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Abstract

Cytokines mediate T-helper (T) responses that are crucial for determining the course of infec-
tion and disease. The expression of cytokines is regulated by transcription factors (TFs). Here
we present the frequencies of single nucleotide polymorphisms (SNPs) in cytokine and TF
genes in a Zimbabwean population, and further relate SNPs to susceptibility to schistosomiasis
and cytokine levels. Individuals (N = 850) were genotyped for SNPs across the cytokines /L4,
IL10, IL13, IL33, and IFNG, and their TFs STAT4, STAT5A/B, STAT6, GATAS, FOXP3, and
TBX21 to determine allele frequencies. Circulatory levels of systemic and parasite-specific IL-
4,1L-5, IL-10, IL-13, and IFNy were quantified via enzyme-linked immunosorbent assay. Schis-
tosoma haematobium infection was determined by enumerating parasite eggs excreted in
urine by microscopy. SNP allele frequencies were related to infection status by case-control
analysis and logistic regression, and egg burdens and systemic and parasite-specific cytokine
levels by analysis of variance and linear regression. Novel findings were i) IL4 rs2070874*T’s
association with protection from schistosomiasis, as carriage of >1 allele gave an odds ratio of
infection of 0.597 (95% Cls, 0.421-0.848, p = 0.0021) and IFNG rs2069727*G’s association
with susceptibility to schistosomiasis as carriage of >1 allele gave an odds ratio of infection of
1.692 (1.229-2.33, p = 0.0013). Neither /L4 rs2070874*T nor IFNG rs2069727*G were signifi-
cantly associated with cytokine levels. This study found T,2-upregulating SNPs were more fre-
quent among the Zimbabwean sample compared to African and European populations,
highlighting the value of immunogenetic studies of African populations in the context of infec-
tious diseases and other conditions, including allergic and atopic disease. In addition, the iden-
tification of novel infection-associated alleles in both T;1- and T2-associated genes highlights
the role of both in regulating and controlling responses to Schistosoma.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010536  June 27, 2022

1/29


https://orcid.org/0000-0002-6106-6498
https://doi.org/10.1371/journal.pntd.0010536
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010536&domain=pdf&date_stamp=2022-06-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010536&domain=pdf&date_stamp=2022-06-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010536&domain=pdf&date_stamp=2022-06-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010536&domain=pdf&date_stamp=2022-06-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010536&domain=pdf&date_stamp=2022-06-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010536&domain=pdf&date_stamp=2022-06-27
https://doi.org/10.1371/journal.pntd.0010536
https://doi.org/10.1371/journal.pntd.0010536
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7488/ds/3466
https://doi.org/10.7488/ds/3466
https://wellcome.org
https://wellcome.org

PLOS NEGLECTED TROPICAL DISEASES

Host genetics and schistosomiasis susceptibility

the National Institute of Health Research, using
Official Development Assistance (ODA) funding 16/
136/33 (https://www.nihr.ac.uk) to FM. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: | have read the journal’s
policy and the authors of this manuscript have the
following competing interests: FM - 1) WHO -
Member, WHO Diagnostic Technical Advisory
Group (DTAG) for neglected tropical diseases.
Schistosomiasis Sub-group 2) UK Research and
Innovation (UKRI) - Global Challenges Research
Fund Strategic Advisory Group 3) UK Foreign,
Commonwealth & Development Office - Member,
Science Advisory Group 4) WHO AFRO - Member
of the WHO AFRO Independent Advisory Group No
other authors report competing interests.

Author summary

Cytokines are known to modulate the course of infections and immune pathologies, the
production of which is partly under genetic control. Genetic variation, such as single
nucleotide polymorphisms (SNPs), are therefore known to influence phenotypes in infec-
tious diseases. This study sought to understand how SNPs in genes encoding cytokines
and associated transcription factors influence susceptibility and immune responses to
schistosomiasis. Here, we report a range of SNPs upregulating immune responses being
highly frequent among our Zimbabwean sample, and in addition identify two novel infec-
tion-associated loci. Firstly, the IL4 SNP rs2070874 T allele was identified as protective,
while the IFNG SNP rs2069727 G allele was identified as a risk allele. Given the paucity of
genetic studies focussing on African populations and neglected tropical diseases, our
study provides a valuable contribution to our knowledge of the genetic control of schisto-
somiasis susceptibility with these findings. In addition, we highlight the role of genetics in
modulating balance in immune responses and emphasise that further research focussing
on African populations is required on this subject in order to improve our understanding
of genetics, immune responses, and neglected diseases.

Introduction

The biological effects of the immune system are partly mediated by the expression of cytokines,
which have a strong influence on the type and strength of immune responses. Although these
cytokines can be produced by an array of immune cells, their predominant source is T helper
(Ty) cells, particularly CD4" Ty cells. These cells have been largely divided into Tg1, T2, T17
and T-regulatory (Treg) cell types, each characterised by the cytokines they produce. Ty;1 CD4* T
cells produce the key Ty1 cytokines interleukin-2 (IL-2), interferon-y (IFNy) and tumor necrosis
factor-o, and this response is widely implicated in bacterial and viral infections, while T2 CD4"
T cell produce key T2 cytokines IL-4, IL-5 and IL-13, being the key response in parasite infec-
tions and allergic reactions [1]. T17 CD4" produce IL-17, while Treg cells produce the regulatory
and anti-inflammatory cytokine IL-10 [1]. The balance between these cytokines determines the
phenotype of an immune response, subsequent immunopathology, and the eventual clearance or
persistence of infection. The production of these cytokines is partly under genetic control via tran-
scription factors (TFs), and changes in individual nucleotides coding for these cytokines or TFs
(single nucleotide polymorphisms-SNPs) can significantly alter cytokines and their expression
and therefore the nature of the immune response. Both Ti1 and T2 responses have been impli-
cated in helminth infections in humans, as the balance between these two immune responses has
been found to control the development of immunopathological responses [2,3].

