cross-reaction with other parasitic infections has
been observed (Zhou et al. 2010). S. japonicum cathepsin B
(SjCatB) is a protease expressed throughout all life stages of
the parasite. The highest level of expression was observed in
the infective cercaria stage in which it is utilized by the para-
site to penetrate the intact skin of the host. This important role
of SjCatB in the parasite has made it an ideal target for vaccine
and drug development (Liu et al. 2014; Curwen and Wilson
2003; Dvorak et al. 2008). Although S. mansoni cathepsin B
has been evaluated for the serological diagnosis of
S. japonicum and S. mansoni infection (Ruppel et al. 1987;
González et al. 2015), the use of SjCatB as an authentic

antigen for S. japonicum may provide a more sensitive and
specific diagnostic target.

In the present study, recombinant SjCatB (rSjCatB) was
produced and evaluated as a diagnostic antigen using indirect
enzyme-linked immunosorbent assay (ELISA).

Materials and methods

Ethics statement

The collection of serum samples from patients in
Sorsogon, the Philippines, were carried out in compliance
with the ethical clearance sought from the University of the
Philippines, Manila (clearance no: UPM REB 2011-098),
which includes informed consent from the individuals in-
volved in the study. The animal experiments were per-
formed under the guidelines for animal experimentation
of Obihiro University of Agriculture and Veterinary
Medicine (permission number: 29-52).

Mice and rabbit serum samples

A total of 5 female, 8-week-old ICR mice (Clea Inc., Tokyo,
Japan) were used to observe the antibody response against
SjCatB in the course of the infection. Three of the 5 mice were
percutaneously infected with 30 cercariae using S. japonicum
Yamanashi strain obtained from the Department of Tropical
Medicine and Parasitology, Dokkyo Medical University,
Japan. Serum samples were collected from the experimental
infection (n = 3) at 1-week interval for 7 weeks after the cer-
carial challenge. The animals were sedated using isoflurane,
and blood was drawn from the dorsal tail vein using a G26
butterfly needle attached to a microhematocrit tube. The same
sampling time was observed for the serum collection in 2
uninfected mice serving as negative controls. To determine
the diagnostic value of SjCatB in experimental infection, a
total of 40 mice were used. Twenty mice (n = 20) out of the
40 were infected with the parasite by percutaneous challenge
with 30 cercariae, and serum samples from these mice were
collected at > 8 weeks post-infection. Negative controls used
were serum samples collected from uninfected mice (n = 20).
Rabbit serum samples used for western blotting were derived
from 2 Japanese white rabbit Icl strain (Ichikawa-ya, Chiba,
Japan). One of the rabbits was infected with 2000 cercariae by
a percutaneous route which was used as the positive control,
while the other non-infected rabbit was used as the negative
control. The serum samples from both rabbits were collected
11 weeks post-infection. Additionally, a mouse infected with
30 cercariae served as positive control, while the serum from
the other non-infected mouse was used as a negative control.
Serum samples were collected at 8 weeks post-infection.
Upon termination of the experiment, all mice were humanely
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sacrificed by cervical dislocation following isoflurane admin-
istration and the rabbits were sacrificed following the over-
dosage of sodium pentobarbital administered intravenously.

Human serum samples

Archived serum samples from patients (n = 30) who had
been confirmed by stool microscopy and a stool PCR for
S. japonicum infection (Angeles et al. 2012) were used in
this experiment. These samples were collected from
Sorsogon, Philippines. Likewise, archived serum samples
were used as negative controls. These were collected from
US volunteers (n = 30) who had not previously visited
S. japonicum endemic areas. To check the cross-reactivity
of the antigen with other parasitic infections, archived se-
rum samples from humans infected with Trichuris
trichiura (n = 1), Paragonimus westermani (n = 11),
Opisthorchis viverrini (n = 8), and Entamoeba histolytica
(n = 10) were used.

