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Abstract

Background

Schistosomiasis remains a major public health issue with over 90% of the prevalence rates

recorded in Sub-Saharan Africa. In this study, the relationships between different interleukin

gene polymorphisms (IL-13-591A/G, IL-13-1055C/T, IL-13-1258A/G) and Schistosoma

haematobium infection levels were evaluated; as well as the host plasma antibodies and

cytokine profiles associated with schistosomiasis infection.

Methodology

A total of 469 school children aged 6 to 19 years from four schistosomiasis-endemic com-

munities in Ghana were involved. Single urine and stool samples were obtained from each

pupil, processed via sedimentation and Kato-Katz, and examined via microscopy for Schis-

tosoma and soil-transmitted helminth (STH) eggs. Next, venous blood samples were drawn

from 350 healthy pupils, and used to measure antibody and plasma cytokine levels by

ELISA. Single nucleotide polymorphisms in the IL-13 gene were genotyped on 71 selected

blood samples using the Mass Array technique.

Principal findings and conclusion

The overall prevalence of urinary schistosomiasis was 21.11%. Community-level preva-

lences were 17.12%, 32.11%, 20.80%, and 15.32% for Asempaneye, Barikumah, Eyan

Akotoguah, and Apewosika respectively. Generally, higher S. haematobium infection preva-

lence and intensity were recorded for participants with genotypes bearing the IL13-1055C
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allele, the IL13-591A, and the IL13-1258A alleles. Also, higher S. haematobium infection

prevalence was observed among participants in the 12-14-year age group with the IL13-

1055C, IL13-591A, and IL13-1258A alleles. Interestingly, higher STH prevalence was also

observed among participants with the IL13-1055C, IL13-591A, and IL13-1258A alleles. Fur-

thermore, the age-associated trends of measured antibodies and cytokines of S. haemato-

bium-infected school-children depicted a more pro-inflammatory immune profile for pupils

aged up to 1l years, and an increasingly anti-inflammatory profile for pupils aged 12 years

and above. This work provides insight into the influence of IL-13 gene polymorphisms on S.

haematobium, and STH infections, in school-aged children (SAC).

Author summary

Schistosomiasis is a neglected tropical disease with an estimated morbidity of 2.54 million

disability-adjusted life years (DALYS), ranking it third among the parasitic diseases after

Malaria and Dengue fever (WHO, 2018). About a decade ago, the World Health Organi-

zation (WHO) and its partners committed to intensifying efforts at increasing coverage

during annual mass chemotherapy programmes in affected countries. This has influenced

the reduction of the estimated disease-associated morbidity from 4.5 million DALYs in

2002 (WHO, 2002) to the current rate. Despite these gains, there is still growing concern

that the persistent and extensive use of Praziquantel (PZQ) (the only approved chemo-

therapeutic agent) in these campaigns may lead to the development of poorly-responding

phenotypes of Schistosoma sp. Strategies therefore to mitigate such possibilities may prove

very advantageous, while research efforts towards the development of an effective vaccine

continues. There has been growing evidence in recent years that infection of inhabitants

in endemic areas may be influenced not only by environmental, but also by genetic factors

as well. Of particular interest in this regard, is the region in the human genome, 5q31-q33,

which bears several genes associated with immune function. One such group within this

region is the T-helper 2 (Th2) cluster of genes, which are responsible for the production

interleukin-4 (IL-4), IL-5, and IL-13 during immune response. We focused on single-

nucleotide polymorphisms (SNPs) occurring in the IL-13 promoter region, particularly

IL13-1055C/T, IL13-591A/G, and IL13-1258A/G, where we observed interesting trends

with regard to participants’ infection status in association with the polymorphisms they

presented with. Also, we assessed their immune profiles after stratifying by age, and herein

indicate trends which reflect observed age-associated trends between S. haematobium
infection and the IL-13 polymorphisms. The outcomes presented indicate a need for fur-

ther work which challenges the current ‘one size fits all’ strategy in mass chemotherapy

programmes and advocates for participant-specific/sub-group tailored programmes. This

is more likely to minimize the likelihood for the development of resistant Schistosoma
strains to PZQ.

Introduction

Schistosomiasis is a neglected tropical disease with a global prevalence second only to malaria

[1]. Approximately two hundred and forty million people are actively infected worldwide,

with the annual number of deaths ranging between 250,000 and 300,000 [2]; whilst about

seven hundred million are at risk of infection [3,4]. Most of those infected live in resource-
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limited areas in sub-Saharan Africa [5,6]. Infections in humans occur when the bare skin

comes in contact with slow-moving water bodies infested with free-swimming cercariae.

Upon penetration by the cercariae, further larval development occurs during circulation in the

human definitive host, culminating in the adult male and female schistosomes pairing up and

settling inside the portal, mesenteric or pelvic veins where mating occurs. The female worms

lay numerous eggs, many of which are trapped permanently in host tissues [7], with the rest

extruded through urine (with respect to S. haematobium) to the external environment.

It is quite apparent from recent studies that, apart from climate and behaviour, other factors

such as the individual’s immunity, age, and the host’s genetic make-up contribute to variations

in infection levels [8–11]. Beyond the natural immune resistance to schistosomiasis, which

develops after many years of repeated infection, there is also growing immuno-epidemiologi-

cal evidence suggesting genetic associations with human resistance and susceptibility to schis-

tosomiasis. The region of interest on the human genome is a locus, 5q31 –q33, which contains

several genes related to immune function, including the T-helper 2 (Th2) cluster of genes,

interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13) [12–14]. These cause the

production of the cytokines IL-4, IL-5, and IL-13, which in turn influence Immunoglobulin E

(IgE) levels and eosinophilia [1,13,15], components of immune response associated with infec-

tion/re-infection resistance in schistosomiasis [16–22].

Some studies have assessed the association of single nucleotide polymorphisms (SNPs) in

the Th2 cluster of genes (i.e. IL-4, IL-5, and IL-13) with degree of susceptibility to schistosomi-

asis infections with varied objectives, and hence, outcomes. For instance, Kouriba and col-

leagues [13] sought to determine whether these SNPs were hereditary. Particular focus was

therefore given to participants in their study population with high infection levels, and their

parents. Along with providing evidence for some degree of SNP inheritability, they also

acknowledged that IL13-1055T/T was associated with protection against schistosomiasis, as

compared to IL13-1055C/T and IL13-1055C/C. Ellis et al. [23], in a nested case-control study

conducted in China among 779 individuals aged 25 years and above with extensive exposure

to infection, found no significant association between degree of susceptibility to S. japonicum
re-infection and any of the SNPs studied in the IL-4, IL-5,and Il-13 genes. Moreover, two

SNPs in the IL-5 and IL-13 genes, which appeared to be associated with infection susceptibil-

ity, had to be considered as likely due to chance, because both associations were no longer sig-

nificant upon permutation testing. In a longitudinal study involving Kenyan men

occupationally exposed to schistosomiasis-infested water bodies, Gatlin and team [22] sought

to assess the level of synergy between the Th2 cluster of genes and the IFN-g, as well as IL-10,

genes, in conferring resistance to re-infection after treatment. Outcomes from their work indi-

cated on one hand, a synergistic association between the heterozygous IL13-1055C/T and the

homozygous IFN-g +874A/A genotypes in conferring resistance to S. mansoni re-infection.

On the other hand, homozygous IL13-1055C/C or IL13-1055T/T in association with heterozy-

gous IFN-g +874A/T was found to increase resistance to re-infection; whilst in a third sce-

nario, heterozygous IL4-590C/T was strongly associated with resistance to re-infection.

Given the varied outcomes of these and other studies, as well as the apparent paucity of data

on school-aged children (SAC) who present with the highest risk of infection/re-infection to

schistosomiasis, we sought in this cross-sectional work, to assess the associations between

SNPs in the IL-13 gene promoter region (namely, IL13-1055C/T, IL13-591A/G and IL13-

1258A/G) and schistosomiasis infection levels among selected schoolchildren in four S. hae-
matobium-endemic communities.

In order to assess the expressions of protective and suppressory immune responses among

selected pupils, titres of S. haematobium soluble egg antigen (ShSEA)-specific IgG and IgE, as

well as total IgA, IgE, IgG1, and IgG4 were also measured. This was due to the influence of
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ShSEA-IgG and–IgE on egg production of the Schistosome [24]; the association of total IgA

with protective immunity at human host mucosal surfaces [25,26]; total IgE and IgG1 with

increased resistance to S. haematobium re-infection [24,25]; and total IgG4 with immune regu-

lation and reduced resistance to re-infection [24]. Additionally, we measured the T-helper 2

(Th2) cytokines interleukin 4 (IL-4), IL-5, and IL-13, given their role in inducing anti-

helminth immune responses [27]; as well as IL-10, an immune regulatory cytokine, and a pre-

cursor of IgG4 production [28,29].

Findings are expected to strengthen the current body of evidence pointing towards the

need to modify current mass drug administration strategies to ensure greater focus on partici-

pants at higher risk of infection/re-infection.

Materials and methods

Ethics statement

Approval for the study was granted by the Ghana Health Service Ethical Review Board

(GHS-ERB). Additional clearance was obtained from regional and district education directors,

as well as from community leaders, and school administrators. The study was explained to

parents/guardians, and pupils in durbars organized for the purpose. Written formal consent

was obtained from interested parents/guardians on behalf of their wards; and written formal

assent from the pupils.

Study areas

The Ashanti Region (AR) is in the southern half of Ghana, with nearly three-quarters of it

lying within the semi-equatorial forest zone, and the rest within the savanna zone. Two rainy

seasons and a relatively short dry season, as well as an atmospheric temperature of 27˚C, essen-

tially characterize prevailing climatic conditions. The region is also endowed with lakes, water-

falls, rivers, among others [30]. The two study communities selected in this region were

Asempaneye (N 06˚ 47’ 55.2”; W 001˚ 49’ 14.2”) and Barikuma (N 06˚ 49’ 28.4”; W 001˚ 45’

26.0”). The Central Region (CR) extends from Ghana’s coastline and tapers inland, sharing

boundaries with the AR and three other regions. The two rainfall seasons are shorter in dura-

tion, and climatic conditions less humid. Nevertheless, rivers and lakes are a characteristic fea-

ture of the region’s geography (Ghana Statistical Service, 2014). The study communities

selected in this region were Brimsu Apewosika (N 05˚ 11’ 50.82”; W 001˚ 16’35.74 and Eyan

Akotoguah (N 05˚ 19’ 23.9”; W 001˚ 02’ 36.1”) (S1A Fig in S1 Text).

