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Objective: The objective of this study was to identify proteomic patterns in sera for the early detection of
Schistosoma japonicum infections in a rabbit model. Proteomic patterns were to be established by profiling
serum proteins using magnetic bead (MB) separation and matrix assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS).
Methods: Forty rabbits were randomly allocated to two groups. One group was infected with 1500 S.
japonicum cercariae, the other served as non-infected control. An additional group of Toxoplasma gondii-
infected rabbits served as specificity control group. Sera were obtained from each rabbit once a week post-
infection and were subject to weak cation exchange beads (MB-WCX) treatment, followed by MALDI-TOF
MS analysis. The proteomic pattern of infected and control rabbits was established 7 weeks post-infection
with the ClinProTool MS data analysis program.
Results: Seven peaks with a clear difference in amplitude between the infected and control groups were
detected, 4 peaks with mass charge ratio (m/z) of 1787, 2834, 3484 and 3531 were up-regulated and
iagnosis
3 peaks with a m/z of 1715, 3151 and 4018 were down-regulated in infected rabbits. The established
diagnostic proteomic pattern was highly sensitive and specific. In weeks 1–4 post-infection, characteristic
proteomic patterns could be detected in 30%, 55%, 75% and 80% of the infected rabbits, whereas ELISA
testing resulted in positive results from week 3 onwards. All T. gondii control sera were classified S.
japonicum negative.
Conclusions: MALDI-TOF MS coupled with MB separation enables early, rapid and accurate diagnosis of

it mo
schistosomiasis in a rabb

. Introduction

Schistosomiasis is one of the most common and serious para-
itic diseases in humans, affecting more than 200 million people
ith 779 million individuals at risk of infection worldwide, and

ausing the loss of an estimated 4.5 million disability-adjusted life
ears [1,2]. Along with recent progress in the treatment, prevention
nd control of schistosomiasis [3], both prevalence and infection
ntensity have decreased significantly in areas with an established
ontrol system, such as the People’s Republic of China (P.R. China)

here the species Schistosoma japonicum is endemic [4,5]. Reliable
iagnosis, especially of the early stages of infection, is crucial for
he control of schistosomiasis. Currently used conventional diag-
ostic procedures have either low sensitivity for the detection of

∗ Corresponding authors. Tel.: +86 510 85517721; fax: +86 510 8551 0263.
E-mail address: gaoqi54@hotmail.com (Q. Gao).

387-3806/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.ijms.2010.10.013
del.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

early and low-intensity infections (parasitological methods such as
Kato–Katz) [6,7], low specificity (serological tests) [7] or are time-
consuming (parasitological methods such as the hatching test) [8].
Immunodiagnostic assays are mainly based on the detection of sol-
uble egg antigen (SEA) and may fail to distinguish schistosomiasis
from other parasite infections such as Paragonimus proliferus [9],
Clonorchis sinensis [10–12] and Toxoplasma gondii [13,14]. Addi-
tionally, immunological assays cannot be used for early diagnosis
of acute schistosomiasis since antibodies only emerge after two
weeks of infection [15], and host anti-S. japonicum antibodies usu-
ally can be detected for 1 year or more after an infection has been
cleared, rendering the reliable diagnosis of active infections diffi-
cult. False positive results may lead to unnecessary or inappropriate

chemotherapy.

We aimed at developing a sensitive mass spectrometry (MS)-
based strategy for the early diagnosis of schistosomiasis [16,17].
Detecting protein markers by MS profiling has numerous advan-
tages including high sensitivity, short duration from sample

ghts reserved.
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ig. 1. Principle of sample profiling using MALDI-TOF MS. The rabbits were stratifie
500 Schistosoma japonicum cercariae were used for infection. MB-WCX beads com
nalyzed with the ClinProTool software to establish the proteomic pattern.

ollection to diagnosis, potential for high-throughput screening
nd requirement for only small biological samples [18]. Such
pproaches have already been successfully applied for the detec-
ion of diseases including parasitic diseases such as Chagas diseases
Trypanosoma cruzi) [19] and Entamoeba histolytica [20], as well as
n rheumatoid arthritis screening [21] and cancer research [22–25].
ollowing these examples, we adapted the approach and developed
B-WCX separation (magnetic beads based weak cation exchange

hromatography was developed for enrichment and purification of
eptides and proteins from complex biological samples) and matrix
ssisted laser desorption ionization time-of-flight mass spectrom-
try (MALDI-TOF-MS) assay for the early and sensitive detection of
chistosomiasis japonica infections.

