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QLD, Australia, ?Rural Health and Medical Research Institute, Charles Sturt University, Orange,
NSW, Australia, *Department of Immunology, Research Institute for Tropical Medicine,
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Background: The neglected zoonosis, schistosomiasis japonica, remains a
major public health problem in the Philippines. The current study aims to
develop a novel gold immunochromatographic assay (GICA) and evaluate its
performance in the detection of Schistosoma japonicum infection.

Methods: A GICA strip incorporating a S. japonicum saposin protein, SjSAP4 was
developed. For each GICA strip test, diluted serum sample (50 pl) was loaded and
strips were scanned after 10 min to convert the results into images. ImageJ was
used to calculate an R value, which was defined as the signal intensity of the test
line divided by the signal intensity of the control line within the cassette. After
determination of optimal serum dilution and diluent, the GICA assay was
evaluated with sera collected from non-endemic controls (n = 20) and
individuals living in schistosomiasis-endemic areas of the Philippines (n = 60),
including 40 Kato Katz (KK)-positive participants and 20 subjects confirmed as
KK-negative and faecal droplet digital PCR assay (F_ddPCR)-negative at a dilution
of 1:20. An ELISA assay evaluating IgG levels against SjSAP4 was also performed
on the same panel of sera.

Results: Phosphate-buffered saline (PBS) and 0.9% NaCl were determined as
optimal dilution buffer for the GICA assay. The strips tested with serial dilutions of
a pooled serum sample from KK-positive individuals (n = 3) suggested that a
relatively wide range of dilutions (from 1:10 to 1:320) can be applied for the test.
Using the non-endemic donors as controls, the GICA strip showed a sensitivity of
95.0% and absolute specificity; while using the KK-negative and F_ddPCR-
negative subjects as controls, the immunochromatographic assay had a
sensitivity of 85.0% and a specificity of 80.0%. The SjSAP4-incorperated GICA
displayed a high concordance with the SjSAP4-ELISA assay.

Conclusions: The developed GICA assay exhibited a similar diagnostic
performance with that of the SjSAP4-ELISA assay, yet the former can be
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performed by local personnel with minimal training with no requirement for
specialised equipment. The GICA assay established here represents a rapid, easy-
to-use, accurate and field-friendly diagnostic tool for the on-site surveillance/
screening of S. japonicum infection.

KEYWORDS

schistosomiasis, Schistosoma japonicum, GICA strip, lateral flow immunochromatographic
test, ELISA, rapid diagnosis, point-of-care (POC), surveillance

1 Introduction

In the recently released new WHO roadmap for neglected
tropical diseases (NTDs) 2021-2030, it has been emphasized that
effective diagnostics are key components of NTD programmes, from
confirmation of disease to mapping, screening, surveillance,
monitoring and evaluation, representing a prerequisite for reaching
the 2030 disease targets (1). Schistosomiasis, one of the major NTDs,
affects more than 250 million people worldwide (2). Six species of
schistosomes (trematode blood flukes) infect human beings, of which
Schistosoma mansoni, S. haematobium, and S. japonicum are the
major species. The control of the disease relies heavily on mass drug
administration (MDA) employing praziquantel (PDZ) (3). Recently,
both the prevalence and infection intensity of the disease have
declined in many endemic areas due to the implementation of
integrated control programs, including MDA, making conventional
parasitological diagnostics (e.g., the microscopy-based Kato Katz
(KK) and the miracidium hatching technique) less efficient in the
detection of schistosomiasis. These situations thus necessitate the
development and implementation of more cost-effective and accurate
diagnostics for rapid mapping and monitoring schistosomiasis in the
endemic areas.

