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Abstract: Four monoepitopic MAPs (MAP A, B, C and E) and one bis-diepitopic MAP B-E derived from the
primary sequence of Schistosoma mansoni glyceraldehyde 3-phosphate dehydrogenase, previously tested in
BALB/c mice, were examined for their immunogenicity and protective capacity in C57BL/6 mice. Despite
multimerization into MAPs, MAP A and MAP C were poorly immunogenic. In contrast to BALB/c mice, MAP
E was non-immunogenic in C57BL/6 mice. Peptide B in the form of MAP B or bis-diepitopic MAP B-E elicited
immune responses in C57BL/6 mice that were associated with a significant decrease in worm burden.

The MAPs were prepared by the stepwise solid-phase peptide synthesis using Boc/Bzl chemistry,
successfully purified on the RP-HPLC column and characterized by RP-HPLC, HPCE and MALDI-TOF
MS techniques. A general strategy for MAPs purification is discussed here and the purification of MAP B and
MAP E is documented in detail. Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

There are a number of species of schistosomes
that can infect humans. However, most of the
human infections are caused by S. mansoni, S.
haematobium and S. japonicum. S. mansoni infects
approximately 200 million people in 74 countries
resulting in 1 million deaths annually [3]. The
infection is initiated by the penetration of infective
cercariae through the human skin, followed by its
transformation into a schistosomula that migrates
into lungs and then to the liver where the worm
matures, copulates and begins the deposition of
eggs. A proportion of the eggs make their way
to the exterior with stools, whereas the rest are
trapped in the host tissues leading to severe
inflammation, granuloma formation and ultimately
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fibrosis. Control of the disease is now accomplished
by praziquantel chemotherapy, but the problem of
frequent reinfection stresses the need for a safe,
stable and effective vaccine [4].

Schistosoma mansoni glyceraldehyde 3-P dehy-
drogenase (SG3PDH) is a target of cellular and
humoral immune responses of Brazilian and Egyp-
tian subjects putatively resistant to reinfection with
S. mansoni [4–9]. Like most schistosoma vaccine
proteins, the amino acid sequence of SG3PDH shows
numerous positional identities with its mammalian
counterpart [6]. Vaccination with the whole parasite
protein or conserved regions of the molecule may
potentially induce autoimmune responses. There-
fore, it is important to select the least conserved
polypeptides of the molecules to use as vaccines. It
is also important to consider the problem that these
peptides must induce optimal T and B cell activities.
Peptides fulfilling such criteria have been selected
from the sequences of SG3PDH [10], glutathione S-
transferase [11], Sm23 [12] and triose phosphate
isomerase [13]. Previous studies by Argiro et al.
[10] attempted to define T and B cell determinants
in SG3PDH, and assessed whether peptides cor-
responding to the antigenic epitopes can be used
in a subunit vaccine. Our approach was different,
as peptides derived from its primary sequence were
selected based on the lowest homology to the human
G3PDH. The selected peptides were shown to carry
human and murine T and B cell determinants [14].

Synthetic peptides are generally poor immuno-
gens and therefore they are usually conjugated
to protein carriers to produce effective antibodies.
However, (i) ambiguous chemical composition and
structure, (ii) often immunodominancy of a protein
carrier, and (iii) low ratio of an antigen to a carrier
are major drawbacks of their use. MAPs (multi-
ple antigen peptides) are an efficient alternative
to peptide–protein conjugates [15]. They lack any
of the above-mentioned disadvantages and there-
fore they possess great potential as immunogens or
synthetic vaccines [16]. Therefore, the MAP pattern
of SG3PDH-derived peptides was used to investi-
gate the immunogenicity and protective efficacy in
BALC/c [17] and C57BL/6 mice.

The purification of MAPs is a very challenging
task even for experienced peptide chemists. Rare
examples dealing mainly with the purification of
ligation products [18] have been published. Basak
et al. [19] published the preparation and purification
of an 8-branched MAP, however, no RP-HPLC or
HPCE spectra were included. ES-MS spectra were
not very clear and multiply charged ion peaks were

unacceptably broad. This is, of course, due to their
branched character, which gives the molecules their
unique physicochemical characteristics that have
an unfortunate deteriorating effect on separation
compared with their linear analogues. Attempts to
purify MAPs have focused mainly on the partial
fractionation by gel permeation chromatography
(GPC) or dialysis. None the less, the purification
of MAPs via RP-HPLC is still the method of choice.
In this paper, the strategy used for their successful
purification is discussed, documented by RP-HPLC,
HPCE and MALDI-TOF spectra.

MATERIALS AND METHODS

Acetonitrile, dichloromethane, N ,N ′-dimethylforma-
mide and tert-butyl methyl ether were pur-
chased from Fluka (Buchs, Switzerland). Boc-
amino acids were obtained from Bachem (Buben-
dorf, Switzerland). The protected amino acids used
were Boc-Arg(Tos), Boc-Asp(OcHx), Boc-Cys(MeBzl),
Boc-Glu(OcHx), Boc-His(Dnp), Boc-Lys(Boc), Boc-
Lys(Fmoc), Boc-Lys(2-ClZ), Boc-Ser(Bzl), Boc-
Thr(Bzl), Boc-Trp(For) and Boc-Tyr(2-BrZ). 4-methyl
benzhydrylamine resin (0.57 mmol NH2/g), Boc-
Val-PAM, Boc-Asp(OcHx)-PAM, Boc-Ala-PAM resins
(0.5–0.6 mmol Boc-AA/g) were purchased from
Calbiochem-Novabiochem (Laufelfingen, Switzer-
land).

Peptide Synthesis

Peptides A, B, C and E were synthesized manually on
the corresponding pre-loaded PAM resins. MAPs A,
B, C and E were synthesized on the [Boc-Lys(Boc)]-
Lys[Boc-Lys(Boc)]-Gly-NH-MBHA resin with initial
substitution reduced to approx. 0.175 mmol/g.
Both peptide acids and MAP amides were syn-
thesized by Boc/Bzl strategy. Couplings were per-
formed in 3-fold molar excess of amino acid using
DCC/HOBt or BOP/DIEA activation. The coupling
efficacy was monitored by ninhydrin assay [20].
If necessary, DMAP was added and the coupling
time was extended by 2 h. If the condensation was
still incomplete, the coupling was repeated using
BOP/DIEA activation. The bis-diepitopic MAP B-E
was prepared in an analogous way using in situ neu-
tralization [21] and the activation by HBTU/DIEA.
N-terminal amino groups of MAP B-E were acety-
lated in Ac2O/pyridine/DMF (1 : 2 : 10, v/v/v, 10 fold
molar excess) for 30 min. Deprotection of His(Dnp)
and Trp(For) was achieved as follows: Dnp was
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split off by 5% thiophenol in DMF (5 × 1 h) fol-
lowed by a thorough DMF wash (5 × 1 min). The For
group was removed by treatment with 10% piperi-
dine in DMF (1 h at 0 °C), followed by a DMF wash
(5 × 1 min). After the removal of the final Boc-group,
the peptide-resin was thoroughly washed with DMF,
DCM, ethanol and ether and dried under vacuum.
Peptides and MAPs were deprotected and detached
from the resin by treatment with HF/anisole (9 : 1)
for 1 h [22]. The scavengers were washed out by
ether (for peptides containing Met tert-butyl methyl
ether was used), the crude product was extracted
with 15% AcOH and freeze-dried. Crude products
were analysed and purified by RP-HPLC. The yields
of peptides and MAPs were calculated in relation
to the first amino acid on the resin and are not
corrected for solvation. The list of prepared peptides
and MAPs together with their analytical data is given
in Table 1.

Preparation of the
[Boc-Lys(Boc)]-Lys[Boc-Lys(Boc)]-Gly-NH-resin

MBHA resin, 0.57 mmol NH2/g (3.5 g; 2 mmol), was
solvated in DMF for 20 min and then neutralized
by 5% DIEA in DMF (v/v). Boc-Gly-OH (2 mmol)
was coupled for 30 min using DCC/HOBt activation.
Quantitative AAA afforded substitution 0.175 mmol
Gly/g of the resin (the average value of three
hydrolyses). Unreacted amino groups were acety-
lated. Two levels of Lys were built up. The peptide
resin was then washed with DMF, DCM and ether
and then dried in vacuum. The yield was 4.84 g of
[Boc-Lys(Boc)]-Lys[Boc-Lys(Boc)]-Gly-NH-resin. AAA
(20 h hydrolysis): Lys 2.89 (3), Gly 1.0 (1).

General Procedures

High-performance liquid chromatography. Pep-
tides and MAPs were analysed on a LaChrom (Merck)
HPLC machine equipped with an L-7100 pump,
L-7450 diode array, D-7000 interface and LiChro-
spher WP300 C18 (250 × 4.0 mm i.d., 5 µm) or Vydac
Protein C4 214TP54 (250 × 4.6 mm i.d., 5 µm) col-
umn using D-7000 HSM ver. 4.0 software. The
gradients are detailed further in the Results sec-
tion. The peptides and MAPs were purified on the
preparative RP HPLC apparatus (Beckman, USA)
equipped with 114M pump, 421 controller and SPD-
2A detector (Shimadzu, Japan). The columns used
were Vydac Peptide and Protein C18 218TP10220
(250 × 22.5 mm i.d., 10 µm) for peptides and Vydac
Protein C4 214TP1010, (250 × 10 mm i.d., 10 µm)

for MAPs and with water–acetonitrile gradients (both
phases contained 0.1% TFA or AcOH v/v).

High-performance capillary electrophoresis. Anal-
yses were performed in a homemade apparatus for
high-performance capillary electrophoresis (HPCE)
[23] equipped with untreated fused silica capil-
lary (i.d. 0.05 mm, o.d. 0.200 mm, effective length
190 mm, total length 300 mm, polyimide outer coat-
ing) and UV photometric detector at 206 nm. The
peptides were dissolved in the background elec-
trolyte (BGE) or in water in the concentration range
0.5–0.75 mg/ml. Peptides and MAPs were analysed
in the mode of capillary zone electrophoresis (CZE)
as cations in acidic BGE I (100 mM H3PO4, 50 mM

Tris, pH 2.25) or as anions in weakly alkaline BGE
II (40 mM Tris, 40 mM tricine, pH 8.1). A nanolitre
sample volume was introduced into the capillary
hydrodynamically with pneumatically induced over-
pressure (500–700 Pa) for 10–20 s. The applied
voltage was 10.0 kV (anode at the injection end of
the capillary), electric current was 56.0 µA in BGE I
and 8 µA in BGE II at ambient temperature 23 °C.

Mass spectrometry. Positive-ion FAB spectra were
recorded on a ZAB-EQ mass spectrometer (VG
Analytical, Manchester, UK), with an IonTech
gun and glycerol or glycerol + thioglycerol matrix.
Positive MALDI-TOF spectra were recorded on a
Reflex IV (Bruker Daltonics, USA) in reflectron mode
(HV 20 kV). The matrix used was CHCA (alpha-
cyano-4-hydroxycinnamic acid) dissolved in 0.1%
TFA and MeCN. Samples were dissolved in water
+0.1% TFA into a final concentration of 1 mg/ml.

Amino acid analysis. The amino acid composition
of both peptides and MAPs was determined on a
Biochrom-20 Pharmacia Amino Acid Analyzer (Phar-
macia LKB Biochrom Ltd, Cambridge, England).
Prior to analysis, the samples were hydrolysed in
6N HCl at 110 °C for 20 or 72 h.

Immunology

Mice and parasites. Eight to 10-week-old female
C57BL/6 mice were raised and maintained through-
out the experimentation in the Schistosome Bio-
logical Supply Program, Theodore Bilharz Research
Institute, Cairo, Egypt (SBSP). Cercariae and adult
worms of an Egyptian strain of S. mansoni were
obtained from SBSP.
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Antigens. The coding sequence for SG3PDH was
obtained and expressed, and the recombinant pro-
tein rSG3PDH was purified by metal affinity chro-
matography (HiTrap Affinity Column, Pharmacia,
Uppsala, Sweden) as detailed previously [14].

Immunization and challenge. In the first experi-
ment, 50 C57BL/6 mice were assigned randomly to
five groups, 10 mice each. Group 1 was injected
with adjuvant and considered as a negative control.
The other groups were immunized with an appro-
priate MAP construct (50 µg of MAP per mouse per
injection).

In the second experiment, 30 mice were assigned
randomly to three groups, 10 mice each. The mice
of the first group were injected with adjuvant and
considered as negative controls. The mice of the
second group were immunized with 50 µg per mouse
of bis-diepitopic MAP B-E, while mice of the last
group were immunized with a mixture of 40 µg per
mouse of MAP B-E and 20 µg per mouse of MAP C.

For the first and second immunizations, MAPs
were emulsified in complete and incomplete Fre-
und’s adjuvant (Pierce, Rockford, IL, USA), respec-
tively, and given intramuscularly 3 weeks apart.
After another 3 weeks, the mice received 50 µg of
MAP intraperitoneally without adjuvant. One week
after the last immunization, mice were tail bled and
sera were evaluated by ELISA for antibody titer and
isotype against homologous MAPs, peptides and
rSG3PDH. Two to four mice from the control and
immunized groups were left to rest for 4 weeks after
the last immunization, and then examined for spleen
lymphocyte proliferation and release of interleukin
(IL)-2, IL-4 and gamma interferon (IFN-γ ) follow-
ing stimulation with homologous MAPs, peptides,
rSG3PDH or Con A.

The remaining 6 to 8 mice from each group were
challenged with 125 cercariae of S. mansoni by
the tail exposure method, 3 weeks after the last
immunization. Worms were recovered by hepatic
portal perfusion of mice 7 weeks after infection. Eggs
in the liver and small intestine were counted after
digestion with 4% KOH, and the total egg load and
the egg numbers per worm pair were calculated.
Data were calculated for individual mice and as
a mean ± SD for each group, and the statistical
significance of value differences between the test
and control groups were evaluated by the Student’s
t-test and inferred as p < 0.05.

Measurement of cellular responses. Spleen cells
from 2 to 4 mice from each group were pooled

and suspended at concentrations of 2 and
10 × 106/ml for the proliferative and cytokine
release assays, respectively. Culture medium con-
sisted of RPMI-1640 medium supplemented with
100 U/ml of penicillin, 100 µg/ml streptomycin,
25 mM Hepes, 2 mM L-glutamine, 1 mM sodium pyru-
vate (all from Gibco/BRL, Paisley, UK), 5 × 10−5 M

2-mercaptoethanol and 10% fetal calf serum (ICN,
Costa Mesa, CA, USA). Spleen cells were cultured
for 144 (lymphoproliferation), 48 (IL-2 and IL-4) and
72 (IFN-γ ) h with peptides or MAPs (10 µg/well),
rSG3PDH (1 µg/well) or Con A (0.2 µg/well). Lym-
phoproliferation was assessed by the CellTiter 96

AQueous One Solution for Cell Proliferation Assay
(Promega, Madison, WI, USA) as recommended
by the manufacturer and as detailed previously
[17]. Levels of IL-2, IL-4 and IFN-γ were evalu-
ated by a sandwich ELISA using cytokine-specific
capture and biotin-labelled detecting antibodies
(Pharmingen, San Diego, CA, USA). Horseradish
peroxidase (HRP)-labelled streptavidin (Boehringer-
Mannheim, Germany) diluted 1 : 5000 was used. The
reaction was evaluated spectrophotometrically at
405 nm after adding 1-StepABTS (2,2′-Azidobis [3-
ethylbenzothiazoline-6-sulfonic acid]-diammonium
salt, Pierce, Rockford, IL, USA) substrate. The mean
A492 of duplicate wells was converted to pg/ml
of the test cytokine using standard curves con-
structed with the recombinant mouse cytokine as
recommended by the manufacturer (Pharmingen,
San Diego, CA, USA). Spleen cells from the con-
trol and immunized mice did not produce detectable
levels of cytokine following culture in antigen-free
medium. Therefore, spleen cells of mice, which
released ≥5 pg/ml cytokine in response to pep-
tide antigens, rSG3PDH or Con A were considered
responders.

Measurement of humoral responses by ELISA.
Wells of polystyrene plates (Costar, Cambridge, MA,
USA) were coated with 0.2 µg of rSG3PDH or 5 µg
of MAPs in 100 µl of carbonate/bicarbonate buffer,
pH 9.6. For the coating of peptides (5 µg/well),
1.5% glutaraldehyde (Sigma Chemical Co., St Louis,
MO, USA) in Dulbecco’s phosphate-buffered saline
was used. The wells were blocked with 1% BSA
in 0.05 M phosphate-buffered saline, pH 7.1 (PBS),
washed with PBS/0.05% Tween 20 (washing buffer),
and incubated with 100 µl of serum diluted in
washing buffer. HRP-labelled goat anti-mouse IgG
(H + L) conjugate (Promega, Madison, WI, USA),
which was diluted 1 : 7500 was used. HRP-labelled
isotype-specific rat monoclonal antibody (mAb) to
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mouse IgG1 and IgG2a, alkaline phosphatase (AKP)-
labelled rat mAb to mouse IgG2b, IgG3, and IgM
were purchased from Pharmingen (San Diego, CA,
USA), and used diluted 1 : 1000 in washing buffer.
The reactivity was estimated spectrophotometrically
at 405 nm after adding 1-Step ABTS or p-
nitrophenyl phosphate substrate (Pierce). Sera
giving absorbance (A) values higher than the cut off
value (= mean A of wells with serum from untreated,
control mice + 3 SD) were considered positive.

RESULTS AND DISCUSSION

Synthesis of Peptides and their MAP Analogues

Peptide acids A, B, C and E were prepared accord-
ing to the standard solid-phase protocols on PAM
resins using Boc/Bzl strategy and DCC/HOBt acti-
vation. The high efficiency of chain assembly and
steric accessibility of the growing peptide anchored
on a carrier play a key role in successful peptide
synthesis on a solid phase. The problem is par-
ticularly important when clustered peptides, e.g.
cascade branched MAPs are being synthesized. Tam
and Lu [24] described coupling difficulties associ-
ated with interchain clustering and phase transi-
tion during MAP synthesis. To avoid this problem,
a pre-loaded resin was prepared with the sub-
stitution initially reduced to approx. one-third of
the starting value. Briefly, the MBHA resin (3.5 g,
2 mmol, 0.57 mmol NH2/g) was coupled for 30 min
with activated Boc-Gly-OH (2 mmol, DCC/HOBt
activation). The resin was thoroughly washed with
DMF and DCM and dried under vacuum. Quanti-
tative AAA yielded substitution 0.175 mmol Gly/g
of the peptide-resin. The remaining unreacted free
amino groups were capped by Ac2O/pyridine/DMF
(1 : 2 : 10) and two levels of Lys were built up. The
[Boc-Lys(Boc)]-Lys[Boc-Lys(Boc)]-Gly-NH-resin (Lys
2.89 (3), Gly 1.0 (1), the calculated substitution
approx. 0.7 mmol NH2/g of the peptide-resin) was
used for the synthesis of MAPs A, B, C and E by
DCC/HOBt or BOP/DIEA activation. MAP B-E was
prepared analogously, but in the second level of the
core, Boc-Lys(Fmoc)-OH instead of Boc-Lys(Boc)-OH
was used. The activation by HBTU/DIEA and in situ
neutralization was used throughout the synthesis
of the whole molecule, because under these condi-
tions the resin is better solvated and the coupling
yields are higher than with the classical neutraliza-
tion protocol [21]. After the construction of the α-
chains, the terminal amino groups were acetylated.

Fmoc groups were split off from Nε-amino groups
of lysines by the treatment with 30% piperidine in
DMF (5 + 20 min) and the ε-chains were built up
by Boc/Bzl strategy. EDT (2%) was added to the
TFA mixture for all Boc deprotections, because of
the presence of free Nim Trp in the α-chains. Pep-
tides and MAPs were cleaved and deprotected by
the treatment with HF/anisole (9 : 1) mixture. Puri-
fied peptides and MAPs were characterized by amino
acid composition, RP-HPLC and FAB MS or MALDI
TOF MS.

Purification of MAPs

Tetravalent MAPs of molecular weight above
5000 Da consist of at least 50 amino acids. Because
of their branched character and high molecu-
lar weight, they cannot be treated as ordinary
linear peptides but rather they should be con-
sidered as small proteins. In addition, any dele-
tion/modification has a tremendous impact on the
complexity of the crude mixture and further com-
plicates the purification (Table 2). Assuming that
any alternation in a primary sequence has, for a
linear peptide, a hypothetical factor influencing sep-
aration equal to one. For a branched tetravalent
MAP, this factor is reduced to one-quarter and fur-
ther influenced by the position of the alternation
in the peptide chain. The authors think that the
use of columns with long alkyl chains and pore size
around 100 Å should be avoided and suggest using
C4 columns with the pore size around 300 Å to elimi-
nate the size exclusion effect. To prove the feasibility
of RP-HPLC approach, a purification of MAP E and
MAP B is given here in detail.

Purification of MAP E

The analytical HPLC profiles of the crude MAP E
under various conditions on C4 column are dis-
played in Figure 1. The main peak was identified

Table 2 The Impact of the Number of Dele-
tions/Modifications on the Complexity of the
Branched Peptides (Theoretical Maximal Numbers)

No. of deletions—
modifications

Linear 4 valent
MAP

8 valent
MAP

1 1 4 8
2 2 16 64
3 3 64 512
4 4 256 4096
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Figure 1 Analytical HPLC profiles of crude MAP E on
Vydac C4 column (water–acetonitrile, 0.1% TFA v/v).
A: 3.3% gradient, B: 1% gradient, C: 0.5% gradient, D:
0.25% gradient.

by MALDI-TOF MS as the product. Slowing down
the gradient had a beneficial effect on the sepa-
ration of the individual peaks. The replacement of
acetonitrile for methanol or tetrahydrofurane had
a deteriorating effect of the resolution (data not
shown). The MAP E was purified on the semiprepar-
ative Vydac C4 column using shallow 0.2% ace-
tonitrile gradient (both phases contained 0.1% TFA
v/v), flow rate 3.7 ml/min and detection at 225 nm.
After lyophilization, the product was thoroughly

analysed by the RP-HPLC, HPCE and MALDI-TOF
MS (Figure 2). MAP E was found to be analyti-
cally pure by both HPLC and HPCE methods, with
assessed purity above 95%. Mass found: 5140.71
(calculated: 5140.1), HPCE: Rt = 2.103 min (BGE
50 mM Tris + 100 mM H3PO4, pH = 2.25), HPLC: Rt =
60.13 min (0.25% MeCN gradient, starting from 1%
of solvent B, both phases contained 0.1% TFA).

Purification of MAP B

The purification of MAP B was not as straightforward
process as for MAP E, mainly due to the significantly
higher complexity of the crude product. The
analytical HPLC profiles of the crude MAP B
under various conditions on the C4 column are
displayed in Figure 3. Three main peaks were
examined and the first one was found to contain
our product. The other two contained mass −18
and −36 m.u., respectively, corresponding to the
loss of one and two water molecules, probably due
to aspartimide formation or cyclization of the N-
terminal glutamic acid residue to the pyroglutamic
acid residue, known side-reactions during the HF
cleavage [22]. The crude MAP B was purified on a
Vydac C4 column using 0.2% acetonitrile gradient
(both phases contained 0.1% TFA v/v). Only the
top of the first peak was collected and analysed
by HPCE. HPCE showed approx. 85% purity and
revealed three minor impurities. MALDI-TOF check
revealed masses differing in approx. 400 a.m.u.
that were attributed to the ERD deletion peptides
generated by the fission of Asp-Pro bond, a well
known phenomena. Therefore, it was decided to re-
purify our product. A 0.08% gradient was used and
TFA was replaced for AcOH in order to change the
pH of the eluting buffer and therefore the selectivity.
The collected peak was lyophilized and characterized
by MALDI-TOF MS, HPCE and HPLC (Figure 4).
MALDI-TOF identified EDR-deletion peptide still to
be present as a minor impurity. The assessed purity
was found to be >92% which was acceptable for the
study. Mass found: 6207.14 (calculated: 6208.8),
HPCE: Rt = 2.435 min (BGE 50 mM Tris + 100 mM

H3PO4, pH = 2.25), HPLC: Rt = 92.49 min (0.25%
MeCN gradient, starting from 1% of solvent B, both
phases contained 0.1% TFA).

Immunogenicity and Protective Capacity of
MAPs A, B, C and E

Spleen cells from the control and MAP-immunized
mice showed a highly significant lymphoprolifer-
ation and production of IL-2 (approximately 60
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Figure 2 RP-HPLC (A) and HPCE (B) profiles and MALDI-TOF MS (C) spectrum of purified MAP E. A: Vydac C4

(4.6 × 250 mm) 0.25% water–acetonitrile gradient; B: used buffer: BGE 50 mM Tris + 100 mM H3PO4, pH = 2.25; C: CHCA
matrix, reflectron mode, MW calculated (5140.1 a.m.u.).

pg/ml), IL-4 (approx. 15 pg/ml) and IFN-γ (525
to 850 pg/ml) in response to Con A. These data
indicate that MAP immunization does not impair
the host immune responsiveness. Spleen cells from
C57BL/6 mice immunized with MAPs A, B and C
responded by significant lymphoproliferation and
production of IFN-γ following restimulation in vitro
with the homologous MAP or peptide or rSG3PDH.
The findings are in accord with our results in
BALB/c mice, and indicate that MAP constructs
are capable of inducing significant cell-mediated
immune responses to the unit peptide and cognate
protein [17]. Spleen cells from mice immunized with
MAP E did not proliferate significantly or produced
IFN-γ in response to MAP E or peptide E (Table 3). In
contrast to BALB/c mice, MAP E is not immunogenic
in C57BL/6 mice, corroborating our previous obser-
vation that rSG3PDH-immunized C57BL/6 mice do
not recognize peptide E [14].

Additionally, no detectable levels of IL-2 or IL-
4 were found, except for 7 pg/ml of IL-4 in
supernatants of cultures from MAP C-immunized
mice stimulated in vitro with MAP C or peptide C or
rSG3PDH. Similar results were recorded in BALB/c
mice and suggest that SG3PDH-derived peptides fail
to elicit the release of IL-4 [17].

Except for MAP E, immunization of C57BL/6
mice with MAPs elicited detectable humoral immune
responses against the homologous MAP and peptide
and rSG3PDH, the antibodies produced being
essentially of the IgG2a, IgG2b and IgM isotype
(Table 4). The antibody isotype and cellular immune
responses were thus predominantly of the Th1 type.
It is of note that of the different MAPs tested, MAP
B elicited the most significant antibody response
(Figure 5).

As for BALB/c mice, immunization of C57BL/6
mice with MAP A was not associated with significant
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Figure 3 Analytical HPLC profiles of crude MAP B on Vydac C4 column (water–acetonitrile, 0.1% TFA v/v). A: 3.3%
gradient, B: 1% gradient, C: 0.5% gradient, D–F: 0.25% gradient (starting concentration of solvent B: 1%, 10%, 15%).

changes in challenge worm burden or fecundity.
Both MAP C, which elicited moderate cellular and
humoral specific immune responses and MAP E,
which did not elicit detectable immune responses,
failed to affect the challenge worm burden and
fecundity. MAP B elicited significant cellular and
humoral immune responses, which were associated
with a barely significant (p = 0.051) protection of
35% against challenge infection. The MAP B-induced
protection in C57BL/6 mice and BALB/c [17] mice
was higher than that induced by whole SG3PDH

[14]. Our studies in BALB/c and C57BL/6 mice thus
suggest peptide B can be included in a multipeptidic
vaccine for protection of genetically diverse mice
against schistosomiasis.

Immunogenicity and Protective Capacity of
Bis-diepitopic MAP B-E and MAP B-E + MAP C

Spleen cells from mice immunized with bis-
diepitopic MAP B-E or MAP B-E + MAP C responded
by significant lymphoproliferation and release of
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Figure 4 RP-HPLC (A) and HPCE (B) profiles and MALDI-TOF MS (C) spectrum of purified MAP B. A: Vydac C4

(4.6 × 250 mm) 0.25% water–acetonitrile gradient, starting from 1% of MeCN; B: used buffer: BGE 50 mM Tris + 100 mM

H3PO4, pH = 2.25; C: CHCA matrix, linear mode, mw calculated (6208.8 a.m.u.).
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Figure 5 Titer reactivity of C57BL/6 anti-MAP sera
against homologous MAPs. Sera from control and
MAP-immunized C57BL/6 mice were tested against
the homologous MAP by ELISA. HRP-labelled goat
anti-mouse IgG (H + L) conjugate (Promega) was used
diluted 1 : 7500. Each point represents delta mean
absorbance = mean absorbance of sera from 8 individual
mice-mean absorbance of sera from 6 control mice; SD
was less than 5% of the mean.

IFN-γ to in vitro stimulation with MAP B or peptide
B but not to MAP E or peptide E. Spleen cells from
mice immunized with bis-diepitopic MAP B-E + MAP
C displayed significant lymphoproliferation and IFN-
γ release in response to both MAP C and peptide C
(data not shown).

Sera from all mice in the two groups immunized
with bis-diepitopic MAP B-E produced antibodies
of titer 1 : 100–1 : 800 that bound to bis-diepitopic
MAP B-E, peptide B and rSG3PDH. Only 3 of 20 sera
tested (10 for each group) had antibodies specific to
peptide E with titer 1 : 100. Sera of 4 of 10 mice
immunized additionally with MAP C had antibodies
that bound to MAP C and peptide C up to a titer
of 1 : 400.

The results thus indicate that MAP B was the
essential immunogen for C57BL/6 mice. Expectedly,
the level of protection against challenge infection
was similar in the mice immunized with bis-
diepitopic MAP B-E and with or without MAP C.
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Table 3 Cellular Responsiveness of C57BL/6 Mice Immunized with MAPs

Mean A492 ± SD of stimulated cultures and significance of differences between mean A of control and stimulated spleen cell
culturesa

Spleen cells
from mice

Medium MAP Peptide rSG3PDH Con A

Adjuvant
A492 0.046 ± 0.003 0.061 ± 0.009 0.040 ± 0.021 0.039 ± 0.005 0.288 ± 0.000
p = NS NS NS 0.0001
IFN-γ (NDb) (ND) (ND) (ND) (850)

MAP A
A492 0.149 ± 0.004 0.262 ± 0.011 0.276 ± 0.012 0.327 ± 0.050 0.608 ± 0.036
p = 0.0069 0.0058 0.0392 0.0033
IFN-γ (ND) (5) (5) (15) (600)

MAP B
A492 0.053 ± 0.019 0.133 ± 0.021 0.117 ± 0.019 0.159 ± 0.026 0.633 ± 0.014
p = 0.0500 0.0500 0.0451 0.0008
IFN-γ (ND) (7) (7) (15) (525)

MAP C
A492 0.376 ± 0.007 0.420 ± 0.005 0.496 ± 0.019 0.599 ± 0.052 0.877 ± 0.031
P = 0.0213 0.0144 0.0271 0.0021
IFN-γ (ND) (30) (30) (15) (650)

MAP E
A492 0.078 ± 0.022 0.190 ± 0.102 0.161 ± 0.034 0.596 ± 0.331 0.594 ± 0.039
p = NS NS NS 0.0039
IFN-γ (ND) (ND) (ND) (ND) (620)

a Mean absorbance (A492) of triplicate control and test cultures and SD about the mean were statistically analysed using
the Student’s t-test. NS = not significant.
b Levels of IFN-γ in pg/ml are given in parentheses. ND, not detectable.

Table 4 Serum IgG Isotype Response of C57BL/6
Mice Immunized with MAPs

Antibody isotype response (fold increase of immune over
control serum)a against

Sera from
mice
immunized
with

Homologous
MAP

Homologous
peptide

rSG3PDH

MAP A IgG2a IgG2a, IgG2b IgG2a, IgG2b

(1.9) (2.0, 1.85) (10.0, 7.1)
MAP B IgG2a, IgG2b IgG2a, IgG2b IgG2a, IgG2b

(8.4, 7.6) (4.2, 2.0) (5.2, 5.8)
MAP C IgG2b IgG2b IgG2b

(2.2) (2.0) (2.7)
MAP E NDb ND ND

a Fold increase of immune over control serum is given
between parentheses.
b MAP E induced only specific IgM antibodies; IgG
antibodies were not detected (ND).

In both groups of mice, a significant (p < 0.05)

decrease in worm burden was corroborated by a
significant (p < 0.05) decrease in egg load. However,
no effect on worm fecundity (egg count/worm
couple) was recorded (Table 5).

The studies thus confirm that SG3PDH-derived
peptide B is strongly immunoprotective. Therefore, it
is useful to use this peptide within a polyvalent con-
struct containing similarly well-characterized pep-
tides from other schistosome candidate molecules.

CONCLUSION

MAP constructs elicit cellular and humoral immune
responses to the immunogen, the unit peptide
and cognate protein. In contrast to BALB/c mice,
MAP E was poorly immunogenic in C57BL/6 mice,
supporting the well-established genetic restrictions
in peptide-mediated immune responses. MAP B
elicited significant cellular and humoral immune
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Table 5 Worm and Egg Burden in C57BL/6 Mice
Immunized with MAPs

Mice immunized
with

Worm and
egg burden

(mean ± SD)

p =a Percent
reductionb

Worm burden
Negative controls 76.6 ± 28.0
MAP B-E 36.4 ± 28.0 0.034 52.4
MAP B-E + MAP C 40.6 ± 13.6 0.021 46.9

Egg count/mouse
Negative controls 12490 ± 7383
MAP B-E 5251 ± 1744 0.043 57.9
MAP B-E + MAP C 5244 ± 2513 0.049 58.0

Egg count/worm
couple

Negative controls 329 ± 106
MAP B-E 289 ± 88 NS
MAP B-E + MAP C 258 ± 37 NS

a Statistical significance of value differences between test
and control groups examined six weeks after infection was
evaluated by the Student’s t-test and inferred as p < 0.05.
b Percent reduction calculated according to the formula:
mean number in controls — mean number in test/mean
number in controls ×100.

responses in both BALB/c and C57BL/6 mice,
suggesting that the peptide B may be included
in a multi-peptidic schistosomiasis vaccine for
genetically diverse hosts.

The purification of MAPs by the RP-HPLC method-
ology is given here in detail. It is shown that it is
possible to obtain analytically pure compounds even
for branched molecules with a molecular weight
exceeding 6000 Da. Of course, the quality of the syn-
thesis, intrinsic properties of the peptide sequence,
the nature of deletions/modifications, the choice
of column and eluting conditions are determining
factors affecting purification.
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