Recombinant protein preparation

The complete coding sequence of SjCatB was retrieved from
the S. japonicum genome database with the accession number
X70968.1. Total RNAwas extracted from 50 mg of the frozen
adult worm by homogenizing it in 1 ml of TRIzol® reagent
(Life Technologies, Inc., Frederic, MD, U.S.A.). cDNA was
synthesized using PrimeScript™ (Takara Bio. Inc., Shiga,
Japan). The double-stranded full-length coding sequence
was amplified by a PCR with the following primers: 5′-GC
GGA TCC ATG TTG AAA ATC GCA GTT-3′ (underline
indicates the Bam HI site) and 5′-GC CTC GAG TTA GGT
TTT TAT AAG TCC AG-3′ (underline indicates the Xho I
site). The PCR product was cloned into the pCR 2.1-TOPO
vector (Invitrogen, Carlsbad, CA, USA). The identity of the
cloned sequence with the sequence deposited in the database
was confirmed by sequencing using an ABI Prism 3100
Genetic Analyzer (Applied Biosystems, Carlsbad, CA,
USA). The coding sequence was then double-digested with
BamHI and Xho I and was subcloned into pET-28a (+) vector
(Novagen,Madison,WI, USA). The recombinant protein with
6xHis-tag on the N terminal was expressed using Escherichia
coli (BL21) cells (Takara Bio) grown in Luria Bertani broth
(Sigma-Aldrich, St. Louis, MO, USA) with kanamycin
(50 μg/ml). The rSjCatB was purified with affinity chroma-
tography using an Ni-NTA protein purification kit (Qiagen,
Hilden, Germany) under denaturing conditions, and then the
protein was dialyzed against cold phosphate-buffered saline
(PBS) (pH 7.4) prior to use. The recombinant protein was
quantified using a Pierce™ BCA protein assay kit (Thermo
Fisher Scientific, Rockford, IL, USA), and its purity was con-
firmed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE).

Western blotting

Two hundred nanograms of rSjCatB was resolved by 12%
SDS-PAGE under non-reducing conditions. Sample buffer
and the polypeptides were transferred onto a polyvinylidene
difluoride (PVDF) membrane. The membrane strips were
blocked with 5% skim milk in PBS overnight at 4 °C with
constant shaking. Excess blocking buffer was removed by
washing twice with PBS containing 0.05% Tween 20 (PBS-
T). The strips were incubated with antibody or serum samples
in separate reaction chambers for 1 h at room temperature with
constant shaking. The monoclonal antibody (mAb) against
6xHis-tag (Thermo Fisher Scientific) was diluted 500 times
using 1% bovine serum albumin with PBS-T (1%-BSA-PBS-
T), while the mouse and rabbit sera were diluted 400 times
with PBS-T. Human serum was diluted 200 times with 1%-
BSA-PBS-T. After the incubation, the strips were washed
three times with PBS-T and incubated with secondary anti-
body for either 1 h against mouse IgG, rabbit IgG, or human
IgG conjugated with horseradish peroxidase (HRP) (GE
Healthcare, Buckinghamshire, UK). The antigen-antibody re-
action was visualized by chemiluminescence using
SuperSignal™ (Thermo Fisher Scientific) and a chemilumi-
nescent detection machine ImageQuant LAS 500 (GE
Electric, Tokyo, Japan). Similarly, in order to determine the
antigenicity of rSjCatB, 200 ng of cercarial lysate was re-
solved by SDS-PAGE and the polypeptides were transferred
onto a PVDF membrane. The polypeptides were then probed
by antibodies collected from a mouse immunized with
rSjCatB.

ELISA

Each well of a 96-well polystyrene plate (Thermo Fisher
Scientific) was coated with 200 ng of rSjCatB in 100 μl of
carbonate/bicarbonate buffer (pH 9.6) overnight at 4 °C. The
wells were washed three times with PBS to remove unbound
antigens. The wells were blocked with 1%-BSA-PBS-T for
5 min. The mouse sera were diluted 200 times, while the
human sera were diluted 400 times in 1%-BSA-PBS-T. For
each sample, 100 μl of the diluted serum sample was deliv-
ered to each well in triplicate. The wells were incubated for 1 h
at 37 °C and were subsequently washed three times using
PBS. One hundred microliters of the secondary antibody, ei-
ther HRP-conjugated anti-mouse IgG (diluted at 1:10,000) or
HRP-conjugated anti-human IgG (diluted at 1:20,000), was
added to each well. The wells were incubated for 1 h at
37 °C and were subsequently washed three times with PBS.
The antigen-antibody reaction was detected by adding 100 μl
of HRP substrate, tetramethylbenzidine (TMB) (KPL Inc.,
Gaithersburg, MD, USA), to the wells, and the enzymatic
reaction was allowed to proceed for 10 min. The reaction
was stopped by adding 50 μl of 1 M phosphoric acid, and
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the absorbance at 450 nm was measured using a microplate
reader (Corona Electric, Ibaraki, Japan).