In addition to conventional parasitological diagnostics, there are a
number of other diagnostic methods available for the detection of
schistosome infections (4-8). Improved coprological tests, such as the
saline gradient method (9), formalin-ethyl acetate sedimentation-
digestion (FEA-SD) (10) and Helmintex method (ie., isolates eggs
from fecal samples with the use of paramagnetic particles in a magnetic
field) (11) showed an increased diagnostic sensitivity compared with
the traditional techniques; yet are usually labour-intensive and have a
lengthy processing time. In addition, polymerase chain reaction (PCR)
technology-based molecular diagnostics, including real time
quantitative (q)PCR- (12-15), droplet digital (dd) PCR-based assays
(16-18), loop-mediated isothermal amplification (LAMP) (19-21), and
recombinase polymerase amplification (RPA) (22-25) are alternative
tools for schistosomiasis diagnosis due to their outstanding accuracy;
however, these tests require experienced human resources and are
expensive (e.g. the relatively high cost of DNA extraction, qPCR
reagents and/or equipment), limiting their application in remote
areas with limited resources.

Point-of-care (POC) diagnostics are at the forefront of
government initiatives, non-government organisations, medical
diagnostics companies as well as fundamental research (26). For
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NTDs, accurate POC testing facilitates rapid results in situ, enabling
targeted intervention for drug treatment and providing insights into
dynamic transmission of pathogens and the burden of diseases. The
application of POC tests can increase acceptance of treatment and
minimise the risk of potential development of drug resistance.
Recently, the WHO called for expert consultation on diagnostics
with a particular focus on POC testing for schistosomiasis and
soil-transmitted helminths (27). As a powerful POC tool,
immumochromatographic assay (ICA) has been widely developed
with a particular application in epidemiological surveys in the field.
Recently, a number of colloidal gold immunochromatographic
assay (GICA) strips have been established and evaluated for the
rapid diagnosis of parasitic diseases, such as schistosomiasis (28—
31), toxoplasmosis (32), fascioliasis (33) and opisthorchiasis (34), as
an alternative screening tool.

Current antigen detection (AgD)-based POC tests schistosomiasis
are based on the probing proteoglycan components present in the gut
vomit of juvenile and adult worms known as circulating anodic
antigens (CAAs) or circulating cathodic antigens (CCAs) using
lateral flow assays (2). The POC-CCA is a commercially available
cassette assay that has been widely validated in the detection of active S.
mansoni infection in high and moderate endemic areas. However, the
assay showed lower potential in the diagnosis of other Schistosoma
species (35-37). In addition, the assay suffers some pitfalls, such as
cross-reactivity, underperformed specificity, and a ‘“Trace’ reading
problem (36, 38). To date, the antibody detection (AbD)-based
GICA assays developed for schistosomiasis japonica diagnosis
typically use crude worm or egg antigen, which can result in cross-
reactions with other helminths during field clinical sample testing.
Previously we, and others, identified a schistosome saposin protein,
SjSAP4, which shows an unprecedented level of accuracy for
diagnosing infected cohort subjects from S. japonicum-endemic areas
in both China and the Philippines (39-41). In this study, we aimed to
develop and assess a novel SjSAP4-incorporated GICA strip for the
diagnosis of schistosomiasis japonica.

2 Methods
2.1 Ethics

The human research ethical approval for the study was obtained
from the Human Research Ethics Committee, QIMR Berghofer
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Medical Research Institute (QIMRB), Brisbane, Australia (Project
Approval: P524) and the Institutional Review Board (IRB) of the
Research Institute for Tropical Medicine (RITM), Manila,
Philippines (IRB Number 2015-12). Written consent was
obtained from all participants (for children aged 15 years or
under written consent was obtained from their legal guardians).

2.2 Study cohort, sample collection,
processing, and storage

The study recruited human subjects from 18 barangays
moderately endemic (27% prevalence) for schistosomiasis japonica
in the municipalities of Lacang and Palapag, Northern Samar,
Philippines, in 2015 (3, 18, 39, 42). Fecal and serum samples were
collected from the participating subjects. For each participant, two
fecal samples (10-15 g each) were sought on different days within a
week for the KK analysis. After fixing in 80% ethanol, the remainder
of the first fecal sample (~10 g) was stored at 4°C. A blood sample (10
ml) was collected from each individual using a 10 ml serum silica
vacutainer. The blood sample was set to clot at ambient temperature
for 30 min. After centrifugation at 1500 x g for 10 min, the serum
samples were aliquoted. All clinical samples were kept at 4°C and
transported on wet ice to the RITM, where the samples were stored at
-20°C. All samples were subsequently shipped to QIMRB, Brisbane,
Australia on dry ice. In this study, a subset of serum samples (n = 60)
collected from the endemic areas was tested with the GICA strips.
Serum samples collected from healthy human subjects (n = 20) living
in a non-endemic area (Qiqihar, Heilongjiang Province, China) for
schistosomiasis served as controls.