. Materials and methods

.1. Parasites and laboratory animals

S. japonicum (Chinese strain) cercariae were obtained from
nfected Oncomelania hupensis snails (its intermediate host) bread
t the Jiangsu Institute of Parasitic Diseases (JIPD) in Wuxi, P.R.
hina using standard procedures [26,27]. Fouty adult, healthy, male
nd female New Zealand rabbits with body weights of 2.0–3.0 kg
ere employed in the experiments which were carried out at the

xperimental animal facility of JIPD. The rabbits were randomly
ssigned to two groups, a control group and an infected group. The
nfection with 1500 S. japonicum cercariae was through the shaved
bdominal skin and no other treatment or manipulation of the ani-
als was involved. The control group was exposed to physiological

aline at similarly shaved abdominal skin [26,27].

.2. Serum collection, ELISA and fecal examination

Once every week, a blood sample was collected from the ear
ein of all infected and non-infected rabbits. The sample was left
o clot for 1 h at room temperature, and centrifuged at 3000 × g
or 10 min at 4 ◦C to obtain serum. All sera aliquots were stored at
80 ◦C pending use.

Successful S. japonicum infection was ascertained using an
nzyme-linked immunosorbent assay (ELISA) according to a pre-
iously published protocol [28,29]. In brief, adult worm antigen
AWA, produced at Jiangsu Institute of Parasitic Diseases) was
iluted with carbonate buffer (pH 9.6) to 5 �g/ml. Aliquots of 100 �l
ere pipetted in wells and the plates stored overnight at 4 ◦C. Plates
ere then washed thrice with phosphate buffered solution (PBS)

ontaining 0.05% Tween-20 (PBST) and blocked with 0.3% (w/v)
ovine serum albumin (BSA, Sigma) in PBS for 1 h at room temper-

ture. After blocking, plates were again washed thrice with PBST
efore incubation for 1 h at 37 ◦C with rabbit sera diluted 1:20 with
BS for IgG detection. Rabbit sera obtained before infection were
sed as negative controls. The plates were then washed five times
ith PBST, followed by incubation with 1:5000 horseradish perox-
two groups, a control group (upper picture) and an infected group (lower picture).
with MALDI-TOF MS were used after serum collection, the resulting spectra were

idase (HRP)-conjugated goat anti-rabbit IgG (Sigma, USA) for 1 h at
37 ◦C. After this step, plates were again washed five times with PBST
before addition of tetramethyl benzidine (TMB) substrate (Jingmei
Biotech, P.R. China) for 5–10 min. The reaction was stopped by the
addition of sulphuric acid (2 mol/l) and the optical density (OD) read
at 450 nm using a Microplate Reader (Autobio, Zhengzhou, China).
The cut-off value was calculated as the OD of the sample divided
by the OD of the negative control ≥2.1.

Stool samples were also collected every week after infection,
and examined by the Kato–Katz thick smear method as previously
described [8].

2.3. MALDI-TOF

The set-up of the study is depicted in Fig. 1. Magnetic beads-
based weak cation exchange chromatography (MB-WCX, Bruker
Daltonics, Bremen, Germany) was used according to the standard
protocol. Serum samples were thawed on ice and centrifuged at 4 ◦C
(12,000 × g for 10 min). 10 �l of the supernatant was added to 10 �l
binding buffer (Bruker Daltonics, Bremen, Germany) and 10 �l MB-
WCX beads in a standard thin-walled PCR-tube. After mixing and
5 min incubation at room temperature, the tubes were placed on
the magnetic separator (Bruker Daltonics, Bremen, Germany). The
beads were carefully washed thrice with 100 �l washing buffer.
The fraction collected after incubation with 5 �l elution buffer for
2 min was transferred into a fresh tube containing 5 �l stabilization
buffer, and stored at −20 ◦C.

A linear MALDI-TOF MS (Auto flex III, Bruker Daltonics, Bremen,
Germany) was used for spectrum acquisition with default settings
and a linear positive mode, named LP Clinprot.par.

Mass accuracy was calibrated before measurements using the
standard calibration mixture peptide I and protein I, mixed 1:1 by
volume (Bruker Daltonics, Bremen, Germany). For parameter set-
ting, mass spectra were acquired in the 1000–12,000 m/z range.
Targets were prepared by spotting 1 �l of a mixture contain-
ing 10 �l of 0.3 g l−1 HCCA (�-cyano-4-hydroxycinnamic acid) in
ethanol–acetone (2:1 by volume) and 1 �l of the eluted proteome
fraction on the MTP-AnchorChip 800/384 target (Bruker Daltonics,
USA). Four MALDI spots of each sample were measured. For each
spot, 500 spectra were acquired (100 laser shots at 5 different spot
positions). All spectra with a signal-to-noise (S/N) ratio > 3 were
recorded with the FlexControl software (Bruker Daltonics, Bremen,
Germany).

2.4. Data processing and analysis

ClinProTools is designed to facilitate the processing and com-

parison of multiple spectra by automatically peak defining,
normalizing, baseline subtracting, and recalibrating the data. All
spectra (control and infection group) were imported into Clin-
ProTool software for spectrum post-processing. The result of this
data preparation was a collection of normalized peak amplitude
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Table 1
Selected peak amplitudes in sera from control and S. japonicum-infected rab-
bits obtained using MALDI-TOF MS combined with MB-WCX profiling. Analysis:
ClinProTool.

Peak (m/z) Peak amplitude P value

Control Infected

1715 335.84 ± 88.92 125.24 ± 50.25 <0.05
1787 1355.26 ± 188.27 3789.16 ± 770.54 <0.01
2834 1256 ± 405.22 4012 ± 788.45 <0.01
3151 679 ± 123.02 237.17 ± 100.25 <0.05
3484 212.77 ± 88.16 565.23 ± 138.56 <0.01

(Table 2).
ig. 2. Measured S. japonicum prevalence among the infected rabbits according to
iagnostic method, measured in weekly intervals.

or each spectrum. Then these processed spectra were used, in a
upervised training, to build a model describing a proteomic finger-
rint that can discriminate infected samples from normal. Model
uilding was performed by selecting a small subset of relevant
eaks and establishing clusters using the amplitude of these peaks.
ost of the parameters of this Bruker algorithm were automati-

ally determined to optimize the performance of the peak selection.
he result of the peak selection algorithm is the peak combination
proteomic fingerprint) that proved to separate best between the
ifferent classes. The aim of model building in supervised training
as to describe the training data in such a way that new data (test
ata) could be classified afterwards [30]. The ClinProTool software
Ver. 2.0, Bruker Daltonics) was employed to identify corresponding
eaks in two groups of spectra, i.e. infected and control animals, and
o establish the proteomic pattern for the detection of schistosomi-
sis with genetic algorithms. Statistical analysis relied on Welch’s
-test. A P value < 0.05 was considered significant and one < 0.01
ighly significant.

Once the proteomic pattern had been established, the output
alue for healthy control animals was set as 0, that for infected ani-
als as 1. Samples collected 1–4 weeks post-infection were scored

0” or “1” without prior knowledge of their true infection status.

.5. Reproducibility and variability of proteomic pattern, and
pecies specificity

The reproducibility and efficiency of MB-WCX fractionation
ere assessed by measuring all samples thrice. To evaluate the

nalytical variability, ten bead preparations of the peptide/protein
alibration mixture and the sera samples were analyzed within one
ay (day variability) and within three consecutive days (day to day
ariability).

The specificity of the differential peaks for schistosomiasis was
ssessed by establishing whether the same proteomic patterns
ould be detected in sera from 15 Toxoplasma gondii-positive rab-
its (from JIPD).

. Results

.1. S. japonicum infection rate and clinical characteristics of the
ercariae-exposed rabbits

ELISA and fecal examination were used to confirm infections
mong the rabbits exposed to S. japonicum cercariae. As shown
n Fig. 2, every rabbit from the group exposed to cercariae was
erologically and coprologically confirmed positive seven weeks
ost-infection.
Infected rabbits could be classified as two stages. Stage I (0–2
eeks post-infection) with no significant change compared to non-

nfected animals, and stage II, when infected rabbits become weak
nd representative clinical signs could be seen.
3531 278.56 ± 56.01 482.15 ± 99.98 <0.05
4018 366.78 ± 95.77 105.99 ± 67.56 <0.01

Note: Data are expressed as mean ± SD.

3.2. Proteomic pattern established by MALDI-TOF

A sample has been obtained right after infection (0 days) and
has been measured. No difference between controls and infected
animals was found. The intensities of several peaks were signifi-
cantly different upon comparison of the infected and control group
(Table 1). In the mass range 1000–12,000 Da, a proteomic pattern
composed of seven statistically different protein peaks was estab-
lished which allowed distinguishing the control group from the
infected group seven weeks post-infection, as shown in Fig. 3A
and B. Among the seven peaks, three peaks with m/z 1715, 3151
and 4018, respectively were down-regulated in infected animals,
while the other four peaks with m/z 1787, 2834, 3484 and 3531
were up-regulated. The peak amplitudes were 2–3 fold, as shown
in Fig. 3C–F. The results of the statistical analysis showing P values of
several peaks are shown in Table 1 and Box–Whisker plots are pro-
vided in the supplementary material (Sup. 1). The reproducibility
of the results was good (data not shown).

3.3. Comparison of diagnostic approaches for early detection of a
schistosomiasis japonica infection, and species specificity

The peak patterns established with MS seven weeks post-
infection were used to analyze serum samples collected at earlier
infection stages. As shown in Fig. 2, MS analysis correctly identi-
fied 30% (1 week post-infection), 55% (2 weeks), 75% (3 weeks) and
80% (4 weeks) of the samples as positive whereas the conventional
ELISA detected 0, 0, 20% and 50% of the infections, respectively. Eggs
were first found in fecal samples six weeks post-infection.

All sera from T. gondii-infected rabbits were classified “0” (=not
infected) using the criteria for S. japonicum infection detection
established by MS (Sup. 2).

4. Discussion

For S. japonicum diagnosis, both immunological methods such
as ELISA which detect host antibodies and microscopic methods for
the direct visualization of parasite eggs in feces are currently used.
However, there are limitations to these two methods with regard
to sensitivity and specificity. Molecular biology techniques such
as PCR-ELISA have also been investigated for the direct diagnosis
of schistosomiasis [31], and proved suitable to detect schistosome
DNA. We have established a new method to detect schistosomi-
asis infections using MALDI-TOF MS, which not only provides a
robust proteomic pattern for the early detection of infections, but
also facilitates the study of biomarkers for S. japonicum infections
Proteomics-based approaches using highly sensitive MALDI-
TOF MS for the early and reliable diagnosis of infections and
diseases are promising and have been used to identify biomarkers
in biological samples such as serum [32,33], urine [34], cere-
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ig. 3. Mass spectra of 20 control and 20 S. japonicum-infected rabbit sera obtained
f sera from control and infected rabbits overlaid. (C and E) Non-infected rabbits. (D
151, 4018 (C and D) and up-regulation of m/z 1787, 2834, 3484, 3531 (E and F) in

rospinal fluid [35,36], saliva [37,38] and tears [39]. With regard
o schistosomiasis, MS has already been used for biomarker detec-
ion. Ecdysteroids produced by adult schistosomes can be detected
n sera of infected hosts and thus can be used for diagnosis [40]. Gas
hromatography/MS has been used to investigate the monosaccha-
ide content of the ethanol-soluble moiety of crude polysaccharide
ractions of the tapeworm Hymenolepis diminuta and S. mansoni
41]. However, the employed methods are technically challenging
nd time-consuming, and hence not suitable for routine diagnosis.
mall molecule markers have also been identified using MALDI-TOF
S in 11 urine samples collected from Egyptians with S. man-

oni infections of different intensity using MALDI-TOF MS [34].
he method employed to detect schistosomiasis in our study dif-
ers from the previous study; spectra from samples pertaining to
wo groups (infected and non-infected) were obtained, and the

roteomic pattern was found to discriminate between the two
roups. Thus, the method described here represents a promising
ew approach to further explore the molecular characteristics and
hanges associated with schistosomiasis.

able 2
ensitivity and specificity of the proteomic pattern in rabbit sera established by
ALDI-TOF MS.

Group n Predicted
infected

Predicted not
infected

Accuracy

Infecteda 20 19 1 95.0% (sensibility)
Control 20 0 20 100.0% (specificity)

a Seven weeks post-infection.
MB-WCX bead fractionation and MALDI-TOF-MS. (A and B) MALDI-TOF MS spectra
) S. japonicum-infected rabbits. The MS profiles show down-regulation of m/z 1715,
om infected rabbits seven weeks post-infection.

In this study we examined differential proteins expression pat-
terns in rabbit serum with MB-WCX beads and MALDI-TOF. Seven
peaks with a clear difference in amplitude between the two groups
were detected, and a proteomic pattern to discriminate the infected
and non-infected was founded. The sensitivity of the MALDI-TOF
MS for the detection of S. japonicum infections in rabbits was 95%.
As expected, the MALDI-TOF MS was more sensitive than conven-
tional ELISA and fecal examination for schistosomiasis diagnosis,
and allowed the detection of infections as early as one week post-
infection. The first positive ELISA test result was obtained 3 weeks
post-infection and the first eggs were found 6 weeks after the
exposure of the rabbits to cercariae. The specificity was 100% both
when sera from S. japonicum-infected and non-infected rabbits
were compared and when sera from T. gondii-infected rabbits were
assessed. The ClinProTools software proved to be a suitable tool for
the analysis of the data derived from MALDI-TOF MS.

It must be noted that the established biomarker patterns for
schistosomiasis japonica diagnosis cannot be directly translated to
other species, e.g., humans or livestock, without calibration. It is
high probable that each species will show unique schistosomiasis-
specific diagnostic MS patterns. Furthermore, the amplitude of the
seven peaks is too low to be detected by MS/MS which could reveal
sequences of these peptides. We are currently working on sepa-
rating the differential peaks we observed for MS/MS. Once this has

been achieved, we believe that the origin and true nature of the
peaks could be studied. We conclude that this study has established
the principle for MALDI-TOF MS diagnosis of S. japonicum and we
expect that with further adaptation, this approach could also be
deployed for the diagnosis of schistosome infections in humans.
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