Study design

A total of 469 pupils aged 6 to 19 years were recruited (subsequent to obtaining signed/thumb-

printed informed consent/assent) from a selected, government-run, basic school in each of the

four study communities. Each participant presented with a single urine, and stool sample in

respective containers provided. Willing and healthy participants (following assessment by a

clinician) also donated 4mls of blood in ethylene diamine tetraascetic acid (EDTA) tubes.

Urine and stool samples were processed using the sedimentation and Kato-katz techniques

respectively, and examined for helminth eggs using microscopy. Blood samples were pro-

cessed, and the levels of S. haematobium-soluble egg antigen (ShSEA)-specific IgG and IgE, as

well as total IgG1, IgG4 and IgA, were measured using ELISA, which was also employed to

determine the levels of the cytokines IL-4, IL-5, IL-10, and IL-13. Of the 350 blood samples

donated from the 4 communities, 71 were randomly selected irrespective of infection status,

for sequencing using the Mass Array technique, and the detection of IL-13 SNPs (Fig 1). In
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Fig 1. Flow chart of the study detailing the number of pupils involved at each phase (i.e. for each of the techniques employed). A/R denotes the

Ashanti Region of Ghana; C/R represents the Central Region.

https://doi.org/10.1371/journal.pntd.0009455.g001
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addition to studying the association between IL-13 and S. haematobium infection, the associa-

tions of co-factors and covariates with IL-13 SNPs, and with S. haematobium infection were

assessed.

Inclusion/exclusion criteria

Participants willing to donate blood were assessed on their eligibility through the assistance of

a clinician, and via a short questionnaire. Only participants who had lived in the selected com-

munities for at least a year; did not look pale or anaemic; and had no history of haemophilia,

or of receiving blood transfusion prior to this work, were recruited.

Urine

Urine samples were collected from each study participant into labelled 50mLfalcon tubes (BD

Biosciences, Bedford, MA, USA), between 10.00 and 14.00 GMT, and transported to the labo-

ratory on ice. Approximately 10ml was pipetted from each 50ml tube after homogenization

(via gentle shaking) into sterile, respective 15ml falcon tubes (BD Falcon, USA), and centri-

fuged at 2000 revolutions per minute (rpm) for five minutes. The supernatant was discarded

and the sediments transferred to a microscope slide and examined for S. haematobium eggs.

Stool

Pupils were also given labelled containers for the submission of their early morning stool the

following day. These were collected and transported to the laboratory before 08.00 hours

GMT. Stool samples were processed for microscopy using the Kato-Katz kit with the 41.70 mg

card template (Vestergaard Frandsen), as described elsewhere [31,32]. Two slides were pre-

pared per sample and examined using microscopy for the ova of S. mansoni, the hookworms

(Ancylosotoma duodenale and Necator americanus) and other STHs (Ascaris lumbricoides, and

Trichuris trichiura). For each helminth species, the mean egg count from the two slides, was

multiplied by a factor of 24 and expressed as eggs per gram (epg) of stool.

Blood

Approximately 4ml of venous blood was drawn from the volar part of the lower arm of each

subject into EDTA tubes and transported to the laboratory on ice. Samples were centrifuged at

3,400rpm for 10 minutes at room temperature (RT), and the plasma transferred with Pasteur

pipettes into sterile 1.5ml Eppendorf tubes for storage at -80˚C until needed.

Preparation of crude Schistosoma haematobium egg antigens

Eggs obtained from S. haematobium-positive urine samples were utilized in an antigen prepa-

ration technique as previously described by Boros and Warren [33] with slight modifications.

Briefly, egg-positive samples were centrifuged at 1200 rpm for 10 minutes at 4˚C, and the

supernatant discarded. Pellets were pooled into one 50mL falcon tube and washed twice with

Phosphate Buffered Saline (PBS) at 1200 rpm for 10 minutes at 4˚C. Sediments were homoge-

nized on ice using a pre-chilled homogenizer (crucible) with a fitting pestle, and when approx-

imately 95% of eggs had been disrupted (estimated by microscopic examination of preparation

samples at intervals) the crude mixture was centrifuged at 2500 rpm at 4˚C for 20 minutes.

The supernatant was next centrifuged at 13000 rpm at 4˚C for 60 minutes, and filtered using a

0.02μm filter. The eluate was aliquoted into 1.5mL Eppendorf tubes and stored at -20˚C until

ready to be used.
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Measurement of S. haematobium soluble egg antigen (ShSEA)-specific IgG

(ShSEA-IgG) and IgE (ShSEA-IgE)

Measurement of plasma levels of S. haematobium-specific IgG and IgE was conducted using

the indirect ELISA technique as described elsewhere [34]. Briefly, ninety-six well microtiter

plates (Nunc Maxisorp, Thermofisher, USA) were coated with 100μL/well of crude Schisto-
soma haematobium soluble egg antigens (diluted 1000x from stock) in PBS and incubated

overnight at 4˚C. After washing thrice with PBS containing 0.05% Tween 20, the plates were

blocked with PBS containing 3% skimmed milk for 1 hour and again washed. To each well was

added 100uL of plasma from each participant, diluted in 1% milk/PBS (1:1000 for IgG mea-

surement, and 1:200 for IgE measurement). On each plate were 7 standards, each in 3-fold

serial dilutions, with starting dilutions of 1:100 (in PBS) for IgG, and 1:10 (in PBS) for IgE. The

plates were sealed, incubated for 2 hours at room temperature, and then washed as earlier

described. The addition of Horseradish peroxidase-conjugated goat anti-human IgG (diluted

1:1,000 in 1% milk/PBS) and IgE (diluted 1:500 in 1% milk/PBS) was next, and the plates again

incubated at RT for 2 hours. After washing, 100μl of 3, 3’, 5, 5’-Tetramethylbenzidine (TMB)

was added to each well, and the plates incubated in the dark at RT for 20 minutes. Reaction

was stopped using sulfuric acid (H2SO4) and optical densities (OD) read at 450nm using an

ELISA plate reader (Biotek Elx 808, USA). The ADAMSEL 4.0 software (Ed Ramarque, BPRC)

was used to convert OD values into antibody units.

Measurement of total IgA, IgE, IgG1 and IgG4 concentrations in plasma

samples

Plasma levels of IgA, IgE, IgG1and IgG4 were measured using Ready-Set-Go ELISA kits (affyme-

trix eBioscience, USA), with strict adherence to the manufacturer’s protocols. Briefly, 96-well

ELISA plates (provided by the manufacturer) were coated with 100μl/well of capture antibody

(purified anti-human IgA/IgE/IgG1/IgG4 monoclonal antibody) at a dilution of 1:250 in coating

buffer. The plates were incubated overnight at 4˚C, and washed twice with 400 μl/well wash

buffer (PBS, 0.05% Tween-20). Wells were blocked with 250μl of blocking buffer (PBS, 1%

Tween 20, 10% Bovine Serum Albumin (BSA)); incubated at room temperature for two hours;

and washed. Into each respective well was added 100 μl of plasma samples diluted in assay buffer

(1:10,000, 1:10, 1:2,000 and 1:1,000 dilutions for IgA, IgE, IgG1 and IgG4 respectively), while

100μl of assay buffer only, was pipetted into each of the blank wells. Also, 2-fold serial dilutions

in duplicates of the standards were added using 100μl of reconstituted standards (Recombinant

human IgA/IgE/IgG1/IgG4 in assay buffer) to generate standard curves for the determination of

sample antibody concentrations. The plates were incubated at room temperature for 2 hours,

and washed. This was followed with the addition of 100μl of respective horse radish peroxidase

(HRP)-conjugated anti-human IgA/IgE/IgG monoclonal antibody (1:250 dilution in assay

buffer) to each well, after which plates were incubated at RT for 1 hour and washed. The addition

of 100 μl per well of substrate solution (TMB) was followed with the incubation of plates in the

dark at RT for 15 minutes, and the addition of 100μl/well of stop solution (0.2M H2SO4). The

ODs of the wells and antibody concentrations were determined as earlier described.

Determination of Concentrations of Plasma Cytokines (IL-4, IL-5, IL-10,

IL13)

Plasma levels of human interleukins were measured using Ready-Set-Go ELISA kits (affyme-

trix eBioscience, USA), with strict adherence to the manufacturer’s protocol. Briefly, 96-well

plates (provided by the manufacturer) were coated with100μL/well of capture antibody diluted
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1:250 in coating buffer, and incubated overnight at 4˚C. Plates were washed thrice with 250μL/

well wash buffer, blocked for 1 hour with 200 μL/well blocking buffer (PBS, 1% BSA) at room

temperature, and washed. A two-fold serial dilution each of the reconstituted standards in

duplicates was prepared, and 100 μl of each preparation added to respective wells (Recombi-

nant cytokine in 100μL of diluent). To blank wells were added 100μl of diluent only, while

100μL of undiluted samples were added to sample wells in duplicates. Plates were incubated at

RT for 2 hours and washed, after which 100μl/well of diluted biotinylated detection antibody

(1:250 in assay diluent) was added, and plates incubated at RT for one hour. After washing,

100 μL of diluted avidin-horseradish peroxidase (1:200 in assay diluent) was added, and plates

incubated at RT for 30 minutes. Plates were next developed with 100μL/well of TMB in the

dark for 15 minutes, and reactions stopped with 50μl/well of stop solution (0.2M H2SO4).

Optical densities were read as earlier described.