2.3 Parasitological detection (Kato-Katz)

Kato-Katz analysis on fecal samples was performed by
experienced technicians at RITM. For each fecal sample, three KK
slides were examined. Infection burden was presented as the
number of eggs per gram of feces (EPG). To increase the accuracy
of the KK test, 10% of slides were randomly selected for re-
examination by an experienced microscopist.

2.4 Cloning, expression and purification of
recombinant SjSAP4

A gene fragment of SjSAP4 (GenBank No: ON241030, nt 1-534)
with an additional pET28a vector-derived sequence
-CCATGGGCAGCAGCCATCATCATCATCATCAC- at N-
terminal was synthesized. The DNA fragment was amplified by
PCR from the synthetic gene with forward primer:
AACCATGGGCAGCAGCCATCAT and reverse primer:
AACTCGAG-TAATGGACACA-ACTGTATTG. The PCR
product was purified and further digested with restriction
enzymes Ncol and Xhol, and the DNA fragment was then cloned
into the pET-28a vector. Recombinant plasmid was confirmed by
DNA sequencing and transformed into Rosetta (DE3) competent
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cells. Expression of the recombinant SjSAP4 (rSjSAP4) protein was
induced by 0.2 mM IPTG. The rSjSAP4 protein was purified under
native conditions using Ni-IDA Sepharose Cl-6B (Novagen, San
Diego, CA, USA) according to the manufacturer’s instructions. The
purified rSjSAP4 protein was analyzed by 12% (w/v) SDS-PAGE
and Western blot analysis (Supplementary Figure S1).

2.5 Preparation of the GICA strips

The GICA strips were developed by ZoonBio Biotechnology
(Nanjing, China). The design of the GICA strip was illustrated in
Figure 1. Briefly, rSjSAP4 protein was initially coated with colloidal
gold particle (70 nm) and the gold-rSjSAP4 conjugate (10 pg/ml)
was applied onto conjugate pad (glass fibre membrane) at a volume
of 35 pl/cm and dried in a biochemical incubator for 12 hours at 37
°C. The buffer used for conjugate pad preparation contains 20 mM
Tris, 5% (w/v) sucrose, and 2.5% (w/v) trehalose. By using an XYZ
Biostrip Dispenser (HM3030, Shanghai Kinbio Tech. Co., Ltd,
Shanghai, China), 1 mg/ml Protein G (Zoonbio Biotechnology,
Nanjing, China) and 0.7 mg/ml mouse anti-His tag mAb (Zoonbio
Biotechnology, Nanjing, China) were dispensed onto the
nitrocellulose (NC) membrane (CN140, Sartorius, Goettingen,
Germany) (porosity: 8 um, wicking rate: 110-165s/4cm) at a
volume of 1 pl/cm to form the test and control lines, respectively.
The membrane was then dried at room temperature in a
biochemical incubator for 6 hours. The absorbent pad (filter
paper) coated membrane (NC membrane), conjugate pad (glass
fibre membrane), and sample pad (glass fibre membrane), were
laminated and pasted onto a plastic-backed support card with a 1-2
mm overlap as illustrated in Figure 1. The entire assembled scale
board was cut lengthwise and divided into strips measuring 3 x 60
mm using a guillotine cutter (ZQ2002, Shanghai Kinbio Tech. Co.,
Ltd, Shanghai, China). The resulting strips were assembled in a
plastic cassette, which was further placed into a silica gel desiccant-
containing aluminium foil bag, and stored at room temperature.