Statistical analysis

The sensitivity and specificity were analyzed using the
MedCalc software program (version 16.4.3, MedCalc
Software, Ostend, Belgium; https://www.medcalc.org; 2016).

Results

Purification and antigenicity of rSjCatB

The complete coding sequence of SjCatB was amplified by a
PCR from cDNA synthesized from adult worm RNA and was

cloned into the pCR plasmid vector for sequencing. The cod-
ing sequence was 1045 bp in size (Fig. 1a, b). The identity
with the GenBank deposited sequence (X70968.1) was con-
firmed (data not shown). The coding sequence was then
subcloned into pET 28a (+) plasmid vector for the recombi-
nant protein expression in E. coli with isopropyl-thio-β-D-
galactoside (IPTG) induction. The Ni-NTA column–purified
rSjCatB was recognized as the strongest band seen in SDS-
PAGE with a molecular mass of ~ 39 kDa, which was in good
accordance with the size predicted from the SjCatB amino
acid sequence (Fig. 1c).

Serological evaluation of recombinant antigen

The diagnostic potential of rSjCatB was evaluated in an
ELISAwith sera collected from experimentally infected mice.

Fig. 1 Gel electrophoresis and SDS-PAGE of rSjCatB. a The PCR-
amplified DNA fragment coding for SjCatB. Lane 1, DNA for the
SjCatB coding sequence amplified from the S. japonicum adult worm
cDNA; M, marker. The triangle indicates the DNA fragment with a size
of 1.045 kbp. b Recombinant plasmids with the SjCatB coding sequence.
Lane 1, the recombinant plasmid with enzyme digestion. The upper band
represents the plasmid DNA, and the lower band represents DNA for the
SjCatB coding sequence. M and L, 100 bp (M) and kbp (L) ladder
markers. The triangles indicate DNAs with a size of 4.9 kbp and
1.045 kbp, respectively. c The expression and purification of rSjCatB.
M, marker; lane 1, E. coli culture before adding IPTG; lane 2, E. coli
culture after adding IPTG; lane 3, E. coli culture after purification with

Ni-NTA column chromatography. The triangle indicates the polypeptide
of 39 kDa in size. d The recognition of rSjCatB on western blotting. M,
marker; lane 1, anti-6xHis-tag mAb; lane 2, serum collected from an
experimentally infected rabbit; lane 4, serum collected from an experi-
mentally infected mouse; lane 6, serum collected from a stool-positive
patient; lanes 3, 5 and 7, rabbit, mouse, and human negative control sera.
e SDS-PAGE of S. japonicum cercaria lysate. M, marker; lane 1, cercaria
lysate stained with Coomassie Brilliant Blue R-250 (CBBR). f The rec-
ognition of SjCatB from the cercaria lysate using mouse antibody raised
against rSjCatB. M, marker; lane 1, a single band of 39 kDa correspond-
ing to SjCatB
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Twenty negative serum samples from normal uninfected mice
were used to determine the cutoff value mean as the optical
density (OD) value plus 2-fold standard deviation (SD), and
the value was determined to be 0.075. Using this cutoff value,
all 20 experimentally infected mice were determined to be
positive (sensitivity = 100%), while 19 of the 20 normal unin-
fected mice were determined to be negative (specificity =
95.0%) (Fig. 2a).

The sera collected from experimentally infected mice at 0,
1, 2, 3, 4, 5, 6, and 7 weeks post-infection were evaluated for
the antibody response against rSjCatB in ELISA. From as
early as 6 weeks post-infection, sera from 2 of the 3 exper-
imentally infected mice showed OD values higher than the
cutoff value of 0.091. Sera from normal uninfected mice did
not show OD values higher than the cutoff value (Fig. 2b).