Genomic DNA extraction and polymerase chain reaction

Genomic DNA was extracted from EDTA blood samples using a blood DNA extraction kit

(Bioline, Meridian Life Sciences, Memphis, TN, USA), and with strict adherence to the manu-

facturer’s protocol. Extracted DNA was stored at -20˚C until needed.

Conventional polymerase chain reaction (PCR) was conducted in a 25μl reaction volume

containing 2μl DNA template, 1x standard buffer, 1.5mM MgCl2, 0.3mM each of dATP,

dCTP, dTTP, and dGTP; 200nM each of forward and reverse primers, and 1.25U Taq Poly-

merase. The primers used to amplify locus 591 of the IL-13 gene were 5’- CCA GCC TGG

CCC AGT TAA GAG TTT-3’ (forward) and 5’- CTA ATT CCT CCT TGG CCC CAC T-3’

(reverse); those for amplifying locus 1055 of IL-13 were 5’-ATG CCT TGT GAG GAG GGT

CAC-3’ (forward) and 5’- CCA GTC TCT GCA GGA TCA ACC-3’ (reverse); while those for

amplifying locus 1258 of IL-13 were 5’- GGC CCT CTA CTA CAG ATT AGG AAA-3’ (for-

ward) and 5’- CCG TCC TGT CCT CGA TGG GGC T-3’(reverse). Amplification was per-

formed using a DNA Engine Peltier Thermal Cycler (Bio-Rad, Hercules, Ca, USA). The IL13-

591 primer conditions were 94˚C initial denaturation for 5 minutes, followed by 34 cycles of

94˚C denaturation for 1 minute, 61˚C annealing for 45 seconds, 72˚C extension for 45 sec-

onds, and 72˚C final extension for 3 minutes. The IL13-1055 and -1258 primer conditions

were 95˚C initial denaturation for 3 minutes, followed with 30 cycles of 95˚C denaturation for

30 seconds, 62˚C annealing for 30 seconds, 72˚C extension for 1 minute, and 72˚C final exten-

sion for 3 minutes.

The PCR products were resolved in 2% Agarose gel and electrophoresed, using ethidium

bromide (EtBr) as the fluorescent staining dye, bromophenol blue as a tracking dye and a 100/

50 base-pair DNA ladder. The EtBr-stained gel was visualized in the BioDoc-IT Imaging Sys-

tem (Ultra-Violet Products Limited, Upland, Ca, USA), and the DNA ladder used to estimate

and confirm expected band sizes of segments of interest.

Genotyping of polymorphisms in interleukin genes

A subset of samples (irrespective of infection status) with good bands and appropriate concen-

tration, were selected and sent to Inqaba Biotechnology Laboratory in Pretoria, South Africa;

where they were genotyped by Mass Array Technology to determine polymorphisms in the

promoter regions of the IL13 gene (S1B Fig in S1 Text).

Statistical analyses

All data was entered in Microsoft Office Excel version 10 (Microsoft Corporation, USA), and

exported to SPSS version 20 statistical software (IBM Corporation, USA) for further analysis.
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Graphs were prepared using the GraphPad Prism software version 5 (GraphPad, La Jolla CA,

USA). The association between IL-13 gene polymorphisms and S. haematobium infections

were tested with the null hypothesis that, the variations in the genotypes for IL13-1055C/T,

IL13-591A/G, and IL13-1258A/G had no association with S. haematobium infection positiv-

ity; whilst the alternative hypothesis would suggest that variations in the genotypes for IL13-

1055C/T, IL13-591A/G, and IL13-1258A/G was associated with S. haematobium infection

positivity. S. haematobium infection prevalences between groups were assessed using the

chi-square (χ2) test. Infection intensity comparisons between groups were done using either

the Mann Whitney U (for two groups), or the Kruskal Wallis (for three groups or more)

tests. Correlations between S. haematobium infection and immunology data was done using

the Spearman’s rank correlation (Spearman’s rho), whilst comparisons of immunology data

between genotype groups were done using either the independent t-test (for two groups), or

the one-way analysis of variance (ANOVA), as immune measurements were parametric

(from normality tests). Comparisons presenting with p-values less than 0.05 were deemed

significant.

Results

Demographic characteristics of study participants

A total of 469 pupils were recruited from public schools in the four rural, S. haematobium-

endemic communities, namely Apewosika (N = 124) and Akotoguah (N = 125) in the Central

Region; and Barikumah (N = 109) and Asempaneye (N = 111) in the Ashanti Region of Ghana

(Table 1). The ages of the schoolchildren ranged from 6 to 19 years, with a mean age of 12.20

years (±0.12 years), which did not vary significantly between the study communities (Table 1).

Participants were further categorized into three age strata, namely,�11 years, 12 to 14 years,

and 15 years or older. The largest age stratum with regard to number of participants was the

12 to 14-year age group. No significant differences were observed between the number of

males and females involved in the study for both the pooled, and the study community datasets

(Table 1).

Prevalence of Helminth infections

With respect to Schistosoma haematobium infection, an overall prevalence of 21.11% was

observed, representing 15.32% prevalence in Apewosika, 20.80% in Akotoguah (both in the

Central Region); 17.12% in Asempaneye, and 32.11% in Barikumah (both in the Ashanti

Region). The total prevalence of S. mansoni was however 1.07%, with community-level preva-

lences ranging from 0.00% (in Apewosika) to 2.40% (in Akotoguah) (Table 1). Total soil-trans-

mitted helminth (STH) (Ascaris lumbricoides, and, Hookworm (Necator americanus and

Ancylosotoma duodenale)) prevalence was 10.02%, and ranged from 2.40% to 15.32% for the

communities under scrutiny (Table 1).

Association of Schistosoma haematobium infection with age and gender

The prevalence of S. haematobium infection among the 469 pupils was highest among those

aged 12–14 years; and lowest among schoolchildren aged 15 years and above. This was also

consistent for the community datasets (Fig 2). With regard to S. haematobium infection inten-

sity, a similar trend was observed whereby geometric mean (GM) infection intensities

increased with age, peaking at the 12-14-year age group, and then declining with further

increase in age (Fig 2). Overall, higher GM S. haematobium infection intensity, and prevalence,

were observed among recruited male than female pupils, although not significant.
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Table 1. Characteristics of study participants.

Parameter Pooled (N = 469) Asempaneye (N = 111) Akotoguah (N = 125) Apewosika (N = 124) Barikumah (N = 109)

Age in years (mean, SEM) 12.20 (±0.12) 12.00 (±0.26) 13.35 (±0.20) 11.45 (±0.24) 11.94 (±0.25)

Age range in years 6–19 6–19 8–19 6–17 6–17

Age Groups in years [n/N (%)]

�11 174/469 (37.10) 48/111 (43.24) 43/125 (34.40) 28/124 (22.58) 55/109 (50.45)

12–14 143/469 (84.62) 27/111 (24.32) 39/125 (31.20) 37/124 (29.84) 40/109 (36.69)

15+ 152/469 (32.41) 36/111 (32.43) 27/125 (21.60) 60/124 (48.39) 29/109 (26.61)

p-val 0.379 0.252 0.618 0.138 0.644

Gender[(n/N)]

Male 263/469 (56.08) 63/111 (56.76) 72/125 (57.60) 67/124 (54.03) 61/109 (55.96)

Female 206/469 (43.92) 48/111 (43.24) 53/125 (42.40) 57/124 (45.97) 48/109 (44.04)

p-val 0.95 0.155 0.089 0.37 0.213

Infection Prevalences

S. haematobium [n/N, (%)]

infected 99/469 (21.11) 19/111 (17.12) 26/125 (20.80) 19/124 (15.32) 35/109 (32.11)

uninfected 370/469 (78.89) 92/111 (82.88) 99/125 (79.20) 105/124 (84.68) 74/109 (67.89)

S. mansoni [n/N (%)]

infected 5/469 (1.07) 2/107 (1.87) 3/125 (2.40) 0/124 (0.00) 0/109 (0.00)

uninfected 457/469 (97.44) 105/107 (98.13) 122/125 (97.60) 124/124 (100.00) 109/109 (100.00)

STH [n/N (%)]§

infected 47/469 (10.02) 17/111 (15.32) 3/125 (2.40) 13/124 (10.48) 14/109 (12.84)

uninfected 422/469 (89.98) 94/111 (84.68) 122/125 (97.60) 111/124 (89.52) 95/109 (87.16)

Selections for Mass Array studies 71 18 17 15 21

Immunology [Mean (min-max)]

logk ShIgE (ug/ml)a 0.24 (0.01–1.27) 0.25 (0.01–1.27) 0.27 (0.4–0.96) 0.27 (0.04–0.96) 0.20 (0.02–0.44)

log ShIgG (ug/ml)b 2.54 (1.09–3.57) 2.55 (1.82–3.10) 2.54 (1.82–3.75) 2.48 (1.09–3.75) 2.54 (2.08–2.92)

log tIgG1 (ug/ml)c 1.15 (0.59–2.09) 1.01 (0.59–1.42) 1.26 (0.83–2.09) 1.12 (0.59–1.65) 1.21 (0.66–1.74)

log tIgG4 (ug/ml)d 2.35 (0.95–2.85) 2.36 (2.06–2.71) 2.51 (1.54–2.77) 2.36 (1.10–2.85) 2.19 (0.95–2.73)

log tIgE (ug/ml)e 0.39 (0.04–1.11) 0.38 (0.08–0.88) 0.75 (0.26–0.88) 0.34 (0.04–1.11) 0.37 (0.11–0.85)

log tIgA (ug/ml)f 3.59 (2.07–5.30) 3.47 (2.07–5.30) 3.65 (3.02–4.49) 3.49 (2.51–4.69) 3.77 (2.72–5.04)

log IL-4 (pg/ml))g 0.39 (0.11–0.95) 0.30 (0.11–0.51) 0.32 (0.20–0.67) 0.46 (0.11–0.95) 0.44 (0.11–0.86)

log IL-5 (pg/ml)h 0.76 (0.30–4.05) 0.74 (0.30–1.78) 0.39 (0.30–1.44) 0.67 (0.30–1.60) 0.79 (0.30–4.05)

log Il-10 (pg/ml)i 1.60 (0.91–2.05) 1.61 (1.25–1.91) 1.59 (0.95–1.95) 1.60 (0.91–2.04) 1.58 (0.93–2.05)

§Soil-transmitted Helminths represent Ascaris lumbricoides, and Hookworm (Ancylostoma duodenale, Necator americanus).
a ShIgE–Schistosoma haematobium-specific immunoglobulin (Ig) E
b ShIgG–Schistosoma haematobium-specific IgG
c tIgG1 –total IgG1
d tIgG4 –total IgG4
e tIgE–total IgE
f tIgA–total IgA
g IL-4 –Interleukin-4
h IL-5 –Interleukin-5
iIL-10 –Interleukin-10
j IL-13 –Interleukin-13
k log–Antibody and interleukin data were converted to log10 values prior to analysis.