Human studies and mouse models have found that the development of fibrotic and granu-
lomatous responses following Schistosoma infection is primarily driven by Ty;2 cytokines, with
particular emphasis on the roles of IL-5 and IL-13 in driving immunopathology in response to
parasite egg deposition [4,5]. Early mouse studies of S. mansoni infection demonstrated that
blockade of the T2 response, either through exogenous administration of IL-12 or knockout
of IL-4Ra, inhibits the development of granulomatous and fibrotic responses to schistosomes
[6,7]. Conversely, Ty1 cytokines have been shown to limit immunopathology through a nega-
tive feedback loop with T2 responses; for example, high IFNy production has been found to
correlate with reductions in liver fibrosis in mice [5,8,9]. However, studies of S. mansoni infec-
tions in mice lacking the IFNy receptor found reductions in granuloma size and hastened
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progression to chronic immune responses to parasites [10]. Therefore, the dynamic between
Tyl and Ty2 cytokines in schistosome infection seems critical to directing the typical immu-
nological response, and disruption to either arm may result in abnormal immune responses to
infection. In addition to mediating the immune response to Schistosoma, our studies have
shown that the balance between Ty1 and Ty2 responses is of critical importance in the devel-
opment of protective immunity against schistosomiasis [3,11,12]. Examining how this balance
is regulated at the genetic level is highly relevant to understanding how responses, susceptibil-
ity to, and resistance to schistosomiasis are biologically mediated.

Host genetics have been implicated in susceptibility human schistosome infection, with the
genes localised on chromosome 5 in the region 5q31-q33 having been shown to have key roles
[13]. This region carries genes encoding T2 cytokines IL-4, IL-5, and IL-13 [14]. Genetic studies
have revealed associations between SNPs in genes encoding cytokines and TFs and susceptibility
to schistosomiasis, including in STATS6, IL4, IL5, IL10, and IL13 [15-21]. Recently, Choto and col-
leagues identified an association between IL13 rs1800925 and elevated IL-13 concentrations in
schistosome-uninfected but not schistosome-infected individuals in Zimbabwe [22]. In addition,
Marume and colleagues identified an association between IL10 SNP rs1800871, protection from S.
haematobium infection and lower IL-10 production [23]. Genetic variation within cytokine and
TF genes that are associated with schistosomiasis are often also associated with perturbation to the
Ty1/Ty2 balance and the expression of cytokines involved in responding to infection. Nonetheless,
to date there have been no comprehensive studies documenting the frequency of cytokine- and
TF-associated SNPs and their relationship to helminth infection and cytokine levels in an African
population, and there is a paucity of genetic research focussing on individuals of African ancestry
and neglected tropical diseases [24]. Thus, the aim of this study was to genotype SNPs in cytokine
markers of T-helper responses and associated TFs and to relate these to levels of S. haematobium
infection and corresponding cytokines and having done so we identified a novel protective allele in
the IL4 gene (rs2070874*T) and a novel risk allele in the IFNG gene (rs2069727*G).

Methods

Ethics statement

Ethical approval was granted by the Medical Research Council of Zimbabwe (MRCZ/A/1408)
and the University of Zimbabwe Institutional Review Board. The Provincial Medical Director
granted local permission. Community members were informed of the study aims and proce-
dures in their local language (Shona), and compliant participants provided written consent or
assent from a parent/guardian if aged <18-years-old.

Study area and participants

This work is part of a larger study characterising the nature and development of schistosome-
specific immunity in human populations, with field work conducted from 2008-2010. Partici-
pants were recruited from two villages (Magaya and Chipinda) in Murewa District (17°
38'49”S 31°46/39"E), Mashonaland East Province, Zimbabwe where S. haematobium is
endemic. The eligibility criteria for this study were as follows: participants had to i) be life-long
residents of the area, ii) provide a minimum of two urine and two stool samples on consecutive
days and, iii) be negative for S. mansoni, soil-transmitted helminthiases (STH), malaria and
human immunodeficiency virus (HIV). Following the application of inclusion criteria, 850
individuals were recruited to participate in this study. Subsequently, 23 individuals were
excluded from parasitological analyses due to missing or incomplete S. haematobium egg
counts, though were included in calculations of genotype and allele frequencies within the
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study population. The age range of participants was from three-years-old to 86-years-old, and
the median age was 12-years old. Participants were 43.88% male and 56.12% female.

Parasitology and sample collection

S. haematobium, S. mansoni and STH eggs were quantified from a minimum of two urine and
stool samples, as previously described [3]. Mean S. haematobium infection intensity was deter-
mined by urine microscopy from at least two urine samples provided on consecutive days.
While more sensitive tests exist for the detection of lower intensity and prepatent Schistosoma
infections, such as nucleic acid-based tests or immunological assays, the cost associated with
these, given the sample size and field location, was prohibitive [25,26]. 5ml of venous blood
was collected from which a drop was used for blood smear microscopic detection of Plasmo-
dium spp and 1ml was stored for genotyping studies. The rest of the blood was processed as
previously described to extract serum for quantifying cytokine levels and malaria and HIV ser-
odiagnosis [3]. Malaria status was confirmed using Paracheck rapid tests (Orchid Biomedical
Systems) and HIV was detected by DoubleCheckGold HIV1&2 Whole Blood test (Orgenics),
with positive cases confirmed using Determine HIV1/2 Ag/Ag Combo (InvernessMedical).

Genotyping

We selected signature cytokines and their associated TFs and conducted a literature search to
identify published SNPs in their genes. Candidate SNPs were identified via literature search
for the following genes: IL4, IL10, IL13, IL33, IFNG, STAT4, STAT5A, STAT5B, STATS,
GATA3, FOXP3, and TBX21. SNPs were excluded if they had previously been reported to have
a minor allele frequency of <0.1 in the Yoruba (West African) population as insufficient allele
frequencies would prevent the sufficient statistical power to detect rare effects. Furthermore,
those with a recorded association with allergy, asthma, and altered immune system function
including effects on cytokine or antibody production were studied further. This resulted in 35
SNPs being selected for this study. SNPs are referred to throughout using the SNP ID regis-
tered on the National Center for Biotechnology Information’s (NCBI) SNP database. Genomic
DNA was extracted from blood samples and subject to targeted genotyping by sequencing of
35 SNPs, performed by LGC Genomics (Hoddesdon, UK).