The diagnostic potential of rSjCatB in an ELISAwith sera
from human clinical cases was also evaluated. Thirty serum
samples from normal healthy US volunteers were used to
determine the cutoff value (OD + 2SD), which was calculated
to be 0.33. Using this cutoff value, 26 of 30 stool-confirmed

clinical cases were determined to be positive (sensitivity =
86.7%), while 29 of 30 US volunteers were determined to
be negative (specificity = 96.7%) (Fig. 2c).

A T. trichiura-positive sample showed no cross-reaction with
the recombinant antigen. In contrast, 1 of the 11
P. westermani-positive samples, 3 of the 8 O. viverrini-positive
samples, and 1 of the 10 E. histolytica-positive samples
showed OD values that were slightly higher than the cutoff
value (Fig. 2c). Statistical analysis revealed that there is a
significant difference with the antibodies detected from
uninfected individuals as compared with those infected
with other parasites (data not shown).

Furthermore, rSjCatB was recognized in western blot-
ting as a 39 kDa polypeptide with anti-6xHis-tag mAb as
well as serum samples collected from experimentally in-
fected animals and the stool-positive patients but not
with normal serum samples (Fig. 1d). The antibodies
raised against rSjCatB were able to recognize the enzyme
as a 39 kDa polypeptide with western blotting in
S. japonicum cercaria lysate (Fig.1f) which had been

A B C D E F

0.2

0.4

0.6

0.8

1.0

1.2

Cut-off value = 0.327

Indirect ELISA of human sera

D
O(

ecnabrosbA
45

0)

a b

c

NMS IMS
0.0

0.1

0.2

0.3

0.4

0.5

NMS - Normal mice sera

IMS - Infected mice sera

Cut-off value = 0.075

Indirect ELISA of mice sera

D
O(

ecnabrosbA
45

0)

S jC a tB

Weeks post-infection
0 1 2 3 4 5 6 7 8

0 .0 5

0 .1 0

0 .1 5

0 .2 0

0 .2 5
IM S 1

IM S 2

IM S 3

N M S 1

N M S 2

C u t-o ff v a lu e = 0 .0 9 1

Ab
so

rb
an

ce
 (O

D 45
0)

Fig. 2 The ELISA results with rSjCatB. a The results with mouse sera.
NMS, serum samples collected from normal uninfected mice (n = 20);
IMS, serum samples collected from mice experimentally infected with
the parasite (n = 20). The dotted line across the graph indicates the cutoff
value = 0.075. The thin solid line in each group shows the mean
absorbance, while the thick solid lines represent the SD. b The results
of the evaluation of antibody response against SjCatB. Each symbol
shows the mean absorbance of the triplicate readings for the serum
samples collected from normal (n = 2) and parasite-infected mice (n = 3)

at 0, 1, 2, 3, 4, 5, 6, and 7 weeks post-infection. The dotted line across the
graph indicates the cutoff value = 0.091. c The results with human sera.
A, negative serum samples from US volunteers (n = 30); B, serum sam-
ples from S. japonicum stool–positive patients (n = 30); C, serum-positive
for T. trichiura (n = 1); D, serum-positive for P. westermani (n = 11); E,
serum-positive forO. viverrini (n = 8); F, serum-positive for E. histolytica
(n = 10). The dotted line across the graph indicates the cutoff value =
0.327. The thin solid line in each group shows the mean absorbance
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separated with SDS-PAGE (Fig. 1e). The results sug-
gested that the recombinant protein was antigenically
similar to the native protein.

Discussion

The current, most used diagnostic test for S. japonicum
infection is stool microscopy, which is highly specific
and easy to perform (Katz et al. 1972). However, the
test has a disadvantage in detecting early infection and
infection with low parasite burden (Pontes et al. 2003;
Yu et al. 2007; Zhu 2005). In order to increase the
sensitivity of the test, several modifications including
concentration of eggs in the stool using the formalin-
ether concentration technique (FECT) and collection of
stool samples over several consecutive days have been
applied (Utzinger et al. 2001; Booth et al. 2003; Ridley
and Hawgood 1956). However, these modifications are
too laborious in large-scale nationwide surveys
(Weerakoon et al. 2015). Although point-of-care diag-
nostic test (POCT) kits are available for other schisto-
some species, sensitivities of these kits in the diagnosis
of S. japonicum infection were unsatisfactory (van Dam
et al. 2015). Moreover, the diagnostic performance of
POC-CCA which is a POCT to detect S. mansoni infec-
tion correlates with the intensity of infection and its
sensitivity may decrease in cases with a low parasite
burden, similar to stool microscopy (Stothard et al.
2006; Tchuem Tchuenté et al. 2012; Legesse and Erko
2007). An ELISA with the recombinant antigen that can
detect early infection with high sensitivity and specific-
ity may provide an alternative mean which can be a
reliable replacement of stool microscopy and POCT for
detecting S. japonicum infection in large-scale nation-
wide surveys.