2.6 GICA assay measurement and analysis

For each test, 50 pl diluted serum sample was added to each
cassette. The strips were scanned at 10 min after sample loading.
The tests were determined as invalid when the control band did not
appear or when the tests were left to develop for more than 15 min.
All images were uploaded to a computer and analysed by a Java-
based image processing program, Image]J to quantify the intensity of
the bands. In order to convert the results to fully quantitative
information, an R value, which was defined as the intensity of the
test band divided by that of corresponding control band,
was introduced.

2.7 ELISA

The ELISA assay was performed as described previously (39).
MaxiSorp high protein-binding capacity 96-well ELISA plates
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FIGURE 1

Schematic illustration of the rSjSAP4-incorporated GICA strip. The gold-rSjSAP4 conjugate is added to the conjugate pad. The recombinant protein
G and a monoclonal mouse anti-His tag antibody is immobilized on the test (T) and control (C) line, respectively, on the NC membrane. Once serum
samples containing specific anti-SjSAP4 antibodies or non-specific antibodies loaded onto the sample well, the conjugated anti-SjSAP4 antibody
complexes and non-specific antibodies are captured by the protein G immobilized on the T’ line. The gold-rSjSAP4 conjugate and conjugated anti-
SjSAP4 antibody complexes are captured by the anti-His tag antibody on the ‘C’ line. A positive result is indicated by the appearance of pinkish red
bands on both the T" and ‘C’ lines. A negative result is indicated by the appearance of only a single pinkish red band on the 'C' line. A test is
determined as invalid if no bands appear on both T" and ‘C' lines or if only one band appears on the ‘T' line, and thus needs to be re-tested.

(Nunc, Roskilde, Denmark) were coated with 100 ng recombinant
SjSAP4 in coating buffer (100 pl/well) overnight at 4°C. The plates
were blocked with 1% (w/v) bovine serum albumin (BSA) in
phosphate-buffered saline with 0.05% Tween-20 (PBST pH 7.4)
for 1 h at 37°C. Serum samples diluted at 1:250 in blocking buffer
were added to the wells and the plates were incubated for 1 h at 37°
C. A mouse monoclonal anti-human IgG (Fc specific)-biotin
antibody (Sigma-Aldrich Co, MO, USA) was then added as
secondary antibody (1:20,000, 100 puL/well) for 1 h at 37°C. The
plates were further incubated with Streptavidin-HRP (BD
Pharmingen, CA, USA) (1:10,000, 100 ul/well) at 37°C for 0.5 h.
Plates were washed 5 times with PBST after each step. Next, 100 pl
3,3',5,5'-tetramethylbenzidine (TMB) substrate was added to each
well to develop the colorimetric reaction, which was terminated
after 5 min by adding 50 pl 2 M sulfuric acid per well. The ELISA
plates were read at OD 450 nm with a microplate reader (BMG
LABTECH, VIC, Australia).

2.8 Statistical analysis

To analyse the differences in R values of GICA tests with serum
samples at different dilutions or with different dilution buffers,
Student’s t-test was used. Cut-off values for the GICA assay and
SjSAP4-ELISA assay were set with the maximization of Youden’s J-
index. Pearson’s correlation coefficient (r) was used for the assessment
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of the correlation between the R values of the GICA assay and OD
values of the SjSAP4-ELISA assay. Agreement between the GICA strip
and the SjSAP4-ELISA assay was determined using the Kappa statistic
(https://www.graphpad.com/quickcalcs/kappal/). Statistical analyses
were performed using GraphPad Prism version 9.4.0 software
(GraphPad Software, Inc., San Diego, CA, USA). Statistics were
considered significant at a p-value less than 0.05.