P-values between groups were determined using the Mann Whitney U and Kruskal Wallis tests. P-values less than 0.05 are in boldface.

https://doi.org/10.1371/journal.pntd.0009455.t001
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Fig 2. (A) Overall percent S. haematobium infection prevalence distribution by age groups (B) Percent S.

haematobium infection prevalence distribution by age groups for the four study communities. (C) The overall S.

haematobium infection intensity distribution by age groups.

https://doi.org/10.1371/journal.pntd.0009455.g002
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Association of IL-13 genetic polymorphisms with age, gender, S.

haematobium and STH infections

Genomic DNA extraction and conventional PCR were conducted on 350 blood samples, of

which 71, which presented with good bands (following gel electrophoresis; and irrespective of

corresponding infection status), were selected for IL-13 gene polymorphism analyses (i.e. IL

13-1055C/T, IL 13-591A/G, and IL 13-1258A/G) by Mass Array. The distribution of 71

selected samples among the four study communities are presented in Table 1. Analyses of gene

polymorphism frequencies as an assessment of adherence to the Hardy-Weinberg Equilibrium

indicated no significant differences between expected and observed frequencies of the geno-

types in the study population (Table 2).

Furthermore, the strength of association between the IL-13 gene polymorphisms and a

number of a priori factors including age, gender, as well as S. haematobium and soil-transmit-

ted helminth (STH) infections were assessed for the 71 pupils (Table 3). There was no statisti-

cally significant difference between the age strata for all the three Il-13 gene polymorphisms

under consideration, namely IL 13-1055C/T (i.e. C/C, C/T, T/T), IL 13-591A/G (i.e. A/A, A/G,

G/G), and IL 13-1258A/G (i.e. A/A, A/G, G/G). Nevertheless, higher frequencies of all three

IL13-gene polymorphisms were observed among pupils in the 12-14-year age group (Table 3).

This was particularly significant by way of trends with regard to IL13-1258A/G (p-val.

trends = 0.006). No significant difference was observed between males and females for all the

three IL-13 gene polymorphisms under scrutiny (Table 3).

Furthermore, the highest percent prevalences of S. haematobium infection also occurred

among pupils aged 12–14 years. Further stratification by gene polymorphisms indicated higher

infection prevalences among pupils with the IL13-1055C/C or IL13-1055C/T; the IL13-591A/

A or IL13591A/G; and the IL13-1258A/A or IL131258A/G genotypes, especially for the 12-

14-year age category (Fig 3). In all, higher S. haematobium infection prevalences were observed

for genotypes with the IL13-1055C, the IL13-591A, and the IL13-1258A (i.e. A/A and A/G; p-

val trends = 0.025) alleles. Also, the lowest S. haematobium infection prevalence was observed

among participants with genotypes homozygous for the IL13-1055T (i.e. T/T), IL13-591G (i.e.

G/G), and the IL13-1258G (i.e. G/G) alleles (Table 3). Furthermore, higher geometric mean

(GM) infection intensities were observed among pupils aged�11, and 15 years and above

with the heterozygous genotype for IL13-1055C/T (i.e. C/T), IL13-591A/G (A/G), and for

IL13-1258A/G (i.e. A/G) (Fig 4). However, higher GM infection intensities were realized

Table 2. Determination of IL-13 gene polymorphism adherence to the Hardy-Weinberg Principle.

Polymorphisms Genotypes Frequencies in population Expected

Observed

Hardy-Weinberg Equilibrium Test χ2 ȿ (P-value)

IL 13-1055C/T C/C 24 20.88 2.23 (0.49)

C/T 29 35.25

T/T 18 14.88

IL 13-591A/G A/A 39 41.07 1.82 (0.56)

A/G 30 25.86

G/G 02 04.07

IL 13-1258A/G A/A 31 30.45 0.08 (0.95)

A/G 31 32.09

G/G 09 08.45

§ Expected values were calculated using formulae based on the Hardy-Weinberg principle equation: p2 +2pq +q2 = 1.
ȿ The Hardy-Weinberg χ2 test for deviation formula was used in determining whether there was a deviation of genotype frequencies from the principle

https://doi.org/10.1371/journal.pntd.0009455.t002
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among pupils aged 12–14 years who were homozygous for the T allele with regard to the IL13-

1055C/T (i.e. T/T), and for the G allele with regard to the IL13-1258A/G (i.e. G/G) polymor-

phisms (Fig 4). With regard to STH infections, higher infection prevalences were realized

among pupils with the IL13-1055C, IL13-591A, and the IL13-1258A alleles (Table 3).

Immunological Profile of study participants and associations with S.

haematobium infection

The immune factors measured for the 350 blood samples included the antibodies ShSEA-IgE,

ShSEA-IgG (ShIgG), total IgG1 (tIgG1), total IgG4 (tIgG4), total IgE (tIgE), and total IgA

(tIgA); as well as the Th2 cytokines interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-13

(IL-13); and the regulatory cytokine interleukin-10 (IL-10). For both the pooled and study

community datasets, the levels of tIgA were observed to be the highest among the antibodies

studied, whilst the levels of IL-10 were observed to be the highest among the cytokines studied

(Table 1). All antibodies correlated negatively with S. haematobium infection intensity, except

for tIgE (Spearman’s rho = 0.162, p = 0.260) and tIgA (Spearman’s rho = 0.214, p = 0.140)

(S1C Fig in S1 Text). Apart from IL-5 (Spearman’s rho = 0.070; p = 0.662), all other cytokines

also correlated negatively with S. haematobium infection intensity (S1D Fig in S1 Text).

The antibody and cytokine levels of S. haematobium-infected and -uninfected schoolchil-

dren (N = 350) were compared. Generally, no significant difference with regard to mean anti-

body levels was observed between S. haematobium-infected and -uninfected pupils for the

pooled dataset. Also with regard to the study cytokines, no significant differences were

observed between infection groups (Table 1).

Table 3. Association of IL-13 genetic polymorphisms with study factorsa.

Factor IL13-1055 (N = 71) IL13-591 (N = 71) IL13-1258 (N = 71)

C/C C/T T/T A/A A/G G/G A/A A/G G/G

Age in years [n (%)]

�11 8 (11.27) 8 (11.27) 2 (2.81) 12 (16.90) 21 (29.58) 6 (8.45) 8 (11.27) 18 (25.35) 5 (7.04)

12–14 14 (19.71) 11 (15.49) 4 (5.63) 17 (23.94) 10 (14.08) 3 (4.23) 15 (21.12) 12 (16.90) 4 (5.63)

15+ 8 (11.27) 13 (18.31) 3 (4.23) 1 (1.41) 1 (1.41) 0 (0.00) 7 (9.86) 2 (2.82) 0 (0.00)

p-val 0.817 0.291 0.065 (p-val (trends) = 0.008)

Gender

Male 13 (18.31) 15 (21.13) 8 (11.27) 19 (26.76) 15 (21.13) 2 (2.82) 17 (23.94) 15 (21.13) 4 (5.63)

Female 11 (15.49) 14 (19.72) 10 (14.08) 20 (28.17) 15 (21.13) 0 (0.00) 15 (21.13) 17 (23.94) 5 (7.04)

p-val 0.815 0.366 0.841

S. haematobium
infected 10 (14.08) 15 (21.13) 5 (7.04) 15 (21.13) 14 (19.72) 1 (1.41) 9 (12.68) 15 (21.13) 6 (8.45)

uninfected 14 (19.72) 14 (19.72) 13 (18.31) 24 (33.80) 16 (22.54) 1 (1.41) 23 (32.39) 17 (23.94) 3 (4.23)

p-val 0.27 0.772 0.078 (p-val (trends) = 0.025)

Soil-transmitted Helminthsc

infected 5 (7.04) 5 (7.04) 1 (1.41) 7 (9.86) 4 (5.63) 0 (0.00) 5 (7.04) 3 (4.23) 3 (4.23)

uninfected 19 (26.76) 24 (33.80) 17 (23.94) 32 (45.07) 26 (36.62) 2 (2.82) 27 (38.03) 29 (40.85) 6 (8.45)

p-val 0.378 0.721 0.206

Comparisons between participants with the various groups were conducted using the χ2 tests.
a The pooled data was used in the analyses (i.e. where N = 71)
b Number of participants in the group of interest (percent prevalence or percent frequency)
cSoil-transmitted Helminths represent Ascaris lumbricoides, and Hookworm (Ancylostoma duodenale, Necator americanus).

https://doi.org/10.1371/journal.pntd.0009455.t003
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Assessment of immune responses was furthermore restricted to S. haematobium-infected

pupils (N = 99). Stratifying these responses by age groups, we observed mean tIgA levels to

increase with age, peaking among pupils aged 15 years or older. Similar trends were observed

Fig 3. Percent S. haematobium infection prevalence distribution for (A) IL13-1055C/T, (B)IL13-591A/G, and (C)IL13-

1258A/G polymorphisms by age groups. The red rectangular border highlights an observed infection prevalence

distribution trend with the 12-14-year age group that is apparent for all three polymorphisms.

https://doi.org/10.1371/journal.pntd.0009455.g003
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Fig 4. Geometric mean (GM) S. haematobium infection intensity distribution by Age for IL13-1055C/T, IL13-

591A/G, and IL13-1258A/G polymorphisms. Red horizontal lines denote the GM intensity for the respective groups.

https://doi.org/10.1371/journal.pntd.0009455.g004

PLOS NEGLECTED TROPICAL DISEASES IL13-gene polymorphism associations with S. haematobium infection in schoolchildren

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009455 June 29, 2021 15 / 24

https://doi.org/10.1371/journal.pntd.0009455.g004
https://doi.org/10.1371/journal.pntd.0009455


for tIgG4. Mean tIgE levels increased and peaked among schoolchildren aged 12–14 years, and

then declined with further increase in age, while the opposite was apparent for tIgG1 titres.

The age-associated trend for mean ShSEA-IgE titres was similar to that observed for tIgG1,

while the age-associated trend for ShSEA-IgG appeared similar to that observed for tIgE (Fig

5). With regard to the cytokines, the age-associated trend observed among infected schoolchil-

dren for mean IL-10 titres was similar to observations for tIgG4 and tIgA; while that of IL-13

showed striking similarity to that of tIgE. Mean IL-4 titres exhibited an age-associated trend

similar to ShSEA-IgE, while the trend for IL-5 was oddly similar to those of tIgG4 and IL-10

(Fig 6).

Association of IL-13 polymorphisms with immune responses

No significant variations were observed for the 71 participants, when antibody level and cyto-

kine level comparisons were made with regard to the genotypes studied. In all however, tIgA

levels were highest, followed with ShSEA-IgG, tIgG4, tIgG1, tIgE, and ShSEA-IgE levels.

Among the cytokines, IL-10 presented with the highest levels, followed with IL13, IL4 and IL5.

Additionally, higher (although insignificant) S. haematobium infection prevalence and

Fig 5. Stratification of measured plasma antibody levels by age among S. haematobium-infected participants (N = 99): (A) Mean total IgA (tIgA) and

tIgG4 titres by age groups; (B) Mean titres of tIgE and tIgG1 by age groups. Error bars represent the standard error of mean (SEM). (C) Mean titres of

S. haematobium-specific Schistosoma egg antigen (ShSEA)–IgE and ShSEA-specific IgG by age groups; and (D) GM S. haematobium infection

intensity distribution by age groups among infected participants. [N] denotes the number of pupils in each age group.

https://doi.org/10.1371/journal.pntd.0009455.g005
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intensity levels were observed among males than females. Assessing the association between

STH infection status and S. haematobium infection revealed lower S. haematobium infection

prevalence and intensities among participants who were STH-positive, as compared to those

who were STH-negative.

Discussion

This cross-sectional study was carried out with the primary aim of understanding the interplay

between IL-13 gene polymorphisms and Schistosoma infections among schoolchildren in four

schistosomiasis-endemic communities in the Central and Ashanti Regions of Ghana. Addi-

tionally, relationships between IL-13 gene polymorphisms and determined immune factors,

such as antibody and interleukin concentrations in the blood of study participants, were

assessed.

For the subset of 71 pupils, higher frequencies of genotypes bearing the alleles IL13-1055C,

IL13-591A, and IL13-1258A, were observed among schoolchildren aged�11 and 12–14 years.

Interestingly, we found S. haematobium infection prevalence and intensity to be higher among

Fig 6. Stratification of measured plasma cytokine levels by age among S. haematobium-infected participants (N = 99): (A) Mean interleukin-10 (IL-

10) titres by age groups; (B) Mean IL-5 titres by age groups; (C) Mean IL-4 titres by age groups and (D) Mean IL13 titres by age groups. Error bars

represent the standard error of mean (SEM).

https://doi.org/10.1371/journal.pntd.0009455.g006
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pupils within these age strata whose genotypes carried the same alleles. Given the higher

genetic frequency of these polymorphisms in the age groups, as compared to the homozygous

T- or G-alleles among the selected participants, it is no surprise that this is the case. It could

simply be indicative of a higher representation of the A- and C- alleles in this population.

However, it would be highly beneficial that this trend is further assessed with larger cohorts in

the same or other populations, as this may further explain why children 12 to14 years of age

are often at the highest risk of Schistosoma infection, and often present with the highest levels

of Schistosoma infection intensities in endemic areas. Findings from a number of studies indi-

cate the C allele of the IL13-1055 polymorphism to be associated with a higher propensity to

having Schistosoma infections. According to [13], the T allele, or the T/T genotype was indica-

tive of a greater likelihood of protection from Schistosoma infections, whilst the reverse was

true for the C/C genotype. Rahoud and team [35] also indicated the C allele, or the C/C and C/

T genotypes to be associated with a higher risk in developing hepatic fibrosis in Sudanese

patients; whilst He and colleagues in 2008 [15] showed through studying the STAT-6 gene

(which is located in the IL-13 gene promoter) that, subjects with the C/T genotype were at a

higher predisposition to S. haematobium infection. These findings also corroborate the study

by Isnard and Chevillard [1], which showed higher infection levels for subjects with the C/C

and C/T genotypes of the IL 13–1055 polymorphism. Additionally, studies conducted in the

Boul and Segue communities in Mali showed higher S. haematobium infection intensities

among participants with the C/C and C/T genotypes [13]. All these studies did indicate

reduced Schistosoma infection to be associated with the T allele of the IL 13-1055C/T gene

polymorphism. With respect to the IL 13-591A/G gene polymorphism, Kouriba and colleagues

[13] found higher S. haematobium infection levels among participants with the A/A and A/G

genotypes, than among participants with the G/G genotype. Information with respect to the IL

13-1258A/G gene polymorphism however, has been scanty. Nevertheless, evidence from this

work indicate a similar trend in Schistosoma infection levels to those observed for the IL 13-

591A/G gene polymorphism, in which S. haematobium infection was higher among partici-

pants with genotypes bearing the IL13-1258A allele. Infection intensity levels however

appeared higher among pupils aged 12–14 years who were homozygous for the T and G alleles

with regard to the IL13-1055C/T (i.e. T/T; N = 2) and IL13-1258A/G (i.e. G/G; N = 1) poly-

morphisms. Given however, the really small number of participants presented with such poly-

morphisms, it remains unclear whether this outcome accurately reflects what may prevail

within this cohort of schoolchildren.

Furthermore, trends of association similar to those reported by Kouriba et al., [13], and by

Isnard et al., [36] for S. haematobium, were observed between the IL-13 gene polymorphisms

and soil-transmitted helminth (STH) infections. With regard to the IL13-1055 and IL13-591

polymorphisms, higher prevalences of STH infections were observed among pupils with geno-

types bearing the IL13-1055C and the IL13-591A alleles, suggesting likely IL-13 gene polymor-

phism influence on STH and other helminth infection levels as well.

We observed S. haematobium infection intensity and prevalence for both the pooled and

community data sets, to increase with age, peaking at the 12-14-year age group, and decreasing

with further increase in age. A similar trend of infection was realized in a fishing community

in Uganda, although for S. mansoni [37]. In Ghana, Aryeetey et al., [38], following studies con-

ducted in eight communities in the Ga and Akuapem South districts, reported an S. haemato-
bium infection intensity trend in which levels peaked among participants in the 12-14-year age

group, and decreased with further increase in age. Asuming-Brempong et al., [39], also docu-

mented a similar age-associated trend of S. haematobium infection in a peri—urban commu-

nity in the Eastern Region of Ghana.

PLOS NEGLECTED TROPICAL DISEASES IL13-gene polymorphism associations with S. haematobium infection in schoolchildren

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009455 June 29, 2021 18 / 24

https://doi.org/10.1371/journal.pntd.0009455


With respect to gender, more males were documented in this study to have higher

(although not statistically significant) levels of S. haematobium infection. Our observations of

human activity at water contact sites indicated higher water contact activity, particularly swim-

ming, among the male school children of our study communities. Gender differences with

regard to S. haematobium infections were explained by Aryeetey and colleagues [38] to be due

to differences in water-contact activity. We are unable to conclude in this regard, as water con-

tact frequency was not actively measured among our participants. Differences in Schistosoma
infection levels between males and females may therefore require more extensive immuno-epi-

demiological studies incorporating such factors as the cultural backgrounds of study cohorts,

geography and climate, among others.

Considering age-associated immune responses among infected participants, we observed

mean tIgA levels to increase with increasing age among our pupils. Interestingly, similar trends

were observed for tIgG4 and IL-10, well-established factors of an immuno-regulatory

response. Classically, IgA is said to neutralize toxins and microorganisms at mucosal/epithelial

surfaces [40,41]. More recently however, IgA has been observed to protect from allergic

inflammation via the neutralization of allergens in the mucosal lumen [26], and the inhibition

of effector function of inflammatory cells [42]. Given that the major cytokine crucial for B-

cells to class-switch to IgA production is TGF-β (a suppressory cytokine) [26,43], it is no sur-

prise that similar age-associated trends were observed for tIgA, as for IL-10 and tIgG4 among

our schoolchildren. On the contrary, mean tIgE, IL-13, and IL-4 levels were similar for pupils

aged up to 14 years. Titres then declined steadily with increasing age. With regard to

ShSEA-IgE, titres were highest among pupils aged 11 years or less, declined for pupils aged 12

to 14 years; and increased with further increase in age. With the exception of IL-5, all Th2 cyto-

kines progressively declined with age. This is important, as these trends depict the immune

profile of school-aged children in endemic, treatment-naïve communities. Indeed, the only

study site in our selection which had undergone mass treatment was Akotoguah, and this was

a year and six months before the commencement of this work. Thus, our data suggests that,

schistosomiasis-infected school-aged children in a treatment-naïve setting at the age of 11

years or below, are likely to have high titres of both suppressory and inflammatory immune

factors (most likely acquired from birth [44,45], as well as from exposure to environmental

microorganisms.

As also indicated elsewhere [46], this is depictive of the well-characterized adaptive

responses in schistosomiasis infections: the increasing pro-inflammatory immune environ-

ment associated with acute schistosomiasis infection, as shown in schoolchildren aged 11 years

or less; and the increasing suppressive, anti-inflammatory immune environment associated

with chronic infection as depicted in pupils aged 12 years or older. This also likely reflects

observed S. haematobium infection trends with regard to IL-13 polymorphisms. The subse-

quent decrease in infection intensity among participants 15 years and older may be due to the

combined influences of the immune response and participant behavior [47]. Interestingly,

Mutapi and colleagues [48] found in serum samples of their study participants, high mean IgA

levels which increased in S. haematobium (Sh)-infected children aged 5 to 16, and decreased

considerably for Sh-infected participants aged 17 years and above; with the inverse observed

for IgG1. This apparent contradiction to our observations may be due to the fact that, we mea-

sured total IgA and total IgG1, while they measured S. haematobium egg antigen (SEA)–spe-

cific IgA and–IgG1. Indeed, outcomes presented later by Mutapi et al. [46], from whole blood

stimulation with a plant mitogen (Concanavalin A (Con A)), indicated trends for mean IL-4,

IL-5, and IL-10 titres, which were similar to trends we observed for the same cytokines. This is

important, as Con A generally stimulates T- and B-cell activity, whilst stimulation with S. hae-
matobium antigens would likely induce more specific responses.
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This study was cross-sectional, which is an important limitation, as data for only a particu-

lar time point could be acquired. Most immuno-epidemiological studies conducted to investi-

gate the association of these cytokines with resistance to helminth infection are often

longitudinal in nature, with a component involving treatment with PZQ. Nevertheless, we

noted a negative correlation between IL-4 (as well as IL-13) and S. haematobium infection

intensity. Another key limitation encountered was the number of participants involved in the

IL-13 gene polymorphism component of the work, which was due partly to budgetary con-

straints. As a result, it was impossible, with the small numbers, to conduct model analyses to

meaningfully assess the influencing role of other risk/environmental factors to participants’

infection with schistosomiasis. A third important limitation was the process of preparing

crude S. haematobium antigens for this study, which did not include a Trichloroacetic acid

(TCA) treatment step meant to improve sensitivity and remove any cross-reactive human anti-

gens that may have attached while the egg was in the human host. As a result, some cross-reac-

tivity may have unavoidably occurred. Although this was accounted for in determining

threshold values, caution may still be necessary in the interpretation of immunology data pre-

sented. A fourth limitation involved the collection of single stool and urine samples per partici-

pant. It is acknowledged that in studies of this nature, a minimum of 2 samples are often

collected on consecutive days. Due however to time, numeric and financial constraints, this

was not done. We however prepared 2 examination slides per sample, and also performed

quality assurance tests on every tenth slide prepared. This was done by highly qualified and

well-experienced technicians.

In summary, this work makes the following submissions: firstly, that the genotypes carrying

the IL 13-1055C, IL13-591A, and IL13-1258A alleles, appear more strongly associated with S.

haematobium infection positivity and intensity; whilst the genotypes homozygous for the IL

13-1055T, IL 13-591G, and IL 13-1258G alleles (i.e. IL13-1055TT, IL13-591GG, and IL13-

1258GG), may be associated with a reduced schistosomiasis infection. Second, the age-associ-

ated trends of measured antibodies and cytokines are indicative of the immune profiles of the

schoolchildren in the treatment-naïve, S. haematobium-endemic study areas, and reflects

observed S. haematobium infection intensity trends as well as IL-13 gene polymorphism pat-

terns. Nevertheless, a longitudinal study with a treatment component and a larger cohort will

be essential to more accurately assess the associations between immune factors and IL-13 gene

polymorphisms.
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S1 Text. S1A Fig: A map of the Central and Ashanti Regions, indicating the locations of the

study communities. Map was developed by co-author using the QGIS Girona version 3.0.3

(Boston, MA., USA). Shape files of the regions of Ghana were obtained online (URL: https://

github.com/tierney/gis-sandbox/tree/master/data/GIS-Ghana/ghana.shapefiles). Also, GPS

data were obtained from the field, using appropriate devices, and exported to Microsoft Office

Excel version 2013, where conversions were made. The document was then exported to the

QGIS Girona version 3.0.3 software as a delimited text file. S1B Fig: Nucleotide sequences of

the targeted sections of the IL-13 gene namely, (A) IL13-1055; (B) IL13-591; and (C) IL13-

1258. Forward and reverse primer sequences for each of the targeted sections are in boldface.

The target nucleotide for the single nucleotide polymorphism (SNP) in each section is under-

lined and red-lettered. S1C Fig: Box and whisker plots depicting overall median S. haemato-
bium infection intensity distribution for IL13-1055C/T, IL13-591A/G, and IL13-1258A/G

polymorphisms. Comparisons between groups were done using the Kruskal-Wallis and

Dunn’s post tests. Mid-horizontal line denotes median infection intensities. Upper and lower
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whiskers denote 95th and 5th percentiles respectively. ‘�’ denotes p-values < 0.05. S1D Fig:

Correlations of (A) ShIgG, (B) ShIgE, (C) tIgE, (D) tIgG1, (E) tIgG4, and (F) tIgA with S. hae-

matobium infection intensity. ‘r’ denotes the Spearman’s rank correlation coefficient (Spear-

man’s rho). S1E Fig: Correlations of (A) IL-4, (B) IL-5, (C) IL-10, and (D) IL-13 with S.

haematobium infection intensity. ‘r’ denotes the Spearman’s rank correlation coefficient

(Spearman’s rho). Significant correlations are in boldface. S1F Fig: Stratification of measured

plasma levels of (A & B) anti-inflammatory immune factors; and (C &D) pro-inflammatory

immune factors by age groups. (A) Mean IL-10 and tIgG4 titres by age groups; (B) mean tIgA

and IL-10 titres by age groups; (C) mean IL-13, tIgE, and ShIgE titres by age groups; and (D)

mean IL-4 and ShIgE titres by age groups. Error bars represent the standard error of mean

(SEM).

(DOCX)

S1 Data. SPSS version of dataset used in analysis.

(XLSX)

Acknowledgments

The authors would like to thank supporting technicians and staff of the Biomedical and Public

Health Research Unit, CSIR-Water Research Institute (BPHRU, CSIR-WRI); and the Immu-

nology Department of the Noguchi Memorial Institute for Medical Research (NMIMR), all in

Accra, Ghana. We would also like to thank the chiefs, opinion leaders, school authorities and

staff, as well as parents/guardians, and the school children for their cooperation and support

throughout the study.

Author Contributions

Conceptualization: Margaret Sarpong-Baidoo, Mike Y. Osei-Atweneboana.

Formal analysis: Elias Kwesi Asuming-Brempong.

Funding acquisition: Margaret Sarpong-Baidoo, Mike Y. Osei-Atweneboana.

Investigation: Margaret Sarpong-Baidoo.

Methodology: Margaret Sarpong-Baidoo, Michael F. Ofori, Eric Kyei-Baafour, Bright K. Idun,

Isaac Owusu-Frimpong, Nana A. Amonoo, Queenstar D. Quarshie, Edward J. Tettevi.

Project administration: Mike Y. Osei-Atweneboana.

Resources: Margaret Sarpong-Baidoo, Michael F. Ofori, Mike Y. Osei-Atweneboana.

Supervision: Michael F. Ofori, Eric Kyei-Baafour, Mike Y. Osei-Atweneboana.

Writing – original draft: Elias Kwesi Asuming-Brempong.

Writing – review & editing: Margaret Sarpong-Baidoo, Michael F. Ofori, Elias Kwesi Asum-

ing-Brempong, Eric Kyei-Baafour, Bright K. Idun, Isaac Owusu-Frimpong, Queenstar D.

Quarshie, Edward J. Tettevi, Mike Y. Osei-Atweneboana.

References
1. Isnard A. and Chevillard C. (2008) Recent Advances in the Characterization of Genetic Factors Involved

in Human Susceptibility to Infection by Schistosomiasis. Curr Genomics.; 9(5): 290–300. https://doi.

org/10.2174/138920208785133262 PMID: 19471606

PLOS NEGLECTED TROPICAL DISEASES IL13-gene polymorphism associations with S. haematobium infection in schoolchildren

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009455 June 29, 2021 21 / 24

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009455.s002
https://doi.org/10.2174/138920208785133262
https://doi.org/10.2174/138920208785133262
http://www.ncbi.nlm.nih.gov/pubmed/19471606
https://doi.org/10.1371/journal.pntd.0009455


2. de Vlas S. J., Brooker S., Looman C. W., Nagerlke N. J., Habbema J. D. and Engels D. (2003). Qualifi-

cation of clinical morbidity associated with schistosome infection in sub-saharan Africa. Acta. Trop; 86:

125–139 https://doi.org/10.1016/s0001-706x(03)00029-9 PMID: 12745133

3. Chitsulo L., LoVerde P. and Engels D. (2004) Schistosomiasis. Nat. Rev. Microbiol; 2: 12–13. https://

doi.org/10.1038/nrmicro801 PMID: 15035004

4. Exum N. G., Kibira S. P., Ssenyonga R., Nobili J., Shannon A. K., Ssempebwa J. C., et al. (2019). The

prevalence of schistosomiasis in Uganda: A nationally representative population estimate to inform con-

trol programs and water and sanitation interventions. PLoS neglected tropical diseases, 13(8):

e0007617. https://doi.org/10.1371/journal.pntd.0007617 PMID: 31412023

5. van der Werf M. J., de Vlas S. J., Brooker S., Looman C. W., and Nagelkerke N. J., (2003). Quantifica-

tion of clinical morbidity associated with schistosome infection in sub-Saharan Africa. Acta. Trop;

86:125–139. https://doi.org/10.1016/s0001-706x(03)00029-9 PMID: 12745133

6. Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 2000–2016.

Geneva, World Health Organization; 2018. https://www.who.int/healthinfo/global_burden_disease/

estimates/en/

7. Gillespie S. H., & Pearson R. D. (Eds.). (2001). Principles and practice of clinical parasitology (pp. 535–

551). Toronto: Wiley.

8. Abel L. and Dessein A.J. (1997) The impact of host genetics on susceptibility to human infectious dis-

eases. Curr Opin Immunol; 9:509–516. https://doi.org/10.1016/s0952-7915(97)80103-3 PMID:

9287190

9. Rodrigues V. Jr, Piper K., Couissinier-Paris P., Bacelar O., Dessein H., and Dessein A. J. (1999)

Genetic control of schistosome infection by the SM1 locus of the 5q31-q33 region is linked to differentia-

tion of type 2helper T lymphocytes. Infect. Immun., 67: 4689–4692. https://doi.org/10.1128/IAI.67.9.

4689-4692.1999 PMID: 10456917

10. Mutapi F., Burchmore R., Mduluza T., Midzi N., Turner C. M. R, and Maizels R. M. (2008). Age-related

and infection intensity-related shifts in antibody recognition of defined protein antigens in a schisto-

some-exposed population. J Infect Dis; 198: 167–175 https://doi.org/10.1086/589511 PMID: 18549316

11. De Moira A. P., Fulford A. J., Kabatereine N. B., Ouma J. H., Booth M., & Dunne D. W. (2010). Analysis

of complex patterns of human exposure and immunity to Schistosomiasis mansoni: the influence of

age, sex, ethnicity and IgE. PLoS neglected tropical diseases, 4(9), e820. https://doi.org/10.1371/

journal.pntd.0000820 PMID: 20856909

12. Marquet S., Abel L., Hillaire D., Dessein A. (1999) Full results of the genome-wide scan which localises

a locus controlling the intensity of infection by Schistosoma mansoni on chromosome 5q31-q33. Eur. J.

Hum. Genet; 7: 88–97 https://doi.org/10.1038/sj.ejhg.5200243 PMID: 10094195

13. Kouriba B., Chevillard C., Bream J. H., Argiro L., Dessein H., Arnaud V., et al. (2005). Analysis of the

5q31-q33 locus shows an association between IL13-1055C/T IL-13-591A/G polymorphisms and Schis-

tosoma haematobium infections. The Journal of Immunology, 174(10), 6274–6281. https://doi.org/10.

4049/jimmunol.174.10.6274 PMID: 15879126

14. Casanova J. L., and Abel L. (2007). Human genetics of infectious diseases: a unified theory. The

EMBO journal, 26(4), 915–922. https://doi.org/10.1038/sj.emboj.7601558 PMID: 17255931

15. He H., Isnard A., Kouriba B., Cabantous S, Dessein A., Duombo O., et al. (2008). A STAT6 gene poly-

morphism is assoiated with high infection levels in urinary schistosomiasis. Genes and Immunity, 9:

195–206. https://doi.org/10.1038/gene.2008.2 PMID: 18273035

16. Hussain R., Hofstetter M., Goldstone A., Knight W. B., Ottesen E. A. (1983). IgE responses in human

schistosomiasis. I. Quantitation of specific IgE by radioimmunoassay and correlation of results with skin

test and basophil histamine release. Am J Trop Med Hyg.; 32(6): 1347–1355. PMID: 6196979

17. Ndhlovu P., Cadman H., Vennervald B. J., Christensen N. Ø., Chidimu M., & Chandiwana S. K. (1996).

Age-related antibody profiles in Schistosoma haematobium infections in a rural community in Zimba-

bwe. Parasite immunology, 18(4), 181–191. https://doi.org/10.1046/j.1365-3024.1996.d01-78.x PMID:

9223173

18. Demeure C. E., Rihet P., Abel L., Ouattara M., Bourgois A., & Dessein A. J. (1993). Resistance to

Schistosoma mansoni in humans: influence of the IgE/IgG4 balance and IgG2 in immunity to reinfection

after chemotherapy. Journal of Infectious Diseases, 168(4), 1000–1008. https://doi.org/10.1093/infdis/

168.4.1000 PMID: 7690821

19. Caldas I. R., Correa-Oliveira R., Colosimo E., Carvalho O. S., Massara C. L., Colley D. G. et al. (2000)

Susceptibility and resistance to Schistosoma mansoni reinfection: parallel cellular and isotypic immuno-

logic assessment. Am. J. Trop. Med. Hyg; 62: 57–64. https://doi.org/10.4269/ajtmh.2000.62.57 PMID:

10761724

20. Gomes Y. M., Pereira V. R., Nakazawa M., Montarroyos U., Souza W. V., & Abath F. G. (2002). Anti-

body isotype responses to egg antigens in human chronic schistosomiasis mansoni before and after

PLOS NEGLECTED TROPICAL DISEASES IL13-gene polymorphism associations with S. haematobium infection in schoolchildren

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009455 June 29, 2021 22 / 24

https://doi.org/10.1016/s0001-706x%2803%2900029-9
http://www.ncbi.nlm.nih.gov/pubmed/12745133
https://doi.org/10.1038/nrmicro801
https://doi.org/10.1038/nrmicro801
http://www.ncbi.nlm.nih.gov/pubmed/15035004
https://doi.org/10.1371/journal.pntd.0007617
http://www.ncbi.nlm.nih.gov/pubmed/31412023
https://doi.org/10.1016/s0001-706x%2803%2900029-9
http://www.ncbi.nlm.nih.gov/pubmed/12745133
https://www.who.int/healthinfo/global_burden_disease/estimates/en/
https://www.who.int/healthinfo/global_burden_disease/estimates/en/
https://doi.org/10.1016/s0952-7915%2897%2980103-3
http://www.ncbi.nlm.nih.gov/pubmed/9287190
https://doi.org/10.1128/IAI.67.9.4689-4692.1999
https://doi.org/10.1128/IAI.67.9.4689-4692.1999
http://www.ncbi.nlm.nih.gov/pubmed/10456917
https://doi.org/10.1086/589511
http://www.ncbi.nlm.nih.gov/pubmed/18549316
https://doi.org/10.1371/journal.pntd.0000820
https://doi.org/10.1371/journal.pntd.0000820
http://www.ncbi.nlm.nih.gov/pubmed/20856909
https://doi.org/10.1038/sj.ejhg.5200243
http://www.ncbi.nlm.nih.gov/pubmed/10094195
https://doi.org/10.4049/jimmunol.174.10.6274
https://doi.org/10.4049/jimmunol.174.10.6274
http://www.ncbi.nlm.nih.gov/pubmed/15879126
https://doi.org/10.1038/sj.emboj.7601558
http://www.ncbi.nlm.nih.gov/pubmed/17255931
https://doi.org/10.1038/gene.2008.2
http://www.ncbi.nlm.nih.gov/pubmed/18273035
http://www.ncbi.nlm.nih.gov/pubmed/6196979
https://doi.org/10.1046/j.1365-3024.1996.d01-78.x
http://www.ncbi.nlm.nih.gov/pubmed/9223173
https://doi.org/10.1093/infdis/168.4.1000
https://doi.org/10.1093/infdis/168.4.1000
http://www.ncbi.nlm.nih.gov/pubmed/7690821
https://doi.org/10.4269/ajtmh.2000.62.57
http://www.ncbi.nlm.nih.gov/pubmed/10761724
https://doi.org/10.1371/journal.pntd.0009455


treatment. Memórias do Instituto Oswaldo Cruz, 97, 111–112. https://doi.org/10.1590/s0074-

02762002000900022 PMID: 12426604

21. Satti M. Z., Cahen P., Skov P. S., Joseph S., Jones F. M., Fitzsimmons C.et al. (2004). Changes in IgE-

and antigen-dependent histamine-release in peripheral blood of Schistosoma mansoni-infected Ugan-

dan fishermen after treatment with praziquantel. BMC immunology, 5(1), 6. https://doi.org/10.1186/

1471-2172-5-6 PMID: 15102330

22. Gatlin M. R., Black C. L., Mwinzi P. N., Secor E. W., Karanja D. M, and Colley D. G. (2009). Association

of the Gene Polymorphism IFN-y +874, IL-13-1055 and IL-4-590 with patterns of Reinfection with Schis-

tosoma mansoni. PLoS. Negl. Trop. Dis; 3: e375. https://doi.org/10.1371/journal.pntd.0000375 PMID:

19190772

23. Ellis M. K., Zhao Z. Z., Chen H., Montogomery G. W., Li Y., McManus D. P.; Analysis of the 5q31-33

locus shows an association between single nucleotide polymorphism variants in the IL-5 gene and

symptomatic infection with the human blood fluke, Schistosoma japonicum (2007). J. Immunol. 179:

8366–8371 https://doi.org/10.4049/jimmunol.179.12.8366 PMID: 18056382

24. Mitchell K. M., Mutapi F., Savill N. J., and Woolhouse M. E. J. (2012) Protective immunity to Schisto-

soma haematobium infection is primarily an anti-fecundity response stimulated by the death of adult

worms. PNAS; 109(33): 13347–13352. https://doi.org/10.1073/pnas.1121051109 PMID: 22847410

25. Vereecken K., Naus C. W., Polman K., Scott J. T., Diop M., Gryseels B., et al. (2007) Associations

between specific antibody responses and resistance to reinfection in a Senegalese population recently

exposed to Schistosoma mansoni. Trop. Med. Int. Health. 12: 43144.

26. Gloudemans A. K., Smits H. H., van Nimwegen M., Willary M. A., Soullie T., Muskens F., et al. (2009).

Cholera Toxin B suppresses allergic inflammation through induction of secretory IgA. Mucosal Immu-

nology; 2(4): 331–9. https://doi.org/10.1038/mi.2009.16 PMID: 19404246

27. Van den Biggelaar A., Borrmann S., Kremsner P., Yazdanbakhsh M., (2002). Immune responses

induced by repeated treatment do not result in protective immunity to Schistosoma haematobium: Th2

responses and IL-10. JID; 186 (8). https://doi.org/10.1086/344352 PMID: 12404164

28. Van den Biggelaar A., van Ree R., Rodrigues L., Lell B., Deelder A., Kremsner P., et al. (2000).

Decreased atopy in children infected with Schistosoma haematobium: a role for parasite induced inter-

leukin-10. Lancet; 356 (9243): 1723–1727 https://doi.org/10.1016/S0140-6736(00)03206-2 PMID:

11095260

29. Mutapi F., Bourke C., Harcus Y., Midzi N., Mduluza T., Turner C. M., et al. (2011) Differential recognition

patterns of Schistosoma haematobium adult worm antigens by the human antibodies IgA, IgE, IgG1,

and IgG4. Parasite Immunol, 33: 181–192. https://doi.org/10.1111/j.1365-3024.2010.01270.x PMID:

21204849

30. Ghana. Statistical Service. (2014). 2010 population and housing census report. Ghana Statistical

Service.

31. Katz N., Chaves A., & Pellegrino J. (1972). A simple device for quantitative stool thick-smear technique

in schistosomiasis mansoni. Rev Inst Med Trop Sao Paulo, 14(6), 397–400. PMID: 4675644

32. Leuenberger A., Nassoro T., Said K., Fenner L., Sikalengo G., Letang E. et al. (2016). Assessing stool

quantities generated by three specific Kato-Katz thick smear templates employed in different settings.

Infectious diseases of poverty, 5(1), 58. https://doi.org/10.1186/s40249-016-0150-9 PMID: 27364623

33. Boros D. L., & Warren K. S. (1970). Delayed hypersensitivity-type granuloma formation and dermal

reaction induced and elicited by a soluble factor isolated from Schistosoma mansoni eggs. Journal of

Experimental Medicine, 132(3), 488–507. https://doi.org/10.1084/jem.132.3.488 PMID: 5535626

34. Engvall E and Perlmann P (1971). Enzyme linked immunosorbent assay (ELISA) quantitative assay of

immunoglobulin G. Immunochemistry, v 8 p871–875

35. Rahoud S. A., Mergani A., Khamis A. H., Saeed O.K., Mohammed-Ali Q., Chevillard C., et al. (2015).

IL-13 polymorphism (IL-13 rs 18800925 (-1055C/T) is Associated with Severe Hepatic Fibrosis in

Human Schistosomiasis. J. Bio chem Res; 2015: 11–26

36. Isnard A., Kouriba B., Doumbo O., Chevillard C. (2011). Association of rs7719175, located in the IL13

gene promoter, with Schistosoma haematobium infection levels and identification of a susceptibility

haplotype. Genes and Immunity, 12: 31–39. https://doi.org/10.1038/gene.2010.43 PMID: 20861864

37. Kabatereine N. B., Vennervald B. J., Ouma J. H., Kemijumbi J., Butterworth A. E., Dunne D.W. et al.

(1999) Adult resistance to schistosomiasis mansoni: age dependence of reinfection remains constant in

communities with diverse exposure patterns. Parasitology; 118: 101–105. https://doi.org/10.1017/

s0031182098003576 PMID: 10070667

38. Aryeetey M. E., Wagatsuma Y. Yeboah G., Asante M., Mensah G., Nkrumah F. K., et al. (2000) Urinary

Schistosomiasis in southern Ghana: Prevalence and morbidity assessment in three (defined) rural

areas drained by the Densu River. Parasitol Int.; 49: 155–163. https://doi.org/10.1016/s1383-5769(00)

00044-1 PMID: 10882905

PLOS NEGLECTED TROPICAL DISEASES IL13-gene polymorphism associations with S. haematobium infection in schoolchildren

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009455 June 29, 2021 23 / 24

https://doi.org/10.1590/s0074-02762002000900022
https://doi.org/10.1590/s0074-02762002000900022
http://www.ncbi.nlm.nih.gov/pubmed/12426604
https://doi.org/10.1186/1471-2172-5-6
https://doi.org/10.1186/1471-2172-5-6
http://www.ncbi.nlm.nih.gov/pubmed/15102330
https://doi.org/10.1371/journal.pntd.0000375
http://www.ncbi.nlm.nih.gov/pubmed/19190772
https://doi.org/10.4049/jimmunol.179.12.8366
http://www.ncbi.nlm.nih.gov/pubmed/18056382
https://doi.org/10.1073/pnas.1121051109
http://www.ncbi.nlm.nih.gov/pubmed/22847410
https://doi.org/10.1038/mi.2009.16
http://www.ncbi.nlm.nih.gov/pubmed/19404246
https://doi.org/10.1086/344352
http://www.ncbi.nlm.nih.gov/pubmed/12404164
https://doi.org/10.1016/S0140-6736%2800%2903206-2
http://www.ncbi.nlm.nih.gov/pubmed/11095260
https://doi.org/10.1111/j.1365-3024.2010.01270.x
http://www.ncbi.nlm.nih.gov/pubmed/21204849
http://www.ncbi.nlm.nih.gov/pubmed/4675644
https://doi.org/10.1186/s40249-016-0150-9
http://www.ncbi.nlm.nih.gov/pubmed/27364623
https://doi.org/10.1084/jem.132.3.488
http://www.ncbi.nlm.nih.gov/pubmed/5535626
https://doi.org/10.1038/gene.2010.43
http://www.ncbi.nlm.nih.gov/pubmed/20861864
https://doi.org/10.1017/s0031182098003576
https://doi.org/10.1017/s0031182098003576
http://www.ncbi.nlm.nih.gov/pubmed/10070667
https://doi.org/10.1016/s1383-5769%2800%2900044-1
https://doi.org/10.1016/s1383-5769%2800%2900044-1
http://www.ncbi.nlm.nih.gov/pubmed/10882905
https://doi.org/10.1371/journal.pntd.0009455


39. Asuming-Brempong E., Gyan B., Amoah A. S., van der Puije W., Bimi L., Boakye D., et al. (2015) Rela-

tionship between eosinophil cationic protein and infection intensity in a schistosomiasis endemic com-

munity in Ghana. Res Rep. Trop Med; 6: 1–10.

40. Williams R. C. and Gibbons R. J. (1972). Inhibition of bacterial adherence by secretory immunoglobulin

A: a mechanism of antigen disposal. Science; 177: 697–699. https://doi.org/10.1126/science.177.

4050.697 PMID: 5054144

41. Mazanec M.B., Nedrud J. G., Kaetzel C. S., Lamm M. E. (1993). A three-tiered view of the role of IgA in

mucosal defense. Immunol. Today; 14: 430–435. https://doi.org/10.1016/0167-5699(93)90245-G

PMID: 8216720

42. Pasquier B., Launay P., Kanamaru Y, Moura I. C., Pfirsch S., Ruffie C., et al. (2005). Identification of

FcalphaR1 as an inhibitory receptor that controls inflammation: dual role of the FcRgamma ITAM.

Immunity; 22: 31–42. https://doi.org/10.1016/j.immuni.2004.11.017 PMID: 15664157

43. Mora J. R., Iwata M., Eksteen B., Song S. Y., Junt T., Senman B., et al., (2006). Generation of gut-hom-

ing IgA-secreting B cells by intestinal dendritic cells. Science; 314: 1157–1160 https://doi.org/10.1126/

science.1132742 PMID: 17110582

44. Larsson A. K., Nilsson C., Hoglind A., Sverremark-Ekstrom E, Lilja G., et al. (2006). Relationship

between maternal and child cytokine responses to allergen and phytohaemagluttinin 2 years after deliv-

ery. Clin. Exp. Immunol.; 144: 401–408. https://doi.org/10.1111/j.1365-2249.2006.03083.x PMID:

16734608

45. Djuardi Y., Wibowo H., Supali T., Ariawan I., Bredius R. G. M., Yazdanbakhsh M., et al. (2009). Determi-

nants of the relationship between cytokine production in pregnant women and their infants. PLoS One;

4: e7711. https://doi.org/10.1371/journal.pone.0007711 PMID: 19898617

46. Mutapi F., Winborn G., Midzi N., Taylor M., Mduluza T., Maizels R. M. (2007). Cytokine reesponses to

Schistosoma haematobium in Zimbabwean population: contrasting profiles for IFN-g, IL-4, IL-5 and IL-

10 with age. BMC Infectious Diseases; 7: 139. https://doi.org/10.1186/1471-2334-7-139 PMID:

18045464

47. Gryseels B. (1994). Human resistance to Schistosoma infections: age or experience. Parasitol. Today;

10: 380–4. https://doi.org/10.1016/0169-4758(94)90226-7 PMID: 15275541

48. Mutapi F., Ndhlovu P. D., Hagan P., Spicer J. T., Mduluza T., Turner C. M., et al. (1998) Chemotherapy

accelerates the development of acquired immune responses to Schistosoma haematobium infection. J.

Infect. Dis. 178: 289–293. https://doi.org/10.1086/517456 PMID: 9652458

PLOS NEGLECTED TROPICAL DISEASES IL13-gene polymorphism associations with S. haematobium infection in schoolchildren

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009455 June 29, 2021 24 / 24

https://doi.org/10.1126/science.177.4050.697
https://doi.org/10.1126/science.177.4050.697
http://www.ncbi.nlm.nih.gov/pubmed/5054144
https://doi.org/10.1016/0167-5699%2893%2990245-G
http://www.ncbi.nlm.nih.gov/pubmed/8216720
https://doi.org/10.1016/j.immuni.2004.11.017
http://www.ncbi.nlm.nih.gov/pubmed/15664157
https://doi.org/10.1126/science.1132742
https://doi.org/10.1126/science.1132742
http://www.ncbi.nlm.nih.gov/pubmed/17110582
https://doi.org/10.1111/j.1365-2249.2006.03083.x
http://www.ncbi.nlm.nih.gov/pubmed/16734608
https://doi.org/10.1371/journal.pone.0007711
http://www.ncbi.nlm.nih.gov/pubmed/19898617
https://doi.org/10.1186/1471-2334-7-139
http://www.ncbi.nlm.nih.gov/pubmed/18045464
https://doi.org/10.1016/0169-4758%2894%2990226-7
http://www.ncbi.nlm.nih.gov/pubmed/15275541
https://doi.org/10.1086/517456
http://www.ncbi.nlm.nih.gov/pubmed/9652458
https://doi.org/10.1371/journal.pntd.0009455