Cathepsin B (CatB) is a lysosomal cysteine protease
found in the gut of schistosome parasite. The parasite uses
CatB as a major enzyme for nutrient acquisition through
hemoglobin metabolism (Caffrey et al. 2004). CatB is
identified in the acetabular gland as the main enzyme in
the cercarial stage of S. japonicum. The parasite uses the
enzyme to dissolve collagen IV, fibronectin, and laminin in
the extracellular matrix of the host skin during penetration
(Dvorak et al. 2008; Curwen and Wilson 2003). The abun-
dant expression of the enzyme in the cercarial stage of
S. mansoni particularly in the cecum and protonephridia
is also reported (El Ridi et al. 2014; Skelly and
Shoemaker 2001). The crucial role of this enzyme in the
parasite makes it an ideal target for drug and vaccine de-
velopment (Smooker et al. 2010; Wasilewski et al. 1996).
The early exposure of CatB to the host’s immune system
also implies an early immune response against this

enzyme. Hence, this antigen may have an advantage as a
potential marker for the early antibody-based diagnosis of
the infection.

In the present study, an ELISA using rSjCatB showed high
sensitivity and specificity in detecting the parasite infections
both in experimentally infected mice and in stool-confirmed
patients. The ELISA data also suggested a potential applica-
tion of this antigen in the early diagnosis of the infection.
Compared with SjTPx-1 which detected only 1 of 3 experi-
mentally infected mice at 6 weeks post-infection (Fig. S1),
rSjCatB detected 2 of 3 experimentally infected mice at
6 weeks post-infection. Here, we observed a varying antibody
response with rSjCatB that can be attributed to the fact that
there is a possibility of different infectivity levels of these mice
post cercarial challenge (Maloney and Webbe 1982).
Furthermore, antibodies against rSjCatB were detected at
6 weeks post-infection before the parasite fully develops into
an adult and starts to lay eggs. This finding validates the data
from previous studies with S. mekongi CatB (Sangfuang et al.
2016) and S. mansoni CatB (Ruppel et al. 1985a, b), in which
specific antibodies were detected from as early as 4 weeks
post-infection. Early detection is beneficial in cases of acute
infection, such as in tourist potentially exposed to the disease
where eggs of the parasite are not detected in the stool beyond
8 weeks post-infection. Earlier diagnosis could provide trav-
elers suspected of exposure with early access to treatment and
thus prevent the introduction of the disease into an uncontam-
inated environment as well as the pathological damage in-
duced by egg deposition in vital organs. The results of the
present study showed that SjCatB has high sensitivity and
specificity in the diagnosis of S. japonicum infection, even
in the early stages of infection, with minimal cross-reactivity
with other parasitic infections.

The environmental changes brought about by the de-
velopment of water resources, such as the building of
dams, which introduces the intermediate snail hosts, as
well as the migration of patients and reservoir animals
into other previously non-endemic areas, may give rise
to new endemic foci (Patz et al. 2000; Ross et al.
2001). Effective screening of individuals and animals
moving from schistosomiasis-endemic areas may prevent
the introduction of the disease in non-endemic areas.
Thus, a sensitive and specific test that can detect early-
stage schistosomiasis infection may have an advantage
over the traditional diagnostic methods that are currently
applied and may in turn improve elimination programs
that are currently set in place.

Taken together, SjCatB, which showed high sensitivity
and specificity in the detection of S. japonicum infection
may be a promising serodiagnostic antigen. To facilitate
its field application, additional experiments with larger
numbers of samples from humans and animals are cur-
rently underway.
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