
Introduction

Schistosomiasis is a major cause of morbidity and mor-
tality in the developing world, with an estimated 200 mil-
lion people infected [1]. The disease is caused mainly by

three trematode species of the genus Schistosoma: Schisto-
soma mansoniin Africa and South America, Schistosoma
haematobiumin Africa and Schistosoma japonicumin Asia.
In the Philippines, schistosomiasis japonicum is a major
public health problem with an estimated 1 million people
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Abstract
Human resistance to reinfection with Schistosoma mansoniand Schistosoma
haematobiumcorrelates with elevated IgE titers against worm antigens (soluble
worm antigen preparation, SWAP). In S. mansoniinfection, low levels of rein-
fection following chemotherapy are associated with the recognition of a cloned
tegumental protein Sm22.6. Because of potential species-specific differences in
resistance to schistosomes, we attempted to identify Schistosoma japonicum
antigens recognized by human IgE. Following a survey of 176 infected individ-
uals in Leyte, Philippines, we show that IgE antibodies from the majority of old-
er, high-IgE/SWAP responders recognize antigens in the 22 (Sj22)-, 45-, 78- and
97-kDa range in SWAP. Limited IgE cross-reactivity between Sj22 and Sm22
was observed following a comparison of Filipino IgE responses to these anti-
gens. The antigen was cloned from an adult S. japonicumλ-ZAP cDNA library
(Mindoro strain) by immunoscreening with pooled high-titer IgE antisera and a
rabbit anti-Sj22 polyclonal antibody. The deduced amino acid sequence of the
identified cDNA clone, MJ-1, showed significant homology to Sm22.6 (74%)
and Sj22.6 (99%). Although the molecular sequence of Sj22.6 has already been
reported, this is the first demonstration of its recognition by human IgE, thereby
strengthening its potential as a vaccine candidate. Using an overlapping peptide
approach, four IgE-binding epitopes were identified in Sj22.6, two of which ex-
hibited similarities to known IgE-binding epitopes from codfish (Gad c 1) and â-
lactoglobulin-related allergens. These findings suggest that allergy and protec-
tive immunity to helminth infection may be linked by the structural similarities
of epitopes recognized by human IgE.
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infected and more than 2–10 million at risk [2, 3]. Popula-
tion-based chemotherapy with praziquantel, the only effec-
tive drug against this parasite, resulted in a significant re-
duction in S. japonicum-associated morbidity and mortality
in the Philippines and China. However, despite annual treat-
ment, transmission cannot be eliminated [4, 5]. This may
reflect, in part, extensive occupational exposure and the
presence of nonhuman reservoirs [6]. Ongoing transmis-
sion, coupled with the threat of praziquantel resistance in 
S. mansoni[7] indicate that alternative strategies, such as a
vaccine, will be necessary to control schistosomiasis.

Previous studies in S. mansoni- and S. haematobium-en-
demic populations have shown that resistance to reinfection
following parasitologic cure correlates with older age and
elevated IgE titers against worm antigens [8–10]. In S. man-
soniinfection, individuals whose IgE antibodies recognized
antigen(s) in the 22-kDa range were reinfected less fre-
quently and had lower intensities of reinfection [11]. The
molecule responsible for this trend was cloned and shown
to correspond to a previously identified tegumental protein
Sm22.6 [12]. Based on homology, the corresponding anti-
gen in S. japonicum, Sj22.6, was also cloned [13], but it is
still unclear whether the human IgE response to this
molecule parallels that observed for Sm22.6.

In a recent study of individuals chronically infected with
S. japonicumin the Philippines [14], we have shown that el-
evated IgE titers against worm antigens are positively cor-
related with age, similar to earlier reports in the other hu-
man schistosomiases. This observation, together with our
long-term studies which support the development of age-
acquired immunity [4, 15], suggested that IgE antibodies
may also play a significant role in immunity to human
schistosomiasis japonicum. Interestingly, antigen(s) in the
22-kDa range also appear to be the targets of this response
[14].

Based on these observations, we have undertaken an in-
dependent approach for identifying candidate S. japonicum
vaccine antigens. This involved the identification of ‘high-
IgE/soluble worm antigen preparation (SWAP) responders’,
whose IgE antibodies were used as probes for screening a
cDNA expression library. Using this strategy, we identified
several antigens and cDNA clones recognized by human
IgE. Moreover, we confirm that the majority of high-
IgE/SWAP responders recognized antigen(s) in the 22-kDa
range (Sj22), demonstrate limited IgE cross-reactivity be-
tween Sj22 and Sm22 and show for the first time that the
antigen recognized by IgE in Sj22 is Sj22.6. Finally, we
demonstrate the presence of four linear IgE-binding epi-
topes in this molecule, two of which exhibited similarity to
known allergen epitopes.

Materials and Methods

Antigen Preparation
Adult S. japonicumworms (Mindoro Island, Philippines) were ob-

tained by perfusion of the hepatic portal system of experimentally in-
fected rabbits [16]. SWAP was prepared by grinding worms in liquid
nitrogen and homogenization in buffer with Triton X-100 [17]. Adult
worm tegumental (AWT) antigen was prepared by recovering tegu-
ments following a 37°C incubation of whole worms in CaCl2 and
MgCl2 [18]. Denuded worm antigen (DWA) was prepared by first in-
cubating freshly isolated worms in PBS supplemented with 1 mM N-
tosyl-L-phenyl alaninechloromethylketone (TPCK), 1 mM phenyl-
methylsulfonylfluoride (PMSF) and 1% Non-Idet P-40 (NP-40) for
30 min at room temperature to remove the tegument. The denuded
worms were removed, frozen in liquid nitrogen then pulverized in a
mortar and pestle. The extract was suspended in 1% NP-40, then cen-
trifuged at 10,000 g for 1 h at 4°C. Protein concentrations were deter-
mined using bovine serum albumin as standard [19]. Sj22 and Sm22
were eluted from polyacrylamide gels as described [14].

Human Antisera
Sera from 176 individuals infected with S. japonicumliving in

two villages in Leyte, the Philippines (Caninoan and Lanauan) were
obtained as part of a comparative study of sex/antibody isotype re-
sponses between Kenya and the Philippines [14]. Isotype-specific
ELISAs against SWAP, Sj22 and Sm22 eluted from polyacrylamide
gels were performed as described [8, 14].

Immunoblot Analysis
SWAP (30 µg) was separated in 10% polyacrylamide gels by sodi-

um dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to nitrocellulose, then probed for IgE recognition [8, 11].
Briefly, strips were incubated with blocking solution of 5% skimmed
milk in Tris-buffered saline with Tween-20 for 2 h then incubated
with sera from infected individuals diluted 1:20 in blocking solution
for 24 h in a flat rotary shaker at 4°C. The strips were washed, then in-
cubated with 1:1,000 goat antihuman IgE conjugated to alkaline
phosphatase (Sigma, St. Louis, Mo.) for 22 h. Color development uti-
lized the 5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazoli-
um substrate system.

Polyclonal Antibody Production
Polyclonal antibodies were prepared by immunizing a New

Zealand rabbit with unstained nitrocellulose-immobilized antigen rec-
ognized by pooled high-titer IgE antisera in AWT blots (Sj22). Nitro-
cellulose containing Sj22 was excised from 8 strips, shredded in 0.5
ml phosphate-buffered saline, emulsified in 0.5 ml complete Freund’s
adjuvant and injected subcutaneously in approximately 2–4 sites. On
day 21, the rabbit was boosted with the same antigen emulsified in in-
complete freund’s adjuvant. Mouse anti-Sj22 was also prepared by
immunizing Balb/c mice with the same antigen preparation. Polyclon-
al antibody specificity was monitored through immunoblot analysis.
Prior to immunoscreening, rabbit anti-Sj22 polyclonal antisera were
preadsorbed  in filters containing Escherichia colilysate [20].

cDNA Library Screening
Approximately 5E105 clones from an adult S. japonicum(Min-

doro strain) λZAPII cDNA library [17] were screened using pooled
high-titer IgE antisera as described in the IgE blots. The purity of cD-
NA clones cored from the tertiary screen was confirmed by the poly-
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15 individuals were considered as high-IgE/SWAP respon-
ders. High-IgE/SWAP responders (n = 15) were older than
the rest of the population (n = 176, pd0.05).

To identify common antigens recognized by these fifteen
high-IgE/SWAP responders, individual antisera were used
in an IgE-specific immunoblot with SWAP. Results con-
firmed the IgE recognition of antigen(s) in the 22-kDa
range (Sj22) by the majority of the high-IgE/SWAP respon-
ders (13/15) [14]. However, in this particular SWAP prepa-
ration the band appeared as a doublet (fig. 1). Other anti-
gens of higher molecular weight were also observed, in
contrast to a previously reported blot [14]. Sj22-reactive an-
tisera from 13 high-IgE/SWAP responders were pooled for
the subsequent experiments.

In IgE blots with different parasite preparations, the
pooled antisera recognized four distinct bands in DWA cor-
responding to antigens of 22, 45, 78 and 97 kDa (fig. 2, lane
C). The 78- and 97-kDa antigens appear to be degraded in
SWAP, while only the 22-kDa band was recognized in AWT
preparation (fig. 2, lanes D and B, respectively). The lower
22-kDa band was not observed in AWT or DWA, suggest-
ing that this may also be a degradation product. Alternative-
ly, the band may correspond to a different antigen of similar
molecular weight.

Filipino IgE responses to native Sj22 and Sm22 were
subsequently compared (fig. 3). In our previous report [14],
most individuals do not respond to Sj22, however, individ-
uals who had IgE/SWAP titers above an arbitrary cutoff val-
ue (A260 = 0.4) were more likely to have higher IgE titers to
Sj22. Confirming this trend, the high-IgE/SWAP respon-
ders identified for this study also had higher IgE responses
to Sj22 than the rest of the population (F4,154 = 19.68,
n = 159, pd0.001). Interestingly, these individuals also had
higher IgE responses to Sm22, but to a lesser extent
(F4,136= 2.56, n = 141, pd0.01). A positive correlation be-
tween IgE titers to Sj22 and Sm22 was also observed (ρ =
0.287, n = 136, pd0.001), suggesting IgE cross-reactivity
between the molecules they contain. However, the thresh-
old appears to be more pronounced for Sj22 than for Sm22,
since IgE-Sm22 responses of high-IgE/SWAP responders
are more disperse and difficult to segregate from IgE re-
sponses of the rest of the population (fig. 3). While some
high-IgE/SWAP responders have high IgE titers to both
Sj22 and Sm22 (patients 3 and 8), some (patients 2, 5 and 6)
had lower IgE/Sm22 titers. These data suggest that the ob-
served cross-reactivity may be limited to conserved epi-
topes.
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merase chain reaction [21] using M13 forward and reverse primers.
Clones recognized by human IgE were subscreened with rabbit poly-
clonal anti-Sj22 antisera. Dually reactive cDNA clones were excised
and the constructs sequenced with Sequenase Version 2.0 Kit (USB),
Arlington Heights, Ill.). The full-length gene was obtained using 5*-
RACE (Boehringer Mannheim, Indianapolis, Ind.). Sequences were
analyzed using the BLASTP (NCBI, NIH, Bethesda, Md.) and MO-
TIF program using the PROSITE network server at EMBL. Nu-
cleotide sequences were submitted to Genbank with Accession No.
AF030404.

Expression Lysates
cDNA inserts in pBluescript plasmids were expressed as fusion

proteins with a 31- aa fragment of â-galactosidase following transfor-
mation into XL-1 Blue MRF’. Transformed cells were grown in LB
broth with 100 µg/ml ampicillin, 12.5 µg/ml tetracycline and 50 mM
glucose to an OD600 of 0.5, induced for 60 min with 0.5 mM isopro-
phyl-â-thio-galactopyranoside, centrifuged at 3,000 g for 15 min,
then resuspended in 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 10 mM â-
mercaptoethanol, 50 mM NaCl, 1 mM iodoacetic acid, 1 mM PMSF,
0.1% SDS and 0.1% NP-40. Samples were freeze/thawed 3 times,
sonicated for 30 s at 90% duty cycle and stored at –70°C. IgE blots of
expressed lysates were performed against high-IgE/SWAP responder
antisera and the rabbit and mouse anti-Sj22 antisera to confirm the
immunoscreen reactivities.

Epitope Mapping
Based on the deduced amino acid sequence of the MJ-1 cDNA

clone, 15-amino-acid peptides (overlapping at 7–8 residues) were
synthesized using standard Fmoc chemistry, then covalently bound to
a hydrophilic membrane (Peptides on Paper, Research Genetics,
Huntsville, Ala.). The peptides were probed in duplicate with pooled
high-titer IgE antisera using conditions specified in the IgE-specific
immunoblots. Similarity searches were performed with each IgE-
binding epitope using the BLASTP software with BEAUTY postpro-
cessing against c300,000 entries in the Swissprot, PDB, nrdb and
CRSeqAnnot databases (Human Genome Center, Baylor College of
Medicine, Tex.).

Statistical Analysis
Covariance analysis (STAT A software) was utilized to compare

the age, high-IgE/SWAP responder status and IgE titers to SWAP,
Sj22 and Sm22. Titers were transformed to log values to fit statistical
assumptions for linear regression. Results with pd0.05 were consid-
ered significant.

Results

SWAP/IgE Profiles of S. japonicum-Infected High-IgE/
SWAP Responders
The study population included 176 individuals who had

a positive egg count in duplicate stool examinations. IgE
titers against SWAP among these individuals were ranked,
and values above the 85th percentile (n = 25) were identi-
fied for the subsequent studies. However, sera from 10 indi-
viduals were already exhausted, hence only the remaining



Identification of cDNA Clones Recognized by Human IgE
The pooled antisera from the high-IgE/SWAP respon-

ders identified thirty cDNA clones in the initial screen. Af-
ter two subsequent screens, nine clones, designated MJ-1 to
MJ-9, were consistently recognized by the antisera. When
these nine clones were subscreened with the rabbit anti-
Sj22 antisera, a single cDNA clone, MJ-1, was identified.

To confirm that the MJ-1 gene product corresponds to
the Sj22 antigen identified in the IgE blots, expression
lysates from this clone (pBluescript/MJ-1 construct) and a
control (pBluescript only) were probed using the rabbit and
mouse anti-Sj22 polyclonal antisera and a high-titer IgE hu-
man antisera (patient 1). A band of approximately 28 kDa
was uniquely observed by all three antibody probes in the
MJ-1 expression lysate (fig. 4, lanes R1, E1, M1) but not in
the pBluescript lysate (lanes R2, E2, M2). These data sug-
gest that the MJ-1 gene product (which is fused with the 4-
kDa fragment of â-galactosidase) corresponds to the native
22-kDa antigen recognized by the high-IgE/SWAP respon-
ders in figure 1 and recombinant Sj22.6 expressed the rele-
vant IgE-binding epitopes.
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Molecular Sequence of the MJ-1 cDNA Clone
The identified clone, MJ-1, contained a 546-bp ORF be-

ginning with the first nucleotide of the cDNA. Based on ho-
mology to Sm22.6, MJ-1 was missing approximately 27 nu-
cleotides at the 5* coding region [22]. The complete coding
sequence was determined by 5’-RACE, the full-length gene
having a 41-bp 5* UTR region, followed by a 576-bp ORF,
a 197-bp 3* UTR and a 17-bp poly-A tail. The complete nu-
cleotide sequence exhibited significant identity to Sm22.6
(79.7%), and almost complete identity to similarly cloned
Sj22.6 antigens (98.8%) from China and Sorsogon
province, Philippines [13, 23]. Differences between Sj22.6
sequences from the two Philippine isolates include five
silent substitutions and a conservative nonsilent substitution
at codon 88 (AGAdAAA leading to an RdK change).

The deduced amino acid sequence showed significant
identity to several schistosome tegumental antigens which
contain an EF-hand motif (aa 56–68), including Sm21.7
[24], Sm20.8 [25] and Sm16 [26]. Similar to earlier reports
[12, 22], Sj22.6 also exhibited similarity to calmodulins,
myosin regulatory light chains and other calcium-binding

Fig. 1. IgE-specific immunoblot of fifteen high-IgE/SWAP responders against SWAP. High-IgE/SWAP responders
were selected from a cohort of 176 individuals [14] who had IgE titers to SWAP above the 85th percentile. IgE anti-
bodies from the majority of individuals also recognized a 22-kDa band, shown here as a doublet (arrow). High-MW
antigens of 45, 78 and 85 kDa, however, were also observed. All patients, except patients 12 and 15, recognized the 22-
kDa band. Numbers correspond to the patient code. Lane Q represents normal human sera.



proteins. Interestingly, the N-terminal half of the molecule
also exhibited similarity to the C-terminal half of parvalbu-
mins, with 57.3% homology in a 68-aa stretch with respect
to the Baltic cod allergen Gad c 1 (fig. 5A). Although the re-
gions of similarity were most significant in the parvalbumin
EF helix-loop-helix, some upstream residues were also con-
served, particularly with respect to the CD helix-loop-helix
domain. The N-terminal half of Sj22.6 also exhibited sig-

nificant similarity to plant calcium-dependent protein ki-
nases and α-lactalbumin (data not shown). The C-terminal
half, on the other hand, exhibited similarity to plant phos-
phoproteins and a dynein light chain from yeast with 47%
homology in a 68-aa stretch (fig. 5A).

Mapping of Sj22.6 Epitopes Recognized by Human IgE
In order to further define the binding of human IgE to

Sj22.6 (Philippine strain), overlapping 15-aa peptides (pep-
tides 1–23) were synthesized from the deduced amino acid
sequence of MJ-1. Four linear antigenic determinants were
recognized by the pooled high-titer IgE antisera (fig. 5B, 6).
These include peptide 7 (epitope 1): aa 56–70 (DTDKDGK-
VSLEEFCR), peptide 11 (epitope 2): aa 85–99 (LKKDK-
EGKVSTLPLD), peptide 14 (epitope 3): aa 108–122 (MSK-
AKQYNICCKFKE) and peptide 23 (epitpe 4): aa 175–189
(FKYSNYVCLLWRTPS). In all cases, faint signals were
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Fig. 2. IgE blot of pooled antisera against various worm prepara-
tions. A = MW marker; B = AWT; C = DWA; D = SWAP. Pooled an-
tisera from high-IgE/SWAP responders except patients 12 and 15
were utilized. Immunodominant bands in DWA correspond to anti-
gens of 22, 45, 78 and 97 kDa, but only the 22-kDa band was present
in AWT (arrows). The 78- and 97-kDa bands appear to be degraded in
SWAP.

Fig. 3. IgE cross reactivity between Sj22 and Sm22. IgE respons-
es of 136 S. japonicum-infected Filipinos against native Sj22 and
Sm22 eluted from polyacrylamide gels were compared in an IgE
ELISA. Diamonds correspond to codes of high-IgE/SWAP respon-
ders, with numbers corresponding to the patient code specified in fig-
ure 1. Only those individuals with the most intense anti-Sj22 patterns
in IgE blots (patients 1–8) were labeled. Dashed vertical lines refer to
an arbitrary cutoff IgE titer (A260 nm= SWAP) [14].
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also observed in adjacent peptides (fig. 6). Hence, the min-
imal epitopes are likely to be present in these underlined
residues. When compared to Sm22.6, the four epitopes had
several substitutions (fig. 5B), ranging from two substitu-
tions (epitope 4), three substitutions (epitopes 1 and 3) to
eight substitutions (epitope 2).

Discussion

For many years, vaccine development approaches
against human S. japonicuminfection relied on testing S.
japonicumhomologues of S. mansonivaccine candidates in
the mouse model [16, 27, 28]. This approach has the advan-
tage of rapid testing of antigens, however (1) some candi-
date vaccine antigens may be species-specific [17, 29] and
(2) the concordance  between the murine and human im-
mune response against candidate schistosome vaccines is
still unclear [30, 31].

Recent findings on the potential role of human IgE in
protective immunity therefore provide an alternative strate-
gy for identifying S. japonicumvaccine candidates. In this
study, IgE antibodies from older individuals with high IgE
titers (high-IgE/SWAP responders) were utilized as probes
to screen an adult S. japonicumexpression library. The IgE-
screening approach is widely used in the molecular cloning
of allergens, but, to our knowledge, has not yet been used in
the identification of potential antihelminth vaccines. Using
this approach, nine unique cDNA clones were identified,
but only one matched the immunodominant 22-kDa band
observed in IgE blots. The antigen was homologous to the
22.6-kDa tegumental antigen in S. mansoni, also reported as
a major target of the human IgE response for this infection
[12].

Sj22.6 was already cloned twice from two strains of
S.japonicumbut was considered as a vaccine candidate
mainly because of its homology to Sm22.6 [13, 23]. A 22-
kDa antigen(s) was also identified as a target of human IgE
in our recent study in the Philippines [14], but the antigen
responsible cannot directly be construed as Sj22.6, since
there are many antigens which comigrate in this kilodalton
range [11, 12]. Based on human studies in Sm22.6, recom-
binant Sj22.6 has also been shown to elicit IgE antibodies in
mice [32], but this animal model may have several impor-
tant limitations in studying IgE-mediated immunity to par-
asites [33]. Confirmation that the Sj22 antigen recognized
by human IgE is the Sj22.6 molecule is therefore an impor-
tant gap in considering the latter as a vaccine candidate
against S. japonicuminfection. This study provides the first
direct evidence that the immunodominant 22-kDa antigen
(Sj22) recognized by IgE is the Sj22.6 molecule.

The positive correlation between Filipino IgE responses
to Sj22 and Sm22 suggests that both molecules share simi-
lar IgE-binding epitopes. In an epitope mapping experi-
ment, we identified four linear IgE-binding epitopes in
Sj22.6, three of which had minor substitutions with respect
to Sm22.6. These relatively conserved epitopes may there-
fore be responsible for the observed IgE cross-reactivity be-

Fig. 4. Recognition of the bacterial expression lysates of the cD-
NA clone MJ-1 by three different antibody probes. R = Rabbit
polyspecific anti-Sj22 antibody; E = IgE antibodies from a high-IgE
responder (patient 1), M = mouse polyspecific anti-Sj22 antibody.
These antibodies were used to probe two sets of expression lysates of
XL-1 Blue bacteria: bacteria transformed with the MJ-1 cDNA clone
(1) and bacterial lysate with pBluescript only (2). Several bacterial
antigens reacted to the antisera in both preprations, but a 28-kDa band
was uniquely identified in expression lysates with the MJ-1 construct
as shown by the arrows.
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tween Sj22 and Sm22. The cross-reactivity is not universal,
however, since some patient antisera who had high IgE
titers to Sj22 had relatively lower IgE titers to Sm22. This
suggests that amino acid differences in the linear epitopes
(e.g., epitope 2) may be significant, or that Sj22.6-specific
discontinuous epitopes exist. Given the inherent limitation
of the approach to map only linear epitopes, a quantitative
assessment of the relative contributions of each IgE epitope
in protective immunity is merited. We have reason to be-
lieve, however, that the EF-hand motif may be a major
cross-reactive epitope (see below).

Epitopes 1 and 2, the putative calcium-binding domain
and the charge-dense region [13], were recognized, in
agreement with a recent Sj22.6 epitope map based on
mouse IgG antibodies [34]. However, the other two IgE epi-
topes we identified (epitopes 3 and 4) were not recognized

by any of the mouse strains immunized with recombinant
Sj22.6. These epitopes resided in the C-terminal half, pre-
dicted to have low antigenicity in hydrophobicity and sec-
ondary structure analyses [34]. The rationale for this dis-
crepancy between IgE and IgG epitopes is not understood.
However, it is interesting to note that being homologous to
dynein light chain, the C-terminal half may be critical for
Sj22.6 activity. Similarly, a conserved glycine residue in
epitope 1 suggests that it may functionally bind calcium, in
contrast to a similar region in Sm21.7 [24]. Hence, IgE an-
tibodies may have been generated to bind to these critical
domains to disrupt Sj22.6 activity. Based on studies on
Sm20.8 [25] and its homology to calmodulin, parvalbumin
and myosin and dynein regulatory light chains, Sj22.6 may
play an important role in the regulation of muscle relaxation
near the tegument through cytoskeletal interactions.

Fig. 5. Molecular comparisons with the
Sj22.6 amino acid sequence. A Similarity of
the N-terminal half of Sj22.6 to the Gad c 1
allergen [35]. Residues in boldface corre-
spond to the upstream CD and downstream
EF helix-loop-helix domains of parvalbumin
beta. Homology with the C-terminal half to a
92-aa yeast dynein light chain is also shown
(PID g2494224). Alignment was done using
the Lipman-Pearson algorithm. B Epitope
map of Sj22.6. Amino acid residues in bod-
face-type correspond to IgE-binding epitopes
identified using the overlapping peptide
method. The first nine N-terminal amino
acids were not included since these were not
in the MJ-1 cDNA clone identified in the IgE
immunoscreen. The epitopes vary with re-
spect to Sm22.6 from 2 substitutions (Epi-
tope 4) to 8 substitutions (epitope 2).
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An unexpected finding in this study is the similarity of
two of these epitopes to known IgE-binding epitopes from
allergenic proteins (table 1, epitopes 1 and 4). Epitope 1 was
similar to the IgE-binding epitope Gad c 1 (aa 88–103) in
the EF helix-loop-helix region from a major fish allergen,
Allergen M (parvalbumin), in the Baltic cod Gadus callar-
ias [35]. Interestingly, this epitope functioned as a monova-
lent hapten which blocked rather than elicited an allergic re-
action [35]. Epitope 1 also exhibited similarity to the second
calcium-binding domain of the rape allergen, Bra n 1[36].

A recurring theme in continuing efforts for allergen iden-
tification is that proteins with EF-hands may constitute a
major group of cross-reactive plat allergens [37], exempli-
fied by allergens from Bermuda grass (Cyn d 7), birch
pollen (Bet v 3 and Bet v 4), weeds (Bra r 2 and Bra n 1) and
trees (Olea). Moreover, parvalbumins from different fish
species were recently shown to exist as cross-reactive aller-
gens [38]. It is therefore intriguing when expressed se-
quence tag analysis of the remaining nine cDNA clones we
have identified yielded four as putative calcium-binding
proteins. These recent findings suggest that the EF-hand
motif may be a major cross-reactive IgE-binding epitope,
contributing significantly to the protective effect of anti-
schistosome IgE antibodies in humans. It would therefore
be important to determine the extent of IgE cross-reactivity
between these EF-hand-containing molecules, and if signif-
icant, to assess whether IgE antibodies generated against
these schistosome antigens can elicit hypersensitivity and
vice versa, and whether IgE antibodies directed against
these calcium-binding allergens will have a protective ef-
fect against schistosome infection.

Epitope 4, on the other hand, exhibited similarity to a
segment of lobster crustacyanin Cl, a member of the â-lac-
toglobulin superfamily [39], which includes allergens such
as cow’s milk, a cockroach calycin, and rat and mouse uri-
nary proteins [40]. In molecular modeling studies, these
low-similarity antigens were shown to harbor three struc-
turally conserved regions (SCRs) which upon alignment
contained several conserved amino acids [40]. Sj22.6/epi-
tope 4 shared the Y-x-[N]-Y motif in SCR2, identified as the
major allergenic epitope in cow’s milk [41]. We did not
identify allergenic epitopes similar to epitopes 2 and 3;
however, top-scoring peptides in the search corresponded to
proteins from organisms known to cause allergy such as
yeast and castor bean (table 1). The allergenic potential of
these peptides remains to be determined.

In summary, we have shown that Sj22.6 is a major anti-
gen recognized by high-IgE/SWAP responders in a relative-
ly well-characterized population of individuals chronically
infected with S. japonicum. This finding is analogous to that
reported for S. mansoni, despite the limited cross-reactivity
between Sm22 and Sj22 against antisera from S. japonicum-
infected individuals. This argues that similar IgE-mediated
protective immune responses may be operating against both
parasites, and strengthens the potential of Sj22.6 as a vac-
cine candidate against human schistosomiasis japonicum.

Finally, the results of our peptide similarity studies pro-
vide additional insights into the evolution of human IgE. It
has been postulated that allergies result from a homeostatic
perturbation due to the loss of a protective function for IgE

Fig. 6. Determination of IgE-binding epitopes. Dots 1–23 (pep-
tides 1–23) show positions of specific 15-aa peptides covalently
bound to a hydrophilic membrane and overlapping at 7–8 residues as
deduced from the MJ-1 cDNA clone. Pooled high-titer IgE antisera
were used as primary antibody. Peptide 11C correspond to the alter-
nate form of peptide 11 in Sj22.6 (Chinese strain, RdK). Immunore-
active peptides were marked by a +++ sign. Weakly reacting adjacent
peptides were marked by either a ++ or + sign. Based on this analysis,
four IgE-binding epitopes in Sj22.6 were identified: peptides 7, 11, 14
and 23. These were subsequently referred to as epitopes 1–4, respec-
tively.
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Peptide sequence Homology PID No.

Sj22.6 epitope 1 DTDKDGKVSLEEFCR
Cow neurocalcin DTNRDGKLSLEEFIR 14/15 266611
Rat/mouse calcineurin DKDGDGRISFEEFC 11/14 286206
Rice calcium-Dept kinase DRDNDGRINYEEFC 10/14 589498
Baltic cod parvalbumin DSDGDGKIGVDEF 11/13 131112
Bra n I allergen DTDGDGNISFQEF 9/13 2129799

Sj22.6 epitope 2 LKKDKEGKVSTLPLD
Yeast Chr Seg’ gn protein LKKQRAGTASFIPLD 10/15 417778
Maize H+ ATPase LEQNKDESIASLPID 13/15 533775

Sj22.5 epitope 3 MSKAKQYNICCKFKE
Castor bean desaturase SKSYNLCSSFK 08/11 414732
Yeast TTP1 protein STAKQYNEACLLK 08/13 586137
Cod somatolactin precursor RDYNVLCCFKK 08/11 482585

Sj22.6 epitope 4 FKYSNYVCLLWRTPS

Lobster crustacyanin A1 TDYSNYACL 06/07 117423
B. germanicacalycin TDYENYAIV
Mouse urinary protein TDYDNFLMA
Rat α2u-globulin TDYDRYVMF
Cow â-lactoglobin TDYKKYLLF

Shown are peptides from specific proteins in the list of top-scoring peptides obtained
(BCM Search Launcher, Tex.) in similarity searches. Not all similarities were shown. Frac-
tional values correspond to similarity values which took into account conservative amino acid
substitutions. PID numbers were specified for the peptide matches shown. For the epitope
4/crustacyanin similarity, SCR2 sequences of related allergens were also listed [40].

Table 1. Sj22.6 IgE epitope similarities.

against helminth infection [42]. In this study, we show that
specific domains recognized by human IgE in Sj22.6 are
similar to IgE-binding epitopes from known allergens. It is
therefore tempting to speculate that IgE responses may have
evolved to counteract the activity of certain helminth pro-
teins, such as tegument-associated calcium-binding pro-
teins, by binding to critical molecular domains. Effective
eradication of helminth infection, however, may have di-
verted this response to structurally similar epitopes in food
and environmental proteins. Based on this hypothesis, it
will be important to determine the extent of IgE cross-reac-
tivity between EF-hand-containing schistosome vaccine
candidates such as Sj22.6 and allergens such as parvalbu-
mins and certain pollen proteins. These considerations may
eventually lead to a deeper understanding of the specific
antigen-induced mechanisms which determine the protec-
tive and pathological consequences of IgE in the human
host.

Acknowledgements

This work was supported by a United States-National Institutes of
Health Tropical Medicine Research Center (TMRC) grant P50 AI
30601.

The authors would like to acknowledge the following: Dr. Remi-
gio M. Olveda and the Schistosomiasis Study Group (RITM) for the
field studies, Dr. Charlie Vaslet (Brown University) for assistance in
5*RACE, Mr. Percival Arias, Dr. Mary Margaret G. Gozar, Ms. Luz P.
Acosta and Ms. Judith Alamares (RITM) for expert technical assis-
tance and advice, and most especially the people of Leyte for their
support.



Sj22.6 Is a Major Target of Human IgE Int Arch Allergy Immunol 1998;117:94–104 103

References

1 Mott KE: Schistosomiasis control; in Rollins
D, Simpson A (eds): The Biology of Schisto-
somes: From Genes to Latrines. London, Aca-
demic Press, 1997, pp 431–450.

2 McGarvey ST, Aligui G, Daniel BL, Peters PA,
Olveda R, Olds GR: Child growth and Schisto-
somiasis japonica in Northeastern Leyte, the
Philippines: Cross-sectional results. Am J Trop
Med Hyg 1992;46:571–581.

3 Santos AT: The present status of schistosomia-
sis in the Philippines. Southeast Asian J Trop
Med Public Health 1984;15:439–445.

4 Olveda RM, Daniel BL, Ramirez BD, Aligui
GD, Acosta LP, Fevidal P, Tiu E, de Veyra F,
Peters PA, Romulo R, Domingo E, Wiest PM,
Olds GR: Schistosomiasis japonicain the
Philippines: The long-term impact of popula-
tion-based chemotherapy on infection, trans-
mission and morbidity. J Infect Dis 1996;174:
163–172.

5 Wiest PM, Wu G, Zhong S, McGarvey ST,
Yuan J, Olveda RM, Peters PA, Olds GR: Im-
pact of annual screening and chemotherapy
with praziquantel on schistosomiasis japonica
on Jishan Island, People’s Republic of China.
Am J Trop Med Hyg 1991;51:162–169.

6 Fernandez TJ, Petilla T, Banez B: An epidemi-
ological study on Schistosoma japonicumin
domestic animals in Leyte, Philippines. South-
east Asian J Trop Med Public Health 1982;
13:575–579.

7 Fallon PG, Mubarak JS, Fookes RE, Niang M,
Butterworth AE, Sturrock RF, Doenhoff MJ:
Schistosoma mansoni: Maturation rate and
drug susceptibility of different geographic iso-
lates. Exp Parasitol 1997;86/1:29–36.

8 Dunne D, Butterworth A, Fulford A, Kariuki
H, Langley J, Ouma J, Capron A, Pierce R,
Sturrock R: Immunity after treatment of hu-
man schistosomiasis: Association between IgE
antibodies to adult worm antigens and resis-
tance to reinfection. Eur J Immunol 1992;22:
1483–1494.

9 Hagan P, Blumenthal UJ, Dunne D, Simpson
AJG, Wilkins HA: Human IgE, IgG4 and
resistance to reinfection with Schistosoma
haematobium. Nature 1991;349:243–245.

10 Rihet P, Demeure C, Preta A, Dessein A: Evi-
dence for an association between human resis-
tance to Schistosoma mansoniand high anti-
larval IgE levels. Eur J Immunol 1991;21:
2679–2686.

11 Dunne DW, Webster M, Smith P, Langley JG,
Richardson BA, Fulford AJC, Butterworth AE,
Sturrock RF, Kariuki HC, Ouma JH: The isola-
tion of a 22 kDa band after SDS-PAGE of
Schistosoma mansoniadult worms and its use
to demonstrate that IgE responses against the
antigen(s) it contains are associated with hu-
man resistance to reinfection. Parasite Immu-
nol 1997;19:79–89.

12 Webster M, Fulford AJC, Braun G, Ouma JH,
Kariuki HC, Havercroft JC, Gachihi K, Stur-
rock RF, Butterworth AE, Dunne DW: Human
immunoglobulin E responses to a recombinant
22.6-kilodalton antigen from Schistosoma
mansoni adult worms are associated with low
intensities of reinfection after treatment. Infect
Immun 1996;64:4042–4062.

13 Waine GJ, Becker MM, Scott JC, Kalinna BH,
Yang W, McManus DP: Purification of a re-
combinant Schistosoma japonicumantigen ho-
mologous to the 22-kDa membrane-associated
antigen of S. mansoni, a putative vaccine can-
didate against schistosomiasis. Gene 1994;
142:259–263.

14 Webster M, Ramirez BL, Aligui GD, Olveda
RM, Ouma JH, Kariuki HC, Kimani G, Olds
GR, Fulford AJC, Butterworth AE, Dunne
DW: The influence of sex and age on antibody
isotype responses to Schistosoma mansoniand
Schistosoma japonicumin human populations
in Kenya and the Philippines. Parasitology
1997;114:383–393.

15 Olds GR, Olveda R, Wu G, Wiest P, McGarvey
S, Aligui G, Zhang S, Ramirez B, Daniel B,
Peters P, Romulo R, Fevidal P, Tiu W, Yuan J,
Domingo E, Blas B: Immunity and morbidity
in schistosomiasis japonicum infection. Am J
Trop Med Hyg 1996;55(suppl 5):121–126.

16 Ramirez BL, Kurtis JD, Wiest PM, Arias P,
Aligui F, Acosta L, Peters P, Olds GR:
Paramyosin: A candidate vaccine antigen
against Schistosoma japonicum. Parasite Im-
munol 1996;18:49–52.

17 Kurtis JD, Ramirez BL, Wiest PM, Dong KL,
El-Meanawy A, Petzke MM, Johnson JH, Ed-
mison J, Maier RA Jr, Olds GR: Identification
and molecular cloning of a 67-kilodalton pro-
tein in Schistosoma japonicumhomologous to
a family of actin-binding proteins. Infect Im-
mun 1997;65/1:344–347.

18 Simpson AJ, Schreyer MD, Cesari IM, Evans
WH, Smithers SR: Isolation and partial charac-
terization of the tegumental outer membrane of
adult Schistosoma mansoni. Parasitology
1991;83:163–177.

19 Bradford MM: A rapid and sensitive method
for quantitation of microgram quantities of
protein utilizing the principle of protein-dye
binding. Anal Biochem 1976;72:248–254.

20 Sambrook J, Fritsch EF, Maniatis T: Molecular
Cloning: A Laboratory Manual, ed 2. New
York, Cold Spring Harbor Laboratory Press,
1989.

21 Saiki K, Gelfand DH, Stoffel S, Scharf SJ,
Higuchi R, Horn GT, Mullis KB, Erlich HA:
Primer-directed enzymatic amplification of
DNA with a thermostable DNA polymerase.
Science 1988;29:487.

22 Stein LD, David JR: Cloning of a developmen-
tally regulated tegument antigen of Schistoso-
ma mansoni. Mol Biochem Parasitol 1986;20:
253–264.

23 Yang W, Scott JC, McManus DP: A molecular
comparison of glyceraldehyde-3-phosphate
dehydrogenase and a 22.6-kDa tegument
membrane-associated antigen from Chinese
and Philippine Schistosoma japonicum, Para-
sitol Int 1997;46/1:45–54.

24 Francis P, Bickle Q: Cloning of a 21.7 kDa
vaccine-dominant antigen gene of Schistoso-
ma mansonireveals an EF hand-like motif.
Mol Biochem Parasitol 1992;50:215–224.

25 Hoffman KF, Strand M: Molecular characteri-
zation of a 20.8-kDa Schistosoma mansoni
antigen. J Biol Chem 1997;272:14509–14514.

26 Moser D, Doenhoff MJ, Klinkert MQ: A stage-
specific calcium-binding protein expressed in
eggs of Schistosoma mansoni. Mol Biochem
Parasitol 1992;51/2:229–238.

27 Waine GJ, McManus DP: Schistosomiasis vac-
cine development – The current picture. Bioes-
says 1997;19:435–443.

28 Mitchell GF, Davern KM, Wood SM, Wright
MD, Argyropoulos VP, McLeod KS, Tiu WU,
Garcia EG: Attempts to induce resistance in
mice to Schistosoma japonicumand Schistoso-
ma mansoniby exposure to crude schistosome
antigens plus cloned glutathione-S-transferas-
es. Immunol Cell Biol 1990;68:377–385.

29 Moloney NA, Webbe G, Hinchcliffe P: The in-
duction of species-specific immunity against
Schistosoma japonicumby exposure of rats to
ultra-violet attenuated cercariae. Parasitology
1987;94:49–54.

30 Sher A, Coffman RL, Hieny S, Cheever AW:
Ablation of eosinophil and IgE responses with
anti-IL-5 or anti-IL-4 antibodies fail to affect
immunity against Schistosoma mansoniin the
mouse. J Immunol 1990;145:3911–3916.

31 Brunet LR, Finkelman FD, Cheever AW, Kopf
MA, Pearce EJ: IL-4 protects against TNF-α-
mediated chachexia and death during acute
schistosomiasis. J Immunol 1997;159:777–
785.

32 Waine GJ, Mazzer DR, McManus DP: Produc-
tion of IgE antibodies against the 22kDa tegu-
mental mebrane-associated antigen in schisto-
somes is directed by the antigen itself. Parasite
Immunol 1997;19:513–533.

33 de Andres B, Rakasz E, Hagen M, McCormik
ML, Mueller AL, Elliott D, Metwali A, Sandor
M, Britigan BE, Weinstock JV, Lynch RG:
Lack of FcεRII receptors on murine eosino-
phils: Implications for the functional signifi-
cance of elevated IgE and eosinophils in para-
sitic infections. Blood 1997;89:3826–3836.

34 Waine GJ, Mazzer DR, Brandt ER, McManus
DP: A dominant B-cell epitope on the 22 kDa
tegumental membrane-associated antigen of
Schistosoma japonicum maps to an EF-hand
calcium-binding domain. Parasite Immunol
1997;19:337–345.



104 Int Arch Allergy Immunol 1998;117:94–104 Santiago/Hafalla/Kurtis/Aligui/Wiest/
Olveda/Olds/Dunne/Ramirez

35 Elsayed S, Apold J. Immunochemical analysis
of codfish Allergen M: locations of the im-
munoglobulin binding sites as demonstrated
by the native and synthetic peptides. Allergy
1983;38:449–459.

36 Toriyama K, Okada T, Watanabe M, Ide T,
Ashida T, Xu H, Singh MB: A cDNA clone en-
coding an IgE-binding protein from Brassica
anther has significant sequence similarity to
Ca(+2)-binding proteins. Plant Mol Biol 1995;
29:1157–1165.

37 Twardosz A, Hayek B, Seiberler S, Vangelista
L, Elfman L, Gronlund H, Kraft D, Valenta R:
Molecular characterization, expression in Es-
chericia coliand epitope analysis of a two EF-
hand calcium-binding birch pollen allergen,
Bet v 4. Biochem Biophys Res Commun 1997;
239:179–204.

38 Bugajska-Schretter A, Elfman L, Fuschs T,
Kapiotis S, Rumpold H, Valenta R, Spitzauer
S: Parvalbumin, a cross-reactive fish allergen,
contains IgE-binding epitopes sensitive to pe-
riodate treatment and Ca2+ depletion. J Allergy
Clin Immunol 1998;101:67–74.

39 Keen JN, Caceres I, Eliopoulos EE, Zagalsky
PF, Findlay JB: Complete sequence and model
for the C1 subunit of the carotenoprotein, crus-
tacyanin, and model for the dimer, α-crusta-
cyanin, formed from the C1 and A2 subunits
with astaxanthin. Eur J Biochem 1991;202:
31–40.

40 Arruda LK, Vailes LD, Hayden ML, Benjamin
DC, Chapman MD: Cloning of cockroach al-
lergen, Bla g 4, identifies ligand binding pro-
teins (or calycins) as a cause of IgE antibody
responses. J Biol Chem 1996;270:31196–
31201.

41 Ball G, Shelton MJ, Walsh BJ, Hill DJ, Hos-
king CS, Howden MEH: A major continuous
allergenic epitope of bovine â-lactoglobulin
recognized by human IgE binding. Clin Exp
Allergy 1994;24:758–764.

42 Bell RG: IgE, allergies and helminth parasites:
A new perspective on an old conundrum. Im-
munol Cell Biol 1996;74:337–345.