3 Results
3.1 The detectable limit of the GICA assay

The developed GICA strips were tested with a pooled serum
sample collected from KK-positive (KK (+)) individuals (n = 3) at a
serial dilution (from 1:5 to 1:40960). The strips were scanned at 10 min
after sample loading (Figure 2A). Based on R value analysis with a cut-
off value of 0.076, the detectable limit of the GICA assay on testing the
diluted serum samples was 1:20480. The established GICA strip
showed the highest R value when the serum sample was tested at a
dilution of 1:40. Six dilution ratios (from 1:10 to 1:320) had an R value
higher than 1 (Figure 2B), indicating that a relatively wide range of
dilution ratios may be applicable for the strip test. The hook effect was
observed when serum samples diluted at 1:5 and 1:10 were tested
(Figure 2B). A significant decrease in R value was observed when the
sample was diluted to 1:640 and beyond (Figure 2B).
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FIGURE 2

Detection limit of the GICA assay on pooled sera. (A) The GICA strips were tested with a pooled serum sample from KK-positive individuals (n = 3)
with an EPG of 13, 14, and 20, respectively, at a series of dilutions (from 1:5 to 1:40960). C, Control line; T, Test line; S, Sample well; NC, a pooled
serum sample from non-endemic controls (n = 3) tested at a dilution of 1:5. (B) R values of the GICA assay testing a pooled serum sample from KK
(+) individuals (n = 3) at a series of dilutions. Dotted line: cut-off value determined as 2.1 times the mean R values of the pooled serum sample from
non-endemic controls. The test was repeated in triplicate. p values were calculated using the Student’s t-test (ns, no significant difference; *p < 0.05;

**p < 0.001; ***p < 0.001).

3.2 Optimal dilution buffer for the
developed GICA assay

The S. japonicum-positive human serum samples were diluted
with PBS, 0.9% NaCl, PBST (1% Tween 20) and 2.5% sucrose
containing 1% Tween 20 in 1:40 to determine the best serum
dilution buffer solution (Figure 3A). As shown in Figure 3B, PBS
diluted sera showed a significant higher R value compared to sera
diluted with PBST (1% Tween 20) (p < 0.01) and 2.5% sucrose (1%
Tween 20) (p < 0.05); while there was no difference in R values when
using PBS and 0.9% NaCl as the dilution buffer. The assay was
performed in triplicate. PBS was then selected as serum diluent for
the subsequent GICA tests.

3.3 Assessment of diagnostic performance
of the GICA assay

Serum samples collected from 80 subjects, including 40 KK (+)
individuals, 20 endemic individuals confirmed as both KK-negative
(KK (-)) and faecal droplet digital PCR assay-negative (F_ddPCR
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(-)) (18), and 20 healthy donors from a non-endemic area, were
further tested with the GICA strips at a dilution of 1:20, given most
of the KK (+) subjects harboring an EPG less than 10. Meanwhile,
the SjSAP4-ELISA assay was performed on the same panel of serum
samples. As shown in Figures 4A, B, individuals from the endemic
areas had higher R values and OD values than non-endemic donors
(p < 0.0001 and p < 0.05 for the KK (+) group, and KK (-) and
F_ddPCR (-) group, respectively). Using the non-endemic group as
control, the developed GICA strip showed a sensitivity of 95.0% and
a specificity of 100% (Figure 4A), while the SjSAP4-ELISA assay had
a sensitivity of 97.5% and absolute specificity (Figure 4B). Using the
KK (-) and F_ddPCR (-) group as control, the GICA assay had a
sensitivity of 85.0% and a specificity of 80.0% (Figure 4A), while the
SjSAP4-ELISA assay displayed a sensitivity of 87.5% and a
specificity of 90.0% (Figure 4B). A significant positive correlation
between the developed GICA test and the SjSAP4-ELISA assay was
observed (Pearson’s correlation, r = 0.7231, p < 0.0001) (Figure 4C).
The Kappa statistics analysis indicated that there is an almost
perfect agreement between the GICA strip and SjSAP4-ELISA
assay (x value = 0.964 and 0.893 using the non-endemic donors,
and KK (-) and F_ddPCR (-) subjects as control, respectively).
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Determination of the optimal dilution buffer for the GICA assay. (A) Four dilution buffers, 1) PBS, 2) 0.9% NaCl, 3) 1% PBST, and 4) 2.5% sucrose
containing 1% Tween 20, were selected to determine the optimal serum diluents. For each buffer, a pooled serum sample from three KK (+) individuals
was tested in triplicate at a dilution of 1:40. (B) R value analysis revealed a significant impaired binding the gold-rSjSAP4 conjugate with antibodies in
pooled serum samples when using PBST and 2.5% sucrose containing 1% Tween 20 as the dilution buffer compared with PBS. Data are represented as
the mean + SD from three different assays p values were calculated using the Student’s t-test (ns, no significance; *p < 0.05; **p < 0.01).

3.4 Assessment of stability of the
GICA strips

To establish the stability of the developed GICA strips, sealed
cassettes were stored at room temperature and used at 12 months
using serum samples collected from eight subjects, including one
healthy control and seven KK (+) individuals (Figure 5A). R value
analysis revealed that there was no difference in result interpretation
between the freshly produced GICA strips and those sealed ones
stored at room temperature for 12 months (Figure 5B). These
results indicate that the GICA strips remain stable at least for 1
year when stored in the dark with desiccant at room temperature.

4 Discussion

In the Philippines, approximately 12 million Filipinos in 28
provinces across 12 geographical zones are potentially affected by
schistosomiasis japonica, with two and half million directly exposed
to the disease (43, 44). As of 2019, the national prevalence of the
disease was reported to be 4.0% based on focal surveys (45).
Nevertheless, the infection intensity of the disease is decreasing in
endemic barangays of the Philippines where MDA has been
implemented annually, and light infections with an EPG less than
99 are becoming more dominant (46). Development and
deployment of rapid, easy-to-use, cost-effective, and field-
deployable diagnostic tools represent an important component of
an integrated and innovative control approach to achieve disease
elimination. GICA is the most widely used POC diagnostic tool for
the detection/screening of a variety of disorders/diseases, including
infectious diseases (28, 47). In this study, we developed a novel
recombinant protein-based GICA assay and assessed its
performance in the diagnosis of human S. japonicum infection.
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It has been noted that the application of SEA of S. japonicum or
antigen purified from crude lysate of S. mansoni adult worms in
GICA strip development caused significant cross-reaction with the
antibodies to other parasitic flukes or soil-transmitted helminths,
although showing a high sensitivity (28, 29, 48). Rodpai et al.
recently developed an immunochromatographic test (Sj-ICT) for
the diagnosis of schistosomiasis japonica using somatic extract from
adult S. japonicum as target antigen (49). The diagnostic assay also
showed cross-reactions with cases of Opisthorchiasis viverrini,
Clonorchiasis sinensis, Paragonimiasis heterotremus, sparganosis,
cysticercosis, trichinellosis and trichuriasis (49). These studies
indicate that it is necessary to develop immunochromatographic
tests by incorporating optimised recombinant antigens, such as
tetraspanins, saposin family members and hepatic schistosomula
antigens (30, 39, 50, 51), to minimise the potential risk of cross-
reactions. In the current study, we used a S. japonicum saposin
protein, SjSAP4 as the target antigen, which previously showed no
cross-reaction with alveolar echinococcosis and trichinellosis in
ELISA assays (41), for the development of GICA assay. In
addition, a BLASTp search in the National Center Biotechnology
Information (NCBI) database confirmed that there exist only
homologous fragments sharing less than 30% sequence identity
with SjSAP4 in other parasitic flukes, such as C. sinensis and
Fasciola hepatica, making the potential cross-reactivity of SjSAP4
with these flukes less likely. Nevertheless, a further experimental
validation of the developed SjSAP4-incorapted GICA strip with sera
samples from patients infected with other helminths, particularly
other parasitic flukes, is still needed to test the potential
cross-reactivity.

Currently, there are mainly two types of design used for the
development of GICA assays for the diagnosis of schistosomiasis.
The first, as adopted by Xu et al. (10) and Shen et al. (29), the gold-
or fluorescent protein-conjugated recombinant streptococcal
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FIGURE 4

The performance of the SjSAP4-incorpated GICA and SjSAP4-ELISA assay in the diagnosis human schistosomiasis japonica. (A, B) Scatter plot
showing the R values of the GICA assay (serum dilution 1:20) and OD values of the SjSPA4-ELISA assay (serum dilution 1:250) in testing serum
samples from KK (+) individuals (n = 40), KK (-) and F_ddPCR (-) individuals (n = 20), and the non-endemic controls (n =20). Significance was
analyzed by the Student’s t-test (****, p <0.0001; *, p <0.05). Gray dotted line: cut-off value determined using non-endemic group as control;

Magenta dashed line: cut-off value determined using the KK (-) and F_ddPCR (-) group as control. (C) Correlation between the R values of the GICA
strip and OD values determined by the SjSAP4-ELISA assay (n = 80) using Pearson’s correlation coefficient.

protein G (rSPG) is added onto the conjugate pad, while the
schistosome antigen and rSPG are immobilized on the NC
membrane, as the T and C line, respectively. For the second
design as adopted by Rodpai et al. (49) and Pearson et al. (30),
the gold-conjugated mouse anti-human IgG was sprayed onto the
conjugate pad, while the schistosome antigen and goat anti-mouse
IgG were dispensed as the T and C line, respectively, on the NC
membrane. The two designs require high concentration of
schistosome-derived antigens to be sprayed on the NC
membrane. However, the recombinant SjSAP4 exhibits limited
solubility in non-denatured solution, restricting the feasibility to
adopt the above designs in developing GICA assay incorporating
SjSAP4. In addition, our previous study showed that there are
limited linear B-cell epitopes available on SjSAP4, suggesting its
antigenicity is predominantly dependent on conformational B-cell
epitopes (52), a finding that excludes the use of denatured rSjSAP4
in the development of the GICA assay. In this study, a novel GICA
format, as shown in Figure 1, was then adopted. Based on the
design, it is possible that the non-specific antibodies may compete
with the conjugated anti-SjSAP4 antibody complexes for binding to
the immobilized protein G on the “T” line, which may partly explain
why serum samples at relatively high concentrations (such as those
diluted at 1:5 and 1:10) did not show a greater R value compared to
those at relatively low concentrations (such as those diluted at 1:20
and 1:40) when tested with the developed GICA strips (Figure 2B),
in addition to the hook effect.

As the results of immunochromatographic strips need to be
read within a limited time after sample loading, the result read must
be conducted by well-trained investigators to achieve an accurate
assessment if naked eye determination method is employed. There
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can, however, be variability in visual interpretation of trace results
due to individual differences in visual acuity and/or training (53). In
regarding of interpretation optimization, a reference colour card
(34) or lateral flow reader (54) was employed in previous studies to
increase accuracy in result reads. In this study, the results of the
established GICA assay were timely scanned and further analyzed
in silico to eliminate the inter-reader variability, a procedure similar
to that undertaken previously (35, 55). By introducing an R value,
we convert the results of the developed GICA assay into a fully
quantitative test, which can minimise the likelihood of potential
system errors caused by variations in the absorbance rate of samples
and/or color development time among different cassettes.

The current GICA assay is an AbD based assay. As antibodies can
persist in the host after parasite clearance, an inherent limitation of
ADD assays is their limited ability to differentiate between past and
current infection. In this regard, determination of antibody decay rates
post-infection could be a relevant subject to determine diagnostic value
for some applications. Previously, by employing a murine
schistosomiasis model, we found that the levels of SjSAP4-specific
IgG antibodies start to decline at 7 months post-chemotherapy in one
out of six mice (39). However, murine schistosomiasis usually
represents a high dosage of infection, which cannot fully reflect the
authentic situation of the disease in humans. Thus, a similar
investigation, ie., exploring the decay of specific antibodies against
SjSAP4 in schistosomiasis patients after chemotherapy would be
expected in the future. Using non-endemic donors as controls, some
individuals in the KK (-) and F_ddPCR (-) group were positive for the
GICA assay (positivity rate: 35%) and SjSAP4-ELISA assay (positivity
rate: 40.0%). The antibody reaction observed in these subjects indicates
that they may have previously been infected with S. japonicum in the
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FIGURE 5

Stability assessment of the GICA strips. (A) Eight serum samples (one from healthy control (#1) and 7 from KK-positive subjects (#2 — #8)) diluted
with PBS at 1:20 were used to assess the stability of the GICA strips stored at 25 for 12 months; (B) R values and read results for the eight serum
samples tested with freshly produced GICA strips and those sealed and stored at 25°C for 12 months, respectively.

past (such as 3-12 months). It is worth noting that, the ability to
discriminate between the current and previous infection can be
improved for both assays by setting stringent cut-off values as we did
in the case of individuals from endemic areas being used as controls, at
the cost of sacrificing the diagnostic sensitivity to some extent.
Nevertheless, the applications of such rapid and field-friendly POC
tests for accurate diagnosis of schistosomiasis include: 1) Used as a
screening tool for monitoring of transmission areas. For example, the
developed GICA assay thus can be used for rapid mapping of
schistosomiasis in the endemic zones in the Philippines, helping
identify high-priority areas for targeted interventions. As the
Department of Health (DOH) of the Philippines administers MDA
for schistosomiasis every January through the Schistosomiasis Control
and Elimination Program (56), the best time to carry out such rapid
mapping should be at the end of the year. 2) Used as a screening tool
for surveillance. In a limited prevalence or “post-elimination” situation,
such as that in China, the GICA assay can also be used to determine if
transmission blocking/elimination are actually achieved. 3) Testing
individuals from non-endemic areas returning home after visiting
schistosomiasis-endemic regions with suspicion of infection
(travellers, migrants and international labourers), thereby helping
prevent disease spread. 4) Determining the serological prevalence in
endemic areas before and after the implementation of integrated
interventions, thus monitoring the effect of these intervention
measures. 5) Used to define the affected area of an S. japonicum
infection focus, such as in Lindu, Napu, and Bada Highlands in Central
Sulawesi, Indonesia (57), and two new endemic foci, Gonzaga and
Calatrava, in the Philippines (58), by moving further away from the
center until blood samples from surrounding areas are no
longer positive.

As both are an indirect AbD based immunoassay, the SjSAP4-
incorperated GICA and the SjSAP4-ELISA assay showed a high
concordance. However, when the KK (-) and F_ddPCR (-)
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individuals were used as controls, the SjSAP4-incorperated
GICA assay is inferior to the SjSAP4-ELISA assay in both
sensitivity (85% vs 87.5%) and specificity (80% vs 90%),
indicating that further optimisation steps are required to
improve the performance of the immunochromatographic strip,
such as validating the assay with serum samples at a higher
dilution. Nevertheless, in contrast to GICA, the classic ELISA
assay is labor-intensive and equipment-dependent, and requires a
well-trained technician to perform. The stability assay of the
GICA strips indicated that the validity period of the GICA
strips was at least 12 months at room temperature, without loss
of performance in the detection of S. japonicum infection. The
GICA assay established here thus displays similar stability with
the Sj-ICT and GICA assays previously developed by other groups
(28, 49). In addition, due to high sensitivity of the established
GICA strip, diluted finger-prick blood with a brief centrifugation
to remove blood cells may also be suitable for the assay, which will
further reduce the cost of the test.

5 Conclusions

In this study, a novel recombinant antigen-incorporated GICA
assay was developed and assessed for the diagnosis of schistosomiasis
japonica in subjects recruited from endemic areas in the Philippines.
The application of the strip requires only a small serum volume and the
results can be read within 10 min. The GICA strip showed a sensitivity
of 95.0% and absolute specificity using the non-endemic individuals as
controls. In addition, when the subjects confirmed as KK (-) and
F_ddPCR (-) were employed as controls, the immunochromatographic
test exhibited a sensitivity of 85.0% and a specificity of 80.0%. The
GICA assay displayed a similar diagnostic ability with the conventional
indirect ELISA method detecting serum IgG against rSjSAP4. The
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developed immunochromatographic strips are stable for at least for 12
months stored at room temperature in sealed aluminium foil bag with
desiccant, without loss of performance. The GICA assay established
here represents a powerful tool for large-scale screening in rural
schistosomiasis japonica-endemic areas where access to facilities and
supplies is limited.
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