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Two native ATP diphosphohydrolase isoforms, also 
named apyrases or NTPDases (3.6.1.5) isolated from 
both Schistosoma mansoni adult worm tegument and 
egg, have strong cross-immunoreactivity with poly-
clonal anti-potato apyrase (Faria-Pinto et al. 2004, 2006, 
Vasconcelos et al. 2009). In addition, total IgG from 
both S. mansoni-infected Swiss Webster mice and schis-
tosomiasis patients showed cross-reactivity with potato 
apyrase (Faria-Pinto et al. 2004, 2008), which further 
support the notion that epitopes are shared between the 
vegetable and S. mansoni proteins. In silico analyses 
revealed domains, theoretically rich in B-cell epitopes, 
that are highly homologous between potato apyrase and 
soluble S. mansoni ATP diphosphohydrolase isoform but 
to a lesser extent with a membrane-associated isoform 
(Faria-Pinto et al. 2008). These proteins share common 
features, such as the ability to hydrolyse di and triphos-
phate nucleosides upon bivalent metal ion activation and 

are members of the ATP diphosphohydrolase family, 
which includes isoforms in the same species that are re-
lated in amino acid sequence but differ in their solubili-
sation, subcellular location and/or function (Gendron et 
al. 2002, Penido et al. 2007, Vasconcelos et al. 2009). 

Different levels of IgG isotypes against S. mansoni 
antigens have been demonstrated before and after chemo-
therapy in experimental schistosomiasis (Coelho & Tava-
res 1991, Ruppel et al. 1991, Ribeiro et al. 2004). In mice, 
a secondary exposure following chemotherapy showed 
reduction in granulomatous hypersensitivity to S. man-
soni eggs compared to a primary infection (Coelho et al. 
1996, Farah et al. 2000). Using potato apyrase as an an-
tigen in enzyme-linked immunosorbent assays (ELISA), 
we investigated the humoral immune response elicited by 
the conserved epitopes shared between the vegetable and 
parasite proteins in S. mansoni-infected BALB/c mice 
during acute and chronic phases, after treatment and 
after re-infection. We showed the immunostimulatory 
property of the vegetable protein in BALB/c mice and, 
in addition, cross-reactivity between anti-potato apyrase 
polyclonal IgG and soluble egg antigens (SEA).

MATERIALS AND METHODS

Experimental mouse groups - Female BALB/c mice 
of seven weeks of age used throughout this study were 
purchased from Centro de Biologia da Reprodução,  
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Instituto de Ciências Biológicas, Universidade Federal de 
Juiz de Fora (UFJF), Minas Gerais (MG), Brazil. Animals 
were divided into groups and maintained on commercial 
food pellets and water ad libitum, under a natural dark/
light cycle at RT. They were infected subcutaneously with 
25 cercariae of S. mansoni that had been maintained in 
Biomphalaria glabrata snails, infected by miracidia, LE 
strain, Belo Horizonte, Brazil (Smithers & Terry 1965). 
Mouse sera, used as controls, were obtained from sex and 
age-matched BALB/c mice maintained under the same 
standard conditions during the time of the experiment. 
On day 60 (8-9 weeks) and 120 (17 weeks) post-infection, 
blood samples were obtained from infected (n = 6) and 
uninfected (n = 6) mouse groups and serum samples were 
stored at -20oC. Three additional infected mice were sac-
rificed under anaesthesia and total worm counts were 
determined after whole body perfusion with heparinised 
saline (Pellegrino & Siqueira 1956). The results show the 
mean of 12 worms per mouse.

For chemotherapy, on day 127 post-infection, infected 
and uninfected mice were treated with a single dose of ox-
amniquine (400 mg/Kg body weight) (Penido et al. 1999) 
by an oral route. Serum samples were obtained at four 
and 11 months after treatment (MAT). On the last month, 
three additional treated, infected mice were sacrificed to 
control for therapeutic efficacy and no detectable residual 
worms were observed during the whole body perfusion. 

To test the possible reversibility in the levels of anti-
body after elimination of worms, treated, infected mice 
(n = 6) and treated, uninfected mice (n = 6) were infected 
subcutaneously with a single dose of 100 cercariae one 
year after the treatment. Fifty days after challenge, sera 
were obtained. Additional naïve, control animals (n = 6) 

were maintained under standard laboratory care during 
the entirely of the experiment to monitor the immunologi-
cal background. Infected mice that did not receive oxam-
niquine died during experimental period. These studies 
were approved by the Ethical Committee of the UFJF.

Antibody analysis by ELISA - Potato apyrase was puri-
fied from a commercial strain of Solanum tuberosum, as 
previously described (Kettlun et al. 1992, Faria-Pinto et 
al. 2004) for use in ELISA. Potato apyrase (5 µg/well in 
0.1 M NaHCO3, pH 9.6) was adsorbed on flat-bottom Im-
munolon II microtiter plates overnight. Following a block-
ing step (0.3% Tween-20, 5% non-fat dry milk, 0.15 M 
phosphate buffer solution, pH 7.2), sera were diluted from 
1:100-1:2000 in duplicates in blocking buffer without 
Tween-20 (Sigma, St. Louis, MO). Antibodies bound to 
the potato apyrase-plate were detected using peroxidase-
conjugated, isotype-specific (Pharmingen, San Diego, 
CA), anti-mouse IgM (1:5000 dilution), anti-mouse IgG1 
(1:1000 dilution) or anti-mouse IgG2a (1:1000 dilution) 
and o-phenylenediamine dihydrochloride (OPD) as the 
substrate (OPD/H2O2 solution). Subsequent colour reac-
tion was read at 492 nm on a microplate reader (Molecular 
Devices Corp., Menlo Park, CA). The considered values 
of A492 were the means of two determinations with a varia-
tion of no more than 15% between them. 

Development of polyclonal antiserum against potato 
apyrase and reactivity of these antibodies against SEA - 
Polyclonal antiserum against potato apyrase was obtained 
from seven-week old BALB/c mice (n = 4) that were  
inoculated by a peritoneal route with three injections of po-
tato apyrase (10 µg); the first injection was emulsified in 
Freund's complete adjuvant and the other injections were in 

TABLE 
Antibody reactivity against potato apyrase during experimental schistosomiasis progression

Stage Group IgM IgG1 IgG2a

Acute
Control 0.230 ± 0.055 0.041 ± 0.009 0.027 ± 0.009
Infected 0.573 ± 0.038d 0.307 ± 0.058d 0.078 ± 0.036d

Chronic
Control 0.107 ± 0.025 0.020 ± 0.010 0.022 ± 0.006
Infected 0.256 ± 0.054d 0.227 ± 0.072d 0.029 ± 0.012

4 MATa

Control 0.129 ± 0.030 0.044 ± 0.022 0.053 ± 0.021
Infected 0.263 ± 0.033d 0.204 ± 0.106d 0.050 ± 0.018

11 MATa

Control 0.126 ± 0.037 0.025 ± 0.010 0.059 ± 0.037
Infected 0.234 ± 0.041d 0.097 ± 0.034d 0.049 ± 0.026

Re-infection
Control 0.134 ± 0.038 0.034 ± 0.011 0.034 ± 0.007
Infected 0.328 ± 0.130b 0.169 ± 0.124c 0.064 ± 0.021d

Primo-infection
Control 0.134 ± 0.038 0.034 ± 0.011 0.034 ± 0.007
Infected 0.359 ± 0.088b 0.082 ± 0.043b 0.058 ± 0.011d

a: four or 11 months after the treatment (MAT) data in serum diluted 1:1000 are expressed as average ± SD of optical density; b: 
p < 0.05; c: p < 0.01; d: p < 0.001, when infected and control were compared.
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Freund's incomplete adjuvant and delivered in 15-day inter-
vals. Pre-immune serum and polyclonal antiserum against 
potato apyrase were stored at -20oC. SEA preparation was 
obtained as previously described (Colley et al. 1977). The 
reactivity of total IgG, IgG1 and IgG2 antibodies from pre-
immune serum (data not shown) or immune serum bound 
to ELISA plates coated with potato apyrase, ovalbumin or 
SEA (5 µg/well) was detected using different serum dilu-
tions (1:50-1:16000) and peroxidase-conjugated isotype-
specific secondary antibody and OPD as a substrate using 
the same procedures as described above.

Statistical analysis - For comparative analysis to 
account for the day-to-day variation in experimental 
S. mansoni-infection, ELISA units were calculated as 
the mean of optical density (OD) (492 nm) values of 
each duplicate serum samples from each infected mice 
divided by the mean of the OD of sera from uninfected 
mice (n = 6) plus two standard deviations [OD of each 
sample/(OD of control + 2SD)]. The mean of the OD 
of serum samples from these uninfected mice plus two 
standard deviations correspond to an ELISA unit value 
of 1. Therefore, values greater than this cut-off were 
considered seropositive. GraphPad Prism Software 
(version 4) was used for statistical analysis. The median 
and the 95% confidence interval of ELISA units were 
calculated and data were analysed using the Mann-
Whitney test to compare two groups or Kruskal-Wallis 
test to compare three groups. P values of less than 0.05 
were considered significant. 

RESULTS

Qualitative differences in antibody isotype profiles 
against potato apyrase from acute and chronically S. 
mansoni-infected mice after chemotherapy and re-in-
fection - To evaluate the antibody isotype profile, po-
tato apyrase-coated ELISA plates were incubated with 
diluted sera from BALB/c mice and Table shows the 
representative data at a serum dilution of 1:1000. In the 
acute (8-9 weeks post-infection) or chronic (17 week 
post-infection) phase, the levels of IgM and IgG1 were 
elevated in serum samples from infected mice, signifi-
cantly higher than those found in uninfected control 
mice (p < 0.001), while the level of IgG2a was elevated 
only in the acute phase serum (p < 0.001) (Table). At 
four and 11 months after chemotherapy, treated mice 
maintained significantly higher IgM and IgG1 levels 
when compared to treated, uninfected mice (p < 0.001), 
while both groups had similar levels of IgG2a (Table). 
To test the possible reversibility of antibody levels after 
elimination of worms, both infected mice treated and 
cured with oxamniquine (re-infection) and treated, un-
infected mice (primo-infection) were challenged with a 
single dose of 100 cercariae one year after the treatment. 
Elevated IgM, IgG1 or IgG2a levels against potato apy-
rase were observed in both re-infected (R) and primo-
infected (PI) mice, significantly higher than those found 
in uninfected mice (Table). 

Comparative analysis - The results shown in Table 
were calculated as arbitrary ELISA units and compared 
in Fig. 1. IgM against potato apyrase was found during 

acute and chronic phases, approximately 1.6-fold higher 
than the control. The level of potato apyrase-specific 
IgM was significantly reduced (~30%) only at 11 MAT 
(p < 0.05) when compared to the level in non-treated 
chronically-infected mice (Fig. 1A). The levels of sero-
positive IgM were similar in juvenile acutely-infected 
mice, R and PI mice aged 18 months (Fig. 1A). 

The IgG1 seropositivity for potato apyrase was 5-6 
fold-higher than the control in acute or chronic phase and 
reduced significantly (61%; p < 0.01) 4 MAT, remaining 
in the same level (2.2 fold-higher than the control) after 
11 MAT (Fig. 1B). The R maintained the similar IgG1 
seropositivity (2.9 fold-higher than the control) when 
compared to the found 11 MAT. The IgG1 seropositiv-
ity of PI mice aged 18 months was 1.44 fold-higher than 
the control, but significantly (p < 0.001) lower than that 
observed in juvenile acutely-infected mice (Fig. 1B).
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Fig. 1: antibody reactivity against potato apyrase in experimental schis-
tosomiasis. The IgM (A), IgG1 (B) or IgG2a (C) seropositivity for potato 
apyrase was evaluated in acute (column 1) and chronically (column 2) 
Schistosoma mansoni-infected BALB/c mice by enzyme-linked immu-
nosorbent assays (ELISA) and compared to the seropositivity at four or 
11 months after the treatment (MAT). One year after the chemotherapy, 
the treated re-infected-mice (R) or treated primo-infected-mice (PI) 
aged 18 months was infected with 100 cercariae and 50 days after chal-
lenge the antibodies were quantified. The data are expressed as average 
± SD of ELISA units (U). *: p < 0.05; **: < 0.01; ***; p < 0.001.
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The IgG2a seropositivity for potato apyrase was 1.8 
higher than the control only in acute phase (Fig. 1C). On 
the other hand, IgG2a seropositivity for potato apyrase 
could be again observed in R mice and PI mice aged 18 
months, at a level that was approximately 1.3 fold-higher 
than the control and similar to that observed in juvenile 
acutely-infected mice (Fig. 1C).

Potato apyrase stimulatory property and cross-
reactivity of polyclonal antibodies against SEA - In-
oculation of BALB/c mice with potato apyrase induced 
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Fig. 2: potato apyrase stimulatory property. Total IgG (A) and their 
IgG1 (B) and IgG2a (C) subtypes were quantified in serum samples 
from BALB/c mouse (n = 4) pre-inoculated with potato apyrase. Potato 
apyrase or ovalbumin (specificity control) was used as coating antigen 
in enzyme-linked immunosorbent assays technique. Data are reported 
as mean ± SD of optical density (OD). Asterisks mean p < 0.001.

Fig. 3: cross-immunoreactivity between mouse polyclonal IgG anti-
potato apyrase and soluble egg antigens (SEA). The reactivity of  
total IgG from BALB/c pre-inoculated with potato apyrase (n = 4) 
was tested against SEA preparation. Ovalbumin was used as control 
of specificity in enzyme-linked immunosorbent assays technique. 
The serum samples were diluted from 1:500-1:16000 and tested in 
duplicate. Data are reported as mean ± SD of optical density (OD). 
Asterisks mean p < 0.001.
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significantly high potato apyrase-specific IgG antibody 
(> 1:16000) (p < 0.001) (Fig. 2A). The levels of IgG1 
(1:1600) and IgG2a (1:800) subtypes were also quanti-
fied and showed significantly higher levels than the con-
trol (Fig. 2B, C). In addition, BALB/c mouse polyclonal 
anti-potato apyrase IgG reacted with SEA indicating the 
possible presence of S. mansoni ATP diphosphohydro-
lase in this antigenic preparation (Fig. 3). 

DISCUSSION

The immunological capacity of the cross-reactivity 
between potato apyrase and sera from S. mansoni-infect-
ed BALB/c mice to differentiate IgG subsets and disease 
phases was demonstrated in this paper. A direct corre-
lation between the IgG1 and IgG2a production against 
domains shared between potato and parasite proteins 
during the acute phase of infection was observed, while 
only IgG1 levels remained elevated during the chronic 
phase. In addition, the level of potato apyrase-specific 
IgG2a was insignificant between chronic phase and 11 
MAT, but appeared again elevated in R BALB/c mice 
previously treated with oxamniquine, similar to that 
found in acute phase sera. These results suggest that the 
humoral immune response against domains shared be-
tween potato and parasite proteins may be used as mo-
lecular markers to predict the clinical evolution of schis-
tosomiasis and may be particularly useful in the field in 
assessing changes in the incidence of re-infection during 
the course of control operations. These properties could 
be explored in human schistosomiasis.
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The IgM and IgG1 reactivity against potato apyrase 
was reduced 11 months after the treatment. Since the 
chemotherapeutic treatment eliminated all adult worms, 
the decrease in antibody levels may be due to a lack of 
continuous immunological stimulation. It was not pos-
sible to maintain a control group of live infected mice 
in parallel, since only treated mice survived through 
the final of experiment. Therefore, we cannot eliminate 
the possibility that the reduction in the antibody level 
is independent of chemotherapy. However, if this was 
the case, it is also interesting to observe the longevity of 
IgG1, a Th2 cytokine-derived isotype, which has been 
described by other authors to be associated with the 
downregulation of granulomatous hypersensitivity to S. 
mansoni eggs (Zouain et al. 2000). 

Female BALB/c mice aged 18 months infected with 
100 cercariae, used as controls for the primary infec-
tion, mounted a typical acute immune humoral response 
against domains shared between potato apyrase and S. 
mansoni ATP diphosphohydrolase isoforms with sero-
positive IgM, IgG1 and IgG2a. Both IgG1 and IgG2a iso-
types showed similar kinetics of induction, lower than 
levels in sera from juvenile acutely-infected BALB/c 
mice seven weeks of age that received 25 cercariae. This 
can be due to either the age of the mice, which could con-
tribute to lower response to the antigenic stimulus or to 
the cercarial dose, which was higher in this challenge. In 
the latter case, we anticipated that the amount of prima-
ry cercarial exposure and the consequent antigenic load 
received could be determinants for the type of immune 
response induced by the shared epitopes. 

Therefore, our results suggest that different epitopes 
of parasite ATP diphosphohydrolase isoforms, also 
found in potato apyrase, are possibly involved in protec-
tion of the host during the early phase of infection and/
or contributing to the schistosomiasis immunomodu-
lation. In fact, BALB/c mouse polyclonal anti-potato 
apyrase IgG react with SEA, possibly recognising S. 
mansoni ATP diphosphohydrolase in this preparation, 
which further support the existence of conserved do-
mains shared between the vegetable and parasite pro-
teins. In addition, inoculation of the potato apyrase in 
healthy BALB/c mice has remarkable stimulatory ac-
tivity, significantly increasing the amount of total IgG, 
IgG1 and IgG2a subtypes, suggesting that the vegetable 
protein has distinct epitopes capable of inducing a Th1 
or Th2-type immune response. IgG2a, a Th1 cytokine-
derived isotype, has been described as being protec-
tive against schistosomula and adult worms, possibly 
through antibody-dependent cell cytotoxic mechanisms 
(Mountford et al. 1994, James et al. 1998, Carvalho-
Queiroz et al. 2004). Recently, we demonstrated that 
rabbit polyclonal antibodies against potato apyrase do 
not recognise mammalian NTPDases (Faria-Pinto et al. 
2006). Therefore, further studies using conserved do-
mains in both parasite and potato apyrase generated by 
peptide synthesis or cloning and heterologous expres-
sion could be explored as molecular markers or used in 
a vaccine or immunotherapy formulations.
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