Serology

Both systemic and parasite-specific (antigen-stimulated) IL-4, IL-5, IL-13, IL-10, and IFNy
concentrations were measured by enzyme linked immunosorbent assay (ELISA). A random
subgroup of participants (N = 233) resident in Magaya were selected for serological studies
and were 48.91% male and 51.09% female. The median age was 12-years-old and the range of
ages in this group was from three-years-old to 80-years-old. Both infected and uninfected indi-
viduals were included in this analysis. Systemic cytokine levels were determined in duplicate
in sera by capture ELISA, as previously described [11]. Parasite-specific cytokines were also
measured in duplicate by ELISA from supernatants collected from whole blood cultures stimu-
lated for 48 hours at 37°C with S. haematobium soluble egg antigen (SEA) (N = 233), cercarial
antigen preparation (CAP) (N = 67), or whole worm homogenate (WWH) (N = 233) as previ-
ously described [3]. Briefly, sera (systemic cytokines) or blood culture supernatants (parasite-
specific cytokines) were added in duplicate to 96-well plates coated with 1ug/ml capture anti-
body for IL-4, IL-5, IL-13, IL-10 or IFN-y (BD Biosciences) and incubated overnight at 4°C.
Subsequently, 0.5pg/ml (IFNy only) or 1pg/ml biotinylated detection antibody and was added
for two hours at 37°C before streptavidin-horse radish peroxidase for two hours at 37°C.
Lastly, 3,3’-5,5-tetramethylbenzidine substrate was added and developed for five minutes.
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Samples were then analysed with spectrophotometry at 450nm and compared to a standard
curve for each cytokine for quantification.

Statistical analysis

All statistical analyses were performed using SPSS Statistics Version 25 unless otherwise stated.
Infection intensities (egg counts, measured as eggs/10ml urine) and cytokine concentrations were
log(x+1) and square-root(x+1) transformed, respectively, in statistical analyses to meet the
assumptions of parametric analysis. All figures were produced in GraphPad Prism 8 Version 9.1.0
for Windows (GraphPad Software, San Diego, California USA, www.graphpad.com), unless other-
wise stated. 95% confidence intervals (CIs) were calculated for frequencies and proportions using
exact binomial tests. Individuals included in analyses were not case-matched, but potential con-
founders were accounted for in statistical models. These included participant village, age, and sex
when analysing infection status/intensity, and participant infection intensity, age, and sex when
analysing cytokine concentrations. Controlling for village when analysing cytokine levels was not
necessary as cytokine quantification was performed only on individuals residing in Magaya.

Allele frequency analysis

Minor allele frequencies (MAFs) among individuals of African and European ancestry for
each SNP were obtained from the NCBI ALFA database [27] and Pearson’s Chi-Square tests
were performed to compare these frequencies with those of the study population. LD between
SNPs was analysed using Haploview Version 2 and PLINK Version 1.9 [28,29]. Haplotype
blocks of SNPs in strong LD were defined as one or more pairs of SNPs where the 95% CIs of
the D’ value between them has a lower limit >0.7 and an upper limit >0.98 [30]. SNPs that sig-
nificantly (p < 0.0001) deviated from the Hardy Weinberg Equilibrium (HWE) were excluded.
A total of 54 individuals were excluded on the basis of >50% missing genotypes or missing
parasitological data, therefore 796 individuals were included in this analysis.

Relating genotype of single cytokines to S. haematobium infection status
and cytokine levels

Pearson’s Chi-Square tests were performed using Haploview 2 to test for significant differences
in the frequencies of alleles and haplotypes between schistosome-positive and schistosome-
negative individuals. Binary logistic regression was conducted using the genotype of SNPs as
predictors of infection while controlling for participant sex, village, and age. This analysis was
performed using genotypic (AA vs Aa, AA vs aa), dominant (AA vs Aa + aa), and recessive
(AA + Aavs aa) genetic models to further examine these associations (where A = reference
allele, a = minor allele) [31]. Individual SNPs were also related to both systemic and parasite-
specific cytokine (IL-4, IL-5, IL-10, IL-13, IFNY) concentrations. Transformed cytokine con-
centrations were subject to analysis of variance (ANOVA) (sequential sums of squares) and
the effect of each SNP measured following adjustment for confounding variables of sex, age,
and transformed infection intensity. Following this, significant overall effects were further ana-
lysed by post-hoc pairwise comparisons, adjusted by Bonferroni correction to account for
multiple testing. Some relationships could not be reliably tested due to small sample sizes

(N < 10) arising from infrequent genotypes, and thus were not included.

Relating SNP principal components to infection and cytokine levels

Genotypes of all SNPs were subject to PCA. PCs with an eigenvalue >1 and factor loadings
>0.5 or <-0.5, or the highest loading score for a SNP if all were <0.5 or >-0.5, were included
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in analyses. Scores for each PC for each individual were extracted using the regression method.
Binary logistic regression and multiple linear regression were utilised to predict infection sta-
tus and intensity, respectively, adjusting for participant village, sex, and age before PC scores
were entered stepwise as predictors. Cytokine concentrations were also related to PCs through
multiple linear regression. Systemic and parasite-specific IL-4, IL-5, IL-10, IL-13 and IFNy
concentrations were entered as dependent variables into regression models including partici-
pant sex, age, and transformed infection intensity as confounders, before PCs were entered
stepwise to identify significant relationships.

Results
S. haematobium epidemiology

The prevalence of S. haematobium infection within the study population was 44.498%, and the
mean infection intensity was 29.033 eggs/10ml urine (+/- SD 100.646) (SI Appendix). Infection
prevalence was highest among 11-15-year-olds (58.065%) and lowest in individuals
>30-years-old (11.321%) (Fig I). Similarly, mean infection intensity was highest among 11-
15-year-olds (39.691 eggs/10ml urine +/- SD 111.728) and lowest among individuals 26-
30-years-old (0.885 eggs/10ml urine, +/- SD 2.347) (Fig I). Additionally, S. haematobium
infection was more prevalent among males (51.648% infected) compared to females (38.745%
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Fig 1. S. haematobium epidemiology across age groups. The epidemiological data indicated that children aged 11 to
15-years-old experienced both the highest S. haematobium prevalence (%) and intensity (eggs/10ml urine), and that
the lowest levels were experienced by individuals 26-years-old and older. Error bars indicate SD.
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infected), and mean infection intensity was also higher among males (42.757 eggs/10ml urine,
+/- SD 124.862) compared to females (18.162 eggs/10ml urine, +/- SD 74.865). Infection prev-
alence was higher in Magaya (51.338%) compared to Chipinda (37.740%), however mean
infection intensity was lower in Magaya (25.932 eggs/10ml urine, +/- SD 82.628) compared to
Chipinda (32.098 eggs/10ml urine, +/- SD 115.747).

Genetic case-control analysis

Genotype frequencies (52 Appendix) were used to calculate the MAF of each SNP within the
study population (Table I). The mean genotyping completion rate was 97.031%. When com-
paring MAFs within this sample to MAFs reported by NCBI’s Allele Frequency Aggregator
(ALFA) within African and European populations, 23/35 (65.71%) SNPs were significantly
different between the Zimbabwean sample and African populations, and 32/35 (91.43%) were
significantly different between the Zimbabwean sample and Europeans (Table I and S3 Appen-
dix). Seven SNPs significantly diverged from the HWE within the study population (STAT4
rs7574865, STAT4 rs7582694, IL4 rs2243250, IL33 rs928413, STAT6 rs324015, STAT5B
rs9900213, and TBX21 rs11079788) and were excluded from case-control allele frequency
analyses. Four haplotype blocks of SNPs in strong linkage disequilibrium (LD) were identified
among SNPs in the IL10 (rs3024496, rs1800872), IL13 (rs1295686, rs20541), IFNG (rs2069727,
rs2069718, rs2069705), and FOXP3 (rs2294021, rs2232365) genes (Table 2 and Fig 2 and S4
Appendix). Allele frequencies were then compared in a case-control analysis between schisto-
some-infected (case) and schistosome-uninfected (control) individuals (Table 3). The IL4 SNP
rs2070874 minor allele T (rs2070874*T) was found to have a significantly lower frequency in
cases (0.447, 95% Cls: 0.44-0.515) compared to controls (0.554, 95% Cls: 0.521-0.587) (=
9.314, p = 0.0023). Secondly, the IFNG SNP rs2069727 minor allele G (rs2069727*G) was
found to have a significantly higher frequency in cases (0.172, 95% ClIs: 0.145-0.202) compared
to controls (0.13, 95% Cls: 0.109-0.154) (y* = 5.532, p = 0.0187). Lastly, haplotype block 3,
consisting of the IFNG SNPs rs2069727, rs2069718, and rs2069705 had a frequency of the hap-
lotype GGT of 0.168 (95% Cls: 0.152-0.185) in cases, and 0.128 (95% ClIs: 0.116-0.142) in con-
trols (* = 4.862, p = 0.0275) (Table 4), though this effect was weaker than that seen for IFNG
rs2069727*G alone.

Regression analysis of S. haematobium infection

Corroborating the previous analysis, IL4 rs2070874*T and IFNG rs2069727*G were signifi-
cantly associated with infection in a logistic regression model after adjusting for the confound-
ers of age, sex and village. Individuals with the IL4 rs2070874 genotypes C:T or T:T had ORs of
0.566 (95% Cls: 0.375-0.853, p = 0.0066) and 0.616 (95% Cls: 0.425-0.893, p = 0.010), respec-
tively, relative to the C:C genotype (Fig 3A). Additionally, in a dominant model, individuals
carrying at least one copy of IL4 rs2070874*T had an OR of 0.597 (95% Cls: 0.421-0.848,

p = 0.0021) relative to the C:C genotype. Under a recessive model, no significant differences
were found when comparing individuals carrying at least one copy of the C allele to those
homozygous for the T allele. Secondly, individuals with the IFNG rs2069727 genotype G:A had
an OR of 1.743 (1.255-2.421, p = 0.0009) relative to individuals with the A:A genotype (Fig
3B). Individuals with the G:G genotype were not found to have a significant OR for egg posi-
tivity relative to individuals with the A:A genotype, however the G:G genotype had a frequency
0f 0.019 (N = 16), thus this analysis lacks power. In a dominant model, individuals carrying at
least one copy of IFNG rs2069727*G had a combined OR of 1.692 (95% Cls: 1.229-2.33,

p = 0.0013), relative to individuals with the A:A genotype. In addition, under a recessive
model, no significant differences were found.
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Table 2. Linkage disequilibrium statistics of haplotype blocks.

Block Chromosome Gene SNP 11D SNP 2 ID D’ (95% Cls) r’
1 1 IL10 rs3024496 rs1800872 0.973 (0.94-0.99) 0.547
2 5 IL13 rs1295686 rs20541 0.93 (0.84-0.98) 0.097
3 12 IFNG 152069727 152069718 0.968 (0.92-0.99) 0.307
152069727 rs2069705 0.971 (0.9-1.0) 0.151
rs2069718 rs2069705 0.969 (0.93-0.99) 0.458
4 X FOXP3 152294021 rs2232365 0.971 (0.9-1.0) 0.558

https://doi.org/10.1371/journal.pntd.0010536.t002

Analysis of cytokine production

A subgroup of participants (N = 233) resident in Magaya were further investigated to study
cytokine responses. Among this subgroup, the prevalence of S. haematobium infection was
52.586%, and the mean egg count was 29.997 eggs/10ml urine (+/- SD 87.298). Participants
were grouped on the basis of SNP genotype and not infection status, and therefore infection
status-dependent effects were not examined. SNPs were investigated to analyse effects on sys-
temic and parasite-specific cytokine concentrations using ANOVA to compare genotypes (Fig
4 and Table 5). This indicated six significant relationships between SNPs and cytokine levels
following adjustment for sex, age, and infection. Firstly, IL13 rs20541 was significantly associ-
ated with systemic IL-5 concentrations (F = 4.318, p = 0.015), whereby individuals with the A:
A genotype had a higher mean IL-5 concentration than individuals with the A:G and G:G
genotypes, however these comparisons were not significant following Bonferroni post-hoc
analysis. FOXP3 rs2232365 was also significantly associated with systemic IL-5 concentrations
(F =3.382, p = 0.037), and post-hoc analysis found that individuals with the A:A genotype had
a significantly higher mean IL-5 concentration compared to individuals with the G:G genotype
(p = 0.0071). Systemic IL-10 was significantly associated with the FOXP3 SNP rs2294021

(F =3.315, p = 0.0039), and post-hoc analysis indicated that individuals with the T:T genotype
had a significantly lower mean IL-10 concentration compared to individuals with the T:C
genotype (p = 0.032) but not those with the C:C genotype. Parasite-specific cytokine levels
were also influenced by SNP genotypes. CAP-specific IL-4 was significantly associated with
the TBX21 SNP rs16947078 (F = 4.763, p = 0.037), whereby individuals with the A:A genotype
had a significantly higher mean concentration compared to individuals of the A:G genotype
(note: CAP-specific IL-4 was not measured in any individuals with the G:G genotype). Addi-
tionally, SEA-specific IFNy was associated with both GATA3 rs4143094 and STAT6 rs324015.
Firstly, GATA3 rs4143094 was significantly associated with SEA-specific IFNy (F = 4.212,

p = 0.017), with a trend towards lower mean concentrations associated with the G allele, how-
ever post-hoc analysis did not indicate any significant pairwise comparisons between geno-
types. Lastly, SEA-specific IFNy was significantly associated with STAT6 rs324015 (F = 4.857,
p = 0.0092), and post-hoc analyses indicated that individuals with the A:A genotype had a sig-
nificantly higher mean SEA-specific IFNy concentration compared to individuals with the G:
G genotype (p = 0.046).

Principal component analysis

Principal component analysis (PCA) of the 35 SNPs studied here resulted in the identification
of 14 PCs representing 67.52% of total variance (S5 Appendix). SNPs were scored 1, 2 or 3 to
represent homozygous reference, heterozygous, and homozygous variant genotypes, respec-
tively, and as such increasing PC scores indicate an increasing number of variant alleles.
Extracted PC scores were then used as predictors of infection status and intensity in logistic
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Fig 2. Linkage disequilibrium blocks for SNPs on chromosomes 1, 5, 9, 10, 12, 17 and X. The values within each box indicate the

D’ value associated with each pair of SNPs. Blocks indicate groups of two or more SNPs which were found to be in strong LD.

Strongly red blocks represent higher degrees of LD (i.e., a higher D’), and whiter blocks represent lower degrees of LD. These results
show four haplotype blocks between SNPs on chromosomes 1 (IL10 rs3024496 and IL10 rs1800872), 5 (IL13 rs1295686 and IL13
rs20541), 12 (IFNG rs2069727, IFNG rs2069718 and IFNG rs2069705), and X (FOXP3 rs2294021 and FOXP3 rs2232365), where
there exists strong evidence of co-inheritance of SNPs. Plots produced using Haploview 2.

https://doi.org/10.1371/journal.pntd.0010536.g002

Table 3. Case-control analysis of SNP MAFs between schistosome-infected (N = 354) and-uninfected individuals

(N =442).
Chromosome | Gene SNPID | Nucleotide Change | Allele | Case:Control Frequency | x> p
1 IL10 rs3024496 T>C T 0.544:0.554 0.176 | 0.68
C 0.456:0.446
rs1800872 A>C A 0.418:0.406 0.233 0.63
C 0.582:0.594
rs1800896 A>G A 0.718:0.688 1.658 | 0.20
G 0.282:0.312
2 STAT4 1s925847 C>T C 0.565:0.546 0.55 0.46
T 0.435:0.454
5 IL13 rs1881457 A>C A 0.763:0.757 0.076 0.78
C 0.237:0.243
rs1295686 A>G A 0.757:0.757 0.000 | 0.99
G 0.243:0.243
rs20541 A>G A 0.237:0.269 2.111 0.15
G 0.763:0.731
rs848 >G T 0.549:0.528 0.708 | 0.40
G 0.451:0.472
IL4 152243248 >G T 0.798:0.8 0.008 | 0.93
G 0.202:0.2
152070874 C>T C 0.523:0.446 9.314 | 0.0023
T 0.447:0.554
9 IL33 rs12551256 A>G A 0.884:0.888 0.057 0.81
G 0.116:0.112
rs7025417 T>C T 0.823:0.819 0.053 0.82
C 0.177:0.181
10 GATA3 | rs4143094 T>G T 0.532:0.505 1.231 0.27
G 0.438:0.495
rs3802604 G>A G 0.804:0.781 1.271 0.26
A 0.196:219
rs1058240 G>A G 0.203:0.192 0.305 | 0.58
A 0.797:0.808
12 STAT6 | rs11172106 C>G C 0.709:0.689 0.755 | 0.38
G 0.291:0.311
IFNG 152069727 A>G A 0.828:0.87 5.532 | 0.019
G 0.172:0.13
12069718 A>G A 0.641:0.655 0.325 0.57
G 0.359:0.345
rs2069705 C>T C 0.458:0.484 1.111 0.29
T 0.542:0.516
(Continued)
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Table 3. (Continued)

Chromosome | Gene SNPID | Nucleotide Change | Allele | Case:Control Frequency | x> p
17 STAT5 | rs8082391 C>A C 0.403:0.398 0.031 0.86
A 0.597:0.602
1s16967637 C>A C 0.643:0.611 1.696 0.19
A 0.357:0.389
rs7217728 T>C T 0.319:0.309 0.197 | 0.66
C 0.681:0.691
152272087 T>C T 0.606:0.624 0.569 | 0.45
C 0.394:0.376
TBX21 | rs4794067 T>C T 0.866:0.851 0.737 | 0.39
C 0.134:0.149
1516947078 A>G A 0.849:0.839 0.269 0.60
G 0.151:0.161
X FOXP3 | rs2294021 T>C T 0.726:0.714 0.206 0.65
C 0.274:0.286
rs2232365 A>G A 0.271:0.257 0.323 | 0.57
G 0.729:0.743
rs11091253 C>T C 0.816:0.792 1.092 | 0.27
T 0.184:0.208

https://doi.org/10.1371/journal.pntd.0010536.t003

and linear regression models, respectively. Firstly, in a logistic model, results corroborated
those previously outlined, as PC6 (representing IL4 SNPs rs2070874, rs2243259 and
rs2243248) was associated with decreased odds of S. haematobium infection (OR = 0.8026,
95% Cls: 0.6713-0.9595, p = 0.016) (S6 Appendix). In a linear model, no PC was significantly
associated with infection intensity (S6 Appendix).

Linear regression identified a number of relationships between PCs and cytokine concen-
trations (Fig 5 and Table 6). PC10, representing STAT6 SNPs rs11172106 and rs324015, was
associated with the largest number of cytokine responses—elevated systemic IL-4 concentra-
tions (B = 0.000494 (95% Cls: 0.000115-0.000873) p = 0.011), reduced WWH-specific IL-5 (B
=-0.0023 (95% ClIs: -0.0047 —-0.0001), p = 0.037) and reduced SEA-specific [FNy (B = -0.0093
(95% Cls: -0.0179 --0.0008), p = 0.033). As described in the previous ANOVA, STAT6
rs324015 was independently associated with reduced SEA-specific IFNy, although rs11172106
was not, and neither were independently associated with systemic IL-4 or WWH-specific IL-5.
PC4, representing FOXP3 SNPs rs2294021, rs11091253 and rs2232365, and PC14, represent-
ing STAT5A rs2272087 and STAT4 rs925847, were each significantly associated with two cyto-
kine responses. Firstly, PC4 was significantly associated with reduced systemic IL-5 (B =
-0.0063 (95% Cls: -0.0119 —-0.0008), p = 0.026) and reduced SEA-specific IL-13 (B = -0.0057
(95% ClIs: -0.0102 --0.0014), p = 0.011). FOXP3 rs2232365 was independently associated with
reduced systemic IL-5 concentrations, as previously described, however neither was indepen-
dently associated with SEA-specific IL-13. PC14 was significantly associated with reduced
SEA-specific IL-4 (B = -0.0003 (95% ClIs: -0.0005-2.302x10"°), p = 0.032) and elevated CAP-
specific IL-5 (B = 0.0024 (95% Cls: 8.738x107°-0.0047), p = 0.042), and neither rs2272087 nor
rs925847 was independently associated with these cytokine responses. Lastly, CAP-specific
IL-10 concentrations were significantly associated with both PC2 (B = 0.0036 (95% ClIs:
0.0007-0.0064), p = 0.015) representing IL10 rs3024496, rs1800872 and rs1800896, and PC6
(B = 0.0030 (95% Cls: 7.586x10°-0.0060), p = 0.045), representing IL4 SNPs rs2070874,
rs2243248 and rs2243250.
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Table 4. Case-control analysis of haplotype frequencies between schistosome-infected (N = 354) and-uninfected
individuals (N = 442).

Block | Chromo-some Gene SNP IDs 4Haplotype | Case:Control Frequency x> P
1 1 ILI0 | 1s3024496 cc 0.453:0.441 0231 | 0.63
151800872 TA 0.414:0.401 0292 | 0.59
TC 0.13:0.153 1.815 | 0.18
2 2 IL13 | 151295686 AG 0.525:0.491 1.835 | 0.18
rs20541 AA 0.233:0.266 2296 | 0.13
GG 0.237:0.24 0.018 | 0.89
3 12 IFNG | 1s2069727 AAC 0.448:0.482 1.825 | 0.18
rs2069718 AGT 0.184:0.215 2268 | 0.13

152069705
AAT 0.189:0.171 0.803 | 037
GGT 0.168:0.128 4.862 | 0.028
4 X FOXP3 | rs2294021 TG 0.454:0.46 0.055 | 0.81
152232365 CG 0.274:0.283 0.111 | 074
TA 0.272:0.253 0515 | 047

https://doi.org/10.1371/journal.pntd.0010536.t004

Discussion

Cytokines are crucial for the type of immune response mounted against pathogens, the expres-
sion of which is partially controlled by TFs. Here, we analysed the frequency of SNPs in genes
encoding cytokine markers of Ty1, T2 and Treg responses and their associated TFs. We

A)  1L4rs2070874

OR (95% Cls -value N

Genetic Model . (eoaeble) P
Genotypic C:T —e— 0.566 (0.375-0.853) 0.0066 398
Genotypic T:T —e— 0.616 (0.425-0.893) 0.010 234
Dominant C:TIT:T —e— 0.597 (0.421-0.848) 0.0021 632
Recessive  C:CI/C:T ——— 0.795 (0.579-1.092) 0.16 571

I 1 l 1
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Fig 3. A) Odds ratios of S. haematobium infection between genotypes of SNPs IL4 rs2070874 (N = 805) and B) IFNG
rs2069727 (N = 810). Models are adjusted for the confounding variables of participant age, sex and village. These data
indicate that the C:T and T:T genotypes and the T allele of IL4 rs2070874 was associated with protection from S.
haematobium infection, and that the G:A genotype and the G allele of IFNG rs2069727 was associated with elevated
risk of infection with S. haematobium. OR = odds ratio; CIs = confidence intervals. Genotypic and dominant models
display ORs relative to the homozygous reference genotype; recessive models display ORs relative to the homozygous
variant genotype.

https://doi.org/10.1371/journal.pntd.0010536.g003
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Fig 4. Mean cytokine concentrations between SNP genotypes. Analysis of variance identified relationships between systemic or
parasite specific cytokine levels and six SNPs: IL13 rs20541 (systemic IL-5), FOXP3 rs2232365 (systemic IL-5), FOXP3 rs2294021
(systemic IL-10), TBX21 rs16947078 (CAP-specific IL-4), GATA3 rs4143094 (SEA-specific IFNY), and STAT6 rs324015 (SEA-specific
IFNY). Pairwise p-values are Bonferroni corrected. Error bars indicate SD. CAP = cercariae antigen preparation; SEA = soluble egg
antigen).

https://doi.org/10.1371/journal.pntd.0010536.g004

related the presence of these SNPs to the risk of schistosome infection as well as levels of sys-
temic and schistosome-specific cytokines. Our most significant findings were that IL4
rs2070874*T is significantly associated with a reduction in schistosome infection risk, while
IENG rs2069727*G and the haplotype GGT across IFNG SNPs rs2069727, rs2069718,
rs2069705 were associated with increased schistosome infection risk. For both IL4
rs2070874* T and IFNG rs2069727*G, it is apparent from these results that carriage of one allele
is sufficient to elicit the associated phenotype. To our knowledge, this is the first time either
SNP has been associated with susceptibility to schistosomiasis. The protective IL4 rs2070874* T
allele had a frequency of 0.542 within the Zimbabwean sample, which is significantly higher
than both African and European populations, in which the allele has frequencies of 0.397 and
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Table 5. Analysis of variance of mean cytokine concentrations between SNP genotypes.

Cytokine SNP Genotype (N) Mean Concentration (SD) (ng/ml) F p-value
IL-5 IL13 rs20541 A:A (13) 0.7234 (0.1468) 4.3184 0.015
A:G (88) 0.02855 (0.0547)
G:G (124) 0.0409 (0.0861)
FOXP3 rs2232365 A:A (39) 0.0720 (0.1384) 3.3824 0.037
A:G (40) 0.0369 (0.0818)
G:G (149) 0.0273 (0.0483)
IL-10 FOXP3 rs2294021 T:T (147) 0.0180 (0.0475) 3.3152 0.039
T:C (42) 0.0368 (0.0810)
C:C (36) 0.0235 (0.06948)
CAPIL-4 TBX21 rs16947078 A:A (47) 0.0015 (0.0029) 4.7627 0.037
A:G (19) 0.0004 (0.0008)
SEAIFNy | GATA3rs4143094 T:T (55) 0.0629 (0.1245) 42122 | 0.017
T:G (117) 0.0487 (0.1478)
G:G (50) 0.0229 (0.0700)
STAT6 rs324015 A:A (55) 0.1243 (0.1778) 4.8574 0.0092
AG (117) 0.04969 (0.1358)
G:G (50) 0.0385 (0.1196)

https://doi.org/10.1371/journal.pntd.0010536.t005

0.143, respectively. In addition, the risk IFNG rs2069727*G allele had a frequency of 0.153
within the Zimbabwean sample, which is significantly lower than both African and European
populations, in which the allele has frequencies of 0.212 and 0.468, respectively. Therefore, the
protective and risk alleles described here are more and less frequent, respectively, among the
study population compared to individuals of both African and European descent.

Of the 35 SNPs under investigation, we found that 65.71% and 91.43% had MAFs that were
significantly different between the study sample and African and European populations,
respectively. Such high levels of difference between the study population and Europeans are
unsurprising. It is equally unsurprising that the study population displayed strong differences
to aggregated African populations, as ALFA combines population genetic data across the
entire continent of Africa, where there are considerable between- and within-subpopulation
genetic differences [101]. By comparing MAFs within the Zimbabwean sample to Africans and
Europeans, increased allele frequencies associated with elevated T2 function were found, par-
ticularly compared to Europeans. For example, IL4 rs2243250*T had a frequency of 0.772
within the study sample, compared to 0.642 and 0.144 among Africans and Europeans, respec-
tively, and this allele has previously been associated with the upregulation of T2 responses
including increased IL-4 and immunoglobulin-E (IgE) production [60,63]. Additionally, IL13
rs1295686* G, which has frequencies of 0.225, 0.375 and 0.796 among the Zimbabwean sample,
Africans and Europeans, respectively, has been associated with decreased risk of asthma and
reduced IgE expression [47].

The rs2070874"T allele was found here to be protective against S. haematobium and signifi-
cantly more frequent within the study sample. IL4 rs2070874 is located within the 5" untrans-
lated region (UTR) of the IL4 gene. The 5" UTR region of genes is associated with controlling
translation efficiency through the binding of TFs and RNA polymerase, and the formation of
the ribosomal initiation complex [102,103]. This raises the possibility that IL4 rs2070874* T
may influence the translation of IL4, and while not observed in this present study, IL4
rs2070874* T has previously been associated with elevated levels of plasma IL-4 [68]. We also
identified a novel association between the IFNG gene and schistosomiasis susceptibility, as
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Fig 5. Regression scatterplots of systemic and parasite-specific cytokines against PC scores. X axes show square-root (x+1) transformed values. Dashed
line shows regression best line of fit, and shaded area shows 95% confidence intervals of the best line of fit. Regression analysis found significant
relationships between systemic and parasite-specific cytokine levels and PC2 (CAP-specific IL-10), PC4 (systemic IL-5, SEA-specific IL-13), PC6 (CAP-
specific IL-10), PC10 (systemic IL-4, WWH-specific IL-5, SEA-specific IFNYy) and PC14 (SEA-specific IL-4, CAP-specific IL-5). PC = principal component;
CAP = cercariae antigen preparation; SEA = soluble egg antigen; WWH = whole worm homogenate.

https://doi.org/10.1371/journal.pntd.0010536.9005

IFNG r52069727*G was found here to be associated with increased risk of infection. As with
IL4 rs2070874, IFNG rs2069727 is not located within a coding region as it is found approxi-
mately 500bp downstream of the IFNG gene. It is possible that this polymorphism similarly
affects the binding of regulatory factors and as such modulates the translation of the IFNG
gene [103], and though not replicated here, IFNG rs2069727*G has previously been associated
with altered IFNYy production [84,85]. Further mechanistic investigations are required to fully
elucidate the nature of these polymorphisms and their functional impacts, however given that
they are both located outside of coding regions, modulations to the regulation of gene expres-
sion is a leading hypothesis on the biomolecular consequences of these polymorphisms. In the
absence of a mechanistic explanation and without evidence here of associations with cytokine
production, it is difficult to draw conclusions on how these SNP:s fit into the immunological
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Table 6. Multiple linear regression of cytokine concentrations and PCs.

PC SNPs Cytokine B-Coefficient (95% ClIs) B-Coefficient (95% CIs) | p-value
2 | IL101s3024496 | CAPIL-10 0.00357 (0.000731-0.00641) 0.3500 (0.0717-0.6282) | 0.015
IL10 151800872
IL10 rs1800896
4 | FOXP3r1s2294021 IL-5 -0.00631 (-0.0119- -0.00076) | -0.1704 (-0.3202- -0.0206) | 0.026
FOXP3 1511091253 | qpa 17,13 -0.00570 (-0.0102- -0.00136) | -0.1975 (-0.3488- -0.0462) | 0.011
FOXP3 1s2232365
6 IL41s2070874 | CAPIL-10 | 0.00303 (7.586x107°-0.00598) 0.2877 (0.0072-0.5682) | 0.045
IL4 152243248
IL4 152243250
10 | STAT6 rs11172106 L4 0.000494 (0.000115-0.000873) | 0.2005 (0.0467-0.3543) | 0.011

STAT61s324015 | WwHIL-5 | -0.0023 (-0.00447- -0.00014) | -0.1613 (-0.3130- -0.0097) | 0.037
SEAIENg | -0.00932 (-0.0179- -0.000781) | -0.1684 (-0.3228--0.0141) | 0.033

14 | STAT5A 152272087 | SEAIL-4 | -0.000264 (-0.000507-2.302x10°%) | -0.1664 (-0.3182- -0.0145) | 0.032
STAT41s925847 | CApPIL-5 0.00242 (8.783x107°-0.00474) 0.2960 (0.0108-0.5814) | 0.042

https://doi.org/10.1371/journal.pntd.0010536.t006

response to schistosomes and the development of protective immunity. Given each SNP’s
identified association with susceptibility to infection, it may be that the biological conse-
quences of these polymorphisms lies in the innate immune response generated following
infection. Research by this group and others has found the early immune response to egg
deposition relies on both Th1 and Th2 cytokines, including both IL-4 and IFN-y, as well as cel-
lular elements including alternatively-activated macrophages, monocytes, and innate lym-
phoid cells, and that these elements both rely on and amplify cytokine responses [3,104-107].
Therefore, it could be that alterations to innate cytokine responses at early stages of infection
are influenced by a disruption to the Tyy1/Ty2 balance arising from these SNPs; however, with-
out further mechanistic evidence, this remains speculative.

Several other SNPs have been identified as influencing risk of schistosome infection, includ-
ing within the IL4 gene as Adedokun and colleagues identified an association between IL4
rs2243250 and increased risk of S. haematobium in Nigerian children [21]. IL4 rs2243250 was
in violation of HWE in the present study and as such case-control analysis of S. haematobium
infection was not performed for this SNP. Ellis and colleagues conducted a similar genetic
association study where they found no association between IL4 rs2070874 and risk of infection
with S. japonicum in a Chinese population [17]. However, comparability between this study
and ours is limited given the differences in population, underlying genetic linkage structures,
and Schistosoma species. This present study is, to the best of our knowledge, the first genetic
association study to examine IL4 rs2070874 in the context of S. haematobium. This study is
also, to the best of our knowledge, the first to support a genetic association between IFNG
rs2069727 and infection with Schistosoma, and the first to identify an association between
schistosomiasis risk and the IFNG gene. Due to our finding that IFNG rs2069727 is in LD with
both IFNG rs2069705 and IFNG rs2069718, it is difficult to discern the associations with IFNG
1s2069727 from either of these SNPs. However, given the low r” values between IFNG
rs2069727, IFNG rs2069718, and IFNG rs2069705, and the lack of any significant independent
association with IFNG rs2069705 or IFNG rs2069718 alone, the risk allele and associated phe-
notype is likely to be more closely associated with IFNG rs2069727. Previously, IENG
rs2069727* G has been associated with elevated IFNy concentrations [84] and while no associa-
tion was found here with IFNy concentrations, it is plausible that an associated disturbance to
the Tiy1/Ty2 balance may underlie the increased risk of schistosomiasis. Therefore, as with IL4
rs2070874, further examination of the biological effects of these SNPs would prove beneficial.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010536  June 27, 2022 19/29


https://doi.org/10.1371/journal.pntd.0010536.t006
https://doi.org/10.1371/journal.pntd.0010536

PLOS NEGLECTED TROPICAL DISEASES Host genetics and schistosomiasis susceptibility

One SNP included in our case-control analysis (IL13 rs20541) had previously been associated
with S. mansoni and S. japonicum infection, though these findings were not replicated here
[20,48]. There is an apparent lack of reproducibility and generalisability in these associations
between populations and Schistosoma species, the former of which may be due to differences
in LD structures. In addition, it is widely acknowledged that disease susceptibility is mostly the
product of whole-genome variation, rather than particularly deleterious or advantageous indi-
vidual alleles [108]. Therefore, associations being made with individual SNPs or with a limited
range of alleles suffer from limited biological relevance. The ability to capture variation across
the entire genome would be beneficial in providing a more comprehensive analysis. Our
understanding of the complex role of genes in determining susceptibility to schistosome infec-
tion is hindered by a lack of GWASs-to date, no published study has performed a GWAS on
schistosomiasis in humans. The adoption of such techniques would broaden our knowledge of
the role of host genetics in schistosomiasis, other helminthiases, and neglected tropical
diseases.

The analysis conducted here identified relationships between SNPs and levels of both sys-
temic and parasite-specific cytokine responses. This included the FOXP3 SNP rs2232365,
which was found to be significantly associated with lower systemic IL-5 both individually and
when combined with FOXP3 SNPs rs11091253 and rs2294021 in PCA-based regression analy-
sis. FOXP3, the master regulatory TF of Treg responses, is responsible also for downregulating
Tyl and T2 immune responses, and FOXP3 rs2232365 has been associated with higher
FOXP3 expression [94], potentially underlying the observed decreased IL-5 concentrations. In
addition, the STAT6 SNP rs324015 was associated with reduced SEA-specific IFNy when com-
paring genotypes, and this SNP has been previously associated with reduced asthma risk and
reduced IgE [81,82], thereby indicating that this polymorphism results in a dampening of T2
responses. Our observation is therefore in accordance with these previous findings. While
none of the SNPs identified as being associated with cytokine concentrations were also associ-
ated with susceptibility to schistosomiasis, it would be of value to examine whether these SNPs
are associated with changes in Ty;2-mediated immunopathology. For example, the IL13 pro-
moter polymorphism rs1800925 (not studied here) has previously been associated with both
elevated IL-13 expression and an increase in liver fibrosis associated with S. japonicum infec-
tion [48]. The observation made here that STAT6 rs324015 was associated with elevated schis-
tosome egg antigen-specific IFNy may have implications for early immune responses such as
reducing Ty2-mediated immunopathology following egg deposition, and examination of the
immunological consequences of this SNP and others on responses to schistosomiasis would
shