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Abstract. Understanding the mode of Schistosoma mansoni larval inva-
sion and the mechanism of immune evasion utilized by larvae and adult
worms is essential for a rational development of vaccines or drugs to prevent
or cure the disease. This parasite has a very complex molecular organization
in all parasite stages, and identifying the major parasite proteins would give
clues to schistosome metabolism and to the interaction of the parasite with
the host immune system. Our goal was the evaluation of the protein parasite
repertoire using a proteomic approach, and the characterization of protein
extracts from two different parasite stages of a Venezuelan isolate, such as
cercariae and adult worms, previously performed by other authors in some
other strains. A comparison among authors was made. Besides, we aimed to
identify different isoforms of one of the vaccine candidates, the gluthation-
S-transferase protein (Sm28GST), by 2D SDS-PAGE and mass spectrometry,
and to achieve its immunologic detection using sera from rabbits immunized
with synthetic peptides derived from the Sm28GST protein. These techniques
allowed the identification of some of the target molecules of the protective
immune response that are being evaluated as potential members of a
multi-component and multi-stage anti-S. mansoni vaccine and to clarify if the
selected peptides induce antibodies that are able to recognize different
isoforms of the Sm28GST.
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Aproximación al análisis proteómico e inmunológico
de extractos proteicos de cercaria y verme adulto de
Schistosoma mansoni y detección de uno de los candidatos
a vacuna, Sm28GST, de un aislado venezolano.
Invest Clin 2011; 52(2): 121 - 139
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Resumen. Es esencial comprender la forma como las larvas de Schistoso-

ma mansoni invaden y los mecanismos de evasión inmune utilizados por lar-
vas y adultos, para el desarrollo racional de vacunas o drogas para prevenir o
curar la esquistosomiasis. Este parásito tiene una organización molecular muy
compleja en todos sus estadíos, por lo que la identificación de las proteínas
más importantes es clave para investigar el metabolismo del esquistosoma y la
interacción del parásito con el sistema inmune del hospedero. El objetivo de
este trabajo fue evaluar el repertorio proteico del parásito utilizando una
aproximación proteómica y la caracterización de extractos proteicos de dos
estadios parasitarios diferentes de un aislado venezolano, como la cercaria y
el verme adulto, previamente realizado por otros autores en otras aislados. Se
realizó una comparación entre autores. Además, se identificaron diferentes
isoformas de uno de los candidatos a vacuna, la glutation S transferasa
(Sm28GST) por 2D SDS-PAGE y espectrometría de masas y se logró su detec-
ción inmunológica, usando sueros de conejos inmunizados con péptidos sinté-
ticos derivados de la proteína Sm28GST. Estas técnicas permitieron identifi-
car algunas de las moléculas blanco de la respuesta inmune protectora que es-
tán siendo evaluados como miembros potenciales de una vacuna multi-estadio
y multi-componente y aclarar si los péptidos seleccionados indujeron anti-
cuerpos capaces de reconocer diferentes isoformas de la Sm28GST.
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INTRODUCTION

The trematode Schistosoma mansoni,

that affects approximately 200 million per-
sons worldwide, can survive many years in
the human porto-hepatic system due to a
variety of immunologic and biochemical
adaptive mechanisms. Therefore, it is very
important to understand the molecular or-
ganization of each parasite stage, especially
those that are more vulnerable to the im-
mune attack and chemotherapy. The identi-
fication of the major parasite proteins
would give clues to the schistosome metab-

olism and to target molecules involved with
the host immune system (1). One of the
major problems we face for the develop-
ment of efficient anti-schistosome vaccines
is the lack of information about the degree
of homology among vaccine candidate mol-
ecules from parasites of different geo-
graphic origins, since very few parasite iso-
lates and strains have been immunochemi-
cally and biochemically characterized.
Based on this, our group initially tried to
circumvent that limitation evaluating if se-
lected regions from potential protective
molecules were conserved worldwide, by
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demonstrating if sera from mice infected
with three different S. mansoni isolates, as
well as four other schistosome species (S.

rodhaini, S. guineensis, S. bovis, S.

haematobium) (2) were able to recognize
the selected peptides. The recognition of
the different peptides by all of these tested
sera was the guarantee that we were work-
ing with conserved regions of target mole-
cules. One of them was the well studied
Sm28GST protein, which was recognized by
the sera of mice infected with three differ-
ent S. mansoni isolates (2).

In the current study, the protein para-
site repertoire was studied using a
proteomic approach of two different para-
site stages, the cercaria and adult worms
from a Venezuelan isolate (JL). As far as we
know, previous works were performed with
the well known Puerto Rican strain (3-7)
and an Egyptian strain (8), while others did
not identify the parasite origin (9-11). It
was important to analyze other parasite iso-
lates in order to have a more comprehen-
sive picture of its protein composition,
studying worms from different geographic
regions.

A brief review of the application of
proteomics to the identification of novel
schistosome candidate vaccines was re-
cently published (12). In our study, particu-
lar emphasis was given to the identification
of the gluthation S transferase protein
(Sm28GST) (13) by 2D SDS-PAGE and
mass spectrometry, in parallel with its im-
munologic detection using serum from rab-
bits immunized with synthetic peptides de-
rived from the Sm28GST protein. This mol-
ecule, localized in the tegument,
protonephridia and the female reproductive
system (13), is one of the schistosome vac-
cine candidates (14) under evaluation in
our laboratory as part of a multi-component
synthetic peptide vaccine. Being aware that
one of the strategies for survival of para-
sites under different conditions is the re-

dundancy of key molecules that could allow
them to evade the host immune response
(15, 16), we combined a proteomic and an
immunological approach to confirm if a po-
tential protective epitope synthesized
chemically is present in different Sm28GST
isoforms of isolated parasites from different
geographic origin.

MATERIALS AND METHODS

Preparation of parasite material

Free swimming cercariae from the
Venezuelan isolate JL, kindly provided by
Dr. Italo Cesari (Instituto Venezolano de
Investigaciones Científicas, IVIC, Vene-
zuela), were shed in water from
Biomphalaria glabrata snails infected 45
days before. These larvae were frozen and
afterwards lyophilized. The cercarial protein
extract (CE) was achieved solubilizing the
lyophilized cercariae in 7M Urea, 2M
Thiourea, 4% CHAPS, 20 mM Tris pH 8, 65
mM DTT (IEF buffer). Male and female
adult worms from the same isolate were col-
lected from experimentally infected
outbred golden hamsters after liver perfu-
sion. Worms were washed and homogenized
in phosphate-buffered saline (PBS) contain-
ing protease inhibitors (1mM PMSF; 1mM
EDTA) in an ice bath, and centrifuged at
12,000 g for 2 h at 4°C. The supernatant
was lyophilized and considered as the adult
worm protein extract (AWE), which was
solubilized in IEF buffer. Both extracts were
processed using one precipitation with
100% acetone (v/v), overnight –20°C, fol-
lowed by a wash of the pellet with 80% ace-
tone (v/v). AWE was additionally cleaned
through a Sephadex G-25 micro column for
desalinization.

Two dimensional electrophoresis

After quantification using the Bradford
protein determination method (17) with
bovine serum albumin (Fraction V, Sigma)
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as a standard, 75 µg of CE and 66,2 µg of
AWE were used for bidimensional electro-
phoresis in a Bio Rad IEF system (18). For
first evaluations, IEF was performed with 7
cm strips with a 3-10 non-linear pH range.
A 5-8 pH linear range was used afterwards
for better resolution. IEF was carried out at
250 V for 15 min, 4,000 V for 2h, and then
gradually increasing to a total of 20,000
V/h at 20°C, at a maximum current of 50
µA/strip. After IEF, strips were reduced in
equilibration buffer (6M urea, 2% SDS,
0.375M Tris HCl pH 8.8, 20% glycerol,
0.025% (w/v) bromophenol blue) contain-
ing 130 mM DTT for 15 min and were then
alkylated in equilibration buffer containing
135 mM iodoacetamide for 20 min. The sec-
ond dimension was performed in 12%
acrylamide gels and the gels were silver
stained (19). Spots were analyzed by the
PDQuest Program (Bio Rad).

Mass spectrometry

Spots were excised and processed for
mass spectrometry in the Plateforme
Proteomique de l’Esplanade, Institut de
Biologie Moleculaire et Cellulaire,
Strasbourg, France.

In gel digestion. For protein identifi-
cation, stained protein spots were picked
out from the corresponding gels. The gel di-
gestion procedure was carried out as de-
scribed by Rabilloud et al. (20). Selected
spots have been washed with 2 cycles of 100
µL of 25 mM ammonium carbonate buffer
(NH4HCO3) / 100 µL of acetonitrile (ACN)
/ dehydration. Between these two cycles,
reduction was achieved by 45 min treat-
ment with 10 mM DTT in NH4HCO3 buffer
(100 µL) at 56°C and alkylation reaction
was performed by addition of 100 µL of 25
mM iodoacetamide in 25 mM NH4HCO3

buffer for 45 min at room temperature. All
treatments were performed under shaking.
The final dried spots were rehydrated with
three volumes of trypsin (Promega, V5111),

12.5 ng/µL, in 25 mM NH4HCO3 buffer
(freshly diluted) and the digestion was per-
formed at room temperature overnight.

Afterwards, 5 µL of 35% H2O / 60%
ACN / 5% HCOOH were added and the mix-
ture vigorously agitated for 15 min in order
to extract tryptic peptides.

MALDI mass spectrometry. MALDI
mass measurement was carried out on an
Biflex III (Bruker-Daltonics GmbH, Bremen,
Germany) matrix-assisted laser desorp-
tion/ionization time-of-flight mass spec-
trometer (MALDI-TOF) used in reflector
positive mode. A saturated solution of
�-cyano-4-hydroxycinnamic acid in 50% wa-
ter / 50% acetonitrile was used as a matrix.
Mass spectra were internally calibrated with
trypsin autolysis peaks (m/z = 842.510 and
m/z = 2211.105). Monoisotopic peptide
masses were assigned and the peak list
transferred through MS BioToolsTM pro-
gram (Bruker Daltonics, Bremen, Ger-
many) as input to search against NCBI
non-redundant protein sequence database.
Variable modifications (methionine oxida-
tion and cysteine carbamidomethylation)
were taken into account and the peptide
mass error was limited to 50 ppm. Identifi-
cations were performed after MALDI-TOF
analysis and searches on MASCOT
(MatrixScience) over databanks without any
restricted taxonomy.

Synthetic peptides

Peptides were manually synthesized us-
ing Merrifield’s protocol (21) for the t-Boc
based solid-phase peptide synthesis, modi-
fied by Houghten et al. (22) for the simulta-
neous multiple peptide synthesis. Glycine
and cysteine amino acids were introduced
at both carboxy and amino termini to allow
polymerization (23, 24). Two polymerizable
synthetic peptides were constructed after
the sequence from the protein Sm28GST:
IMT-232, (aa: 115-130) (25, 26), and
IMT-234 (the carboxi-terminal region aa:
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190-211) (27, 28). Both epitopes corre-
spond to the border of the slot from the ac-
tive site of the enzyme.

Rabbit immunization

Two New Zealand rabbits were immu-
nized subcutaneously with these peptides
(250 µg / dose / rabbit) emulsified (1:1) in
Complete Freund adyuvant (CFA) in the
first dose and in Incomplete Freund
adyuvant (IFA) in the second and third
boosts (days 15 and 30). Rabbits were bled
10 days post third immunization, under an-
esthesia (ketamine chlorhydrate: 10
mg/Kg). Their maintenance and manipula-
tions were carried out according to legisla-
tion and guidelines established by the
Asociación Venezolana de Bioterios. All sera
were stored at –20°C until use.

Western blots

The immunized rabbit sera were tested
against AWE and CE in 1D SDS-PAGE. AWE
and CE 2D gels were transferred to PVDF
membranes and exposed to the anti-IMT-
232 and 234 rabbit serum at a 1:100 dilu-
tion. Anti-rabbit IgG conjugated to horse-
radish peroxidase was used at a 1:2,000 di-
lution and Western blots were developed
with TMB Membrane Peroxidase Substrate
(KPL; Gaithersburg MD, USA).

Schistosoma mansoni database

Search of the genes corresponding to
Sm28GST was performed using SchistoDB
database (www.schistodb.net) in order to
investigate the gene copy number responsi-
ble for the expression of the different
isoforms of this protein.

BLASTp analysis for homology

The degree of homology between cross
reactive proteins was performed using
BLASTp (http://blast.ncbi.nlm.nih.gov/
Blast.cgi).

RESULTS

Proteomic analysis

In the 2D SDS-PAGE of adult worm
protein extract (AWE) (Fig. 1a), a total of
172 individualized spots are shown, but
only the most prominent or the strongest
signals (47 spots, 27.3%), based in the
highest concentration of proteins in each
silver stained spot, were excised, processed
and analyzed by MS. Several spots were
identified (Table I): probable ER-60 luminal
cystein protease precursor, superoxide
dismutase (Cu-Zn), thioredoxin peroxidase,
actin-2, enolase, fructose biphosphate
aldolase, Sm28GST, GST-Omega, 30 kD
glycoprotein, among others. Among the
spots analyzed, few of them were separated
sequentially, suggesting the occurrence of
post translational modifications in the fol-
lowing proteins: actin-2 molecules (19
spots), superoxide dismutases (Cu-Zn) (2
spots), enolases (2 spots), disulfide-
isomerase ER-60 precursors (2 spots),
Sm28GST (5 spots), fructose-biphosphate
aldolases (2 spots), thioredoxin peroxidase
(3 spots) and 30-kDa glycoprotein (4
spots).

In the 2D SDS-PAGE of CE (Fig. 2a),
the resolution of the spots was higher than
in the AWE. In fact, at least 257 individual-
ized spots were observed, compared to the
172 observed to the mature adult worm
preparation, which is expected to be com-
posed of a more complex and rich array of
functional molecules. The most prominent
spots were identified as (Table I):
thioredoxin peroxidase 2, actin (Sj), HSP70
(Sj), a disulfide isomerase homologue,
chaperonin, ATP synthase, enolase, prohib-
itin, serpin, glyceraldehyde-3-phosphate-
dehydrogenase (GA3PDH) mayor larval sur-
face antigen, citrate synthase, 14-3,3 pro-
tein, Sm21.7, 28K antigen, GST- Omega,
and others. They correspond to 33 of the
total spots detected (12.8%). The spots sep-
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arated sequentially correspond to: disulfide
isomerase homologue (3 spots), S.

japonicum actin (4 spots), enolase (2
spots), S. japonicum citrate synthase (2
spots), serpin (2 spots), 28K antigen (2
spots) and ATP synthase (3 spots).

The theoretical isoelectric points and
molecular masses were obtained from the
MASCOT software.

The Table II shows the proteins found in
this study and compares them with those
found by other authors in previous studies.
Differences will be stressed in the Discussion.

Immunochemistry

When rabbit antisera against the syn-
thetic peptides derived from the Sm28GST
molecule were tested against AWE and CE
in 1D SDS-PAGE and Western blot (data
not shown), it was observed a strong signal
in AWE and a less intense in CE, in the
range of 28 kDa. But when these rabbit sera
were used against 2D gel electrophoresed
AWE and CE blotted onto PVDF mem-
branes, we observed the recognition of at
least 5 sequential spots to AWE (Fig. 1b)
and 2 to CE (Fig. 2b) in the range of 28
kDa and of some less intense spots, corre-
sponding to higher molecular weights.
Among them, two spots corresponding to
enolase were identified in both parasite
preparations.

Schistosoma mansoni database

Once it was evident that some spots
were arranged in a sequential distribution
on the 2D gels, we investigated if they corre-
sponded to different isoforms of the
Sm28GST and if they were originated from a
single copy gene or a multi-gene family.
Search on the genome of S. mansoni demon-
strated that Sm28GST is a single copy gene.

BLAST analysis for homology

Based on the fact that rabbit immune
anti- Sm28GST peptide sera also recog-

nized enolase, it was carried out the analy-
sis of the homology between these cross re-
active proteins. It was found that the only
region of both proteins that had a signifi-
cant degree of homology (42%) contained
13 out of 22 aa of the Sm28GST peptide
IMT-234.

DISCUSSION

A limited number of studies have been
carried out on the proteomic analysis of the
larval and adult stages of schistosomes (11,
12, 29, 30, 31) and it is noteworthy to point
out that only two international S. mansoni

strains, the Puerto Rican (3-7) and an Egyp-
tian strain (8), were analyzed so far. There-
fore, it is necessary to evaluate if other S.

mansoni strains and isolates from different
geographic origins are homogeneous from
the molecular point of view, since recent
studies have shown molecular diversity and
polymorphism occurrence in this parasite,
as reported in mucin proteins (32).

Particular emphasis was laid on the
Sm28GST, since synthetic peptides derived
from this protein are one of the protective
peptides evaluated in outbred mice in our
laboratory (unpublished results). The pres-
ence of antioxidants, such as Sm28GST are
crucial in the detoxification and antioxi-
dant mechanisms of the helminths and they
are probably implicated in protection
against oxidative stress, specially originated
by the heme group (9) in adult worms. The
importance of this identification lies in the
fact that the production of neutralizing an-
tibodies against the Sm28GST activity is re-
lated to the reduction of eggs (anti-
fecundity effect) in tissues and feces (14,
33, 34), and reduction of the viability of
mature eggs (27). Additionally, the previ-
ous demonstration of antigenic community
among different schistosome species and
different vaccine candidate molecules in-
cluding Sm28GST, also at the epitopic
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level, argues in favor of the relevance of this
conserved protein (2).

Pérez-Sánchez et al. (35, 36) afforded
valuable information about the protein
composition of the tegument of adult S.

bovis male and female worms. A range of
tegumental and soluble proteins was identi-
fied using 2D immunoblots (known as
immunome), including orthologs of the
vaccine candidate Sm28GST. For that rea-
son, a comparative analysis of the proteome
from different studies is summarized in Ta-
ble II and demonstrates the degree of
homology among different parasite strains.
It is noteworthy that different extracts and
also different techniques for protein extrac-
tion are compared and protein representa-
tion may reflect these differences. That is
the case of the studies carried out by

Curwen et al. (3), van Balkom et al.
(10), and Braschi et al. (6), even when they
identified some of the proteins found in
this study in the S. mansoni tegument (Ta-
ble II), also found others not observed in
this work.

The limitations of the different
proteomic studies based on the different
protocols used for the preparation of the
parasite material were demonstrated by
Curwen et al. (4) and Knudsen et al. (5)
who have shown that most cercarial pro-
teins are secreted from the acetabular
glands, but only when they artificially in-
duced the invasive behavior in vitro.
Knudsen et al. (5) found that uninduced
free swimming cercaria released relatively
small number of non-acetabular gland pro-
teins including enolase, Sm28GST and
actin (7), while the major secreted proteins
were histolytic serine proteases that likely
facilitate degradation of host skin tissue
barrier, and factors that may contribute to
immune evasion. In our work, we also found
a schistosome serpin (serine protease inhib-
itor) that could possibly correspond to that
previously reported in cercarial secretions

(4, 7). Heat shock proteins, like HSP70 had
also been identified as a major component
of acetabular gland secretion (4). Sm21.7,
a component of the schistosome surface or
sub adjacent tegument, and Sm28GST,
were released from the parasite in studies
conducted by Hansell et al. (7). We also
identified a group of schistosome glycolitic
enzymes and kinases, known to be abun-
dant in the cytoplasm of larval cells. These
are presumably released as holosecretions
from the acetabular cells (4, 5) and in-
cluded: GA3PDH, citrate synthase,
ATP-synthase and enolase. Hansell et al. (7)
and Salter (37) have identified elastase
(SmCE) isoforms (not identified in our
study, probably because we did not work
with excretory and secretory products), pro-
teins associated with calcium function and
cytosolic proteins such as heat shock pro-
tein chaperones.

Curwen et al. (3) reported the
Schistosoma mansoni soluble proteome
across the four different life-cycle stages.
They showed a high degree of quantitative
and qualitative similarities in spot patterns
that were greater between adjacent stages.
Their list included several of the first gener-
ation vaccine candidates such as triose
phosphate isomerase, gluthation S
transferase and fatty acid binding protein.
They concluded that most of them were
cytosolic enzymes.

In our study, the AWE lacks important
excretory and secretory proteins that are
poorly represented, such as the enzymes
present in the vomit of this trematode, like
the aspariginil endopeptidase (Sm32),
cathepsin B (Sm31), cathepsin D, etc.,
which are only enriched when the adults
worms are in vitro cultured (38). It is also
possible that some of the excretory-secre-
tory molecules, like the ones excreted by
the cercarial cephalic or acetabular glands,
are not represented in a detectable level by
this CE preparation.
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Comparing the results obtained with
the JL isolate and the other two studied
strains, only two proteins: SJCHGC09398
(S. japonicum) and a 30 kDa glycoprotein,
were not previously reported. So far, the
relevance of these two proteins remains un-
known. Some spots in the 2D gel were iden-
tified as Schistosoma japonicum (Sj) pro-
teins. The common identity of S. japonicum

and S. mansoni proteins by MS is a confir-
mation that these parasites share conserved
protein sequences.

It is noteworthy to mention the pres-
ence and abundance of 19 actin-2 spots in
the AWE. Actin is a major component of
the schistosome spines of the tegument
(39, 40) and it seems to be one of the tar-
gets of Praziquantel (41). The abundance of
spots identified as actin-2 might be the re-
sult of processing by tegument proteases
and some of these fragments could play a
major role in the host-parasite interaction.

A combined immunologic and
proteomic approach allowed the identifica-
tion of five spots corresponding to
Sm28GST proteins of similar molecular
weight in AWE, while in CE were observed
only two Sm28K antigens. Both proteins,
Sm28GST and Sm28K, have identical
amino acid sequences. Since it has been
demonstrated previously that there is only
one copy of gene for the Sm28GST (42),
the abundance of isoforms of the Sm28GST
could be the result of post- translational
modifications. The fact that the different
isoforms were recognized by rabbit sera of
animals immunized with synthetic peptides
indicates that the selected peptides include
a conserved region that is homologous to
the original protein. Nevertheless, it is nec-
essary to sequence those proteins using
MS/MS techniques, since they could be dif-
ferent proteins sharing similar antigenic re-
gions. On the other hand, there is a
Sm28GST omega protein that is observed
in the gel but is not recognized by rabbit

serum. Searching in the protein databank,
it seems a totally different protein from
Sm28GST (43).

The less intense signals seen in the
immunoblots, corresponding to higher mo-
lecular weights, could be nonspecific
cross-reactions or precursors. Two of them
were identified as enolase isoforms. Protein
sequence homology search of GST and
enolase was performed by BLASTp. It was
found that the only region in both protein
sequences that had a significant degree of
homology could explain a partial cross-reac-
tivity of the serum observed in the figures
1b and 2b.

We conclude that the sequence con-
tained in the polymeric synthetic peptides
used for rabbit immunization was able to
imitate a well known antigenic region from
the original Sm28GST protein. The exis-
tence of these similar proteins could only
be detected by 2D SDS-PAGE. It could be
interesting to investigate if the same
epitopes are present in Sm28GST isoforms
of the Puerto Rican and the Egyptian S.

mansoni strains performing a Western blot
of 2D gels using protein extracts of these
parasites and the antisera against the
Sm28GST synthetic peptides.

The production of different isoforms
for this protein may be the expression of
one of the multiple evasion strategies of
this very complex parasite, since it could
protect itself from the immune attack us-
ing alternative isoforms when recognized by
the immune system. Also, they might have
different functional capabilities under the
multiple environments and conditions the
different parasite stages are exposed to.
Therefore, a plausible explanation is that
the redundancy of this protein could allow
that some of the isoforms might be involved
in an immune evasion mechanism.

The proteomic approach certainly al-
lows the identification of some potential
target proteins of the protective immune
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response that are being evaluated as mem-
bers of a future anti-S. mansoni vaccine.
And also to demonstrate if selected pep-
tides could induce antibodies able to recog-
nize different isoforms of these proteins.
Since there are few isolates of this species
available, the results presented herein en-
riches the information about the composi-
tion of this rather sophisticated parasite, al-
lowing to foresee the potential efficacy of
vaccine candidates against parasites from
different geographic regions.

ABBREVIATIONS

2D SDS-PAGE, two dimensional so-
dium dodecyl sulfate poliacrilamide gel
electrophoresis; CHAPS, 3-[(3-Cholamido-
propyl)dimethylammonio]propanesulfonic
acid; Tris, tris(hydroxymethyl)aminometha-
ne; DTT, Ditiotreitol; IEF, isoelectric focu-
sing; EDTA, ethylenediaminetetraacetic
acid; MALDI, Matrix-Assisted Laser Desorp-
tion/Ionization; NCBI, National Center for
Biotechnology Information; IMT, Instituto
de Medicina Tropical; PVDF, Polyvinylidene
Fluoride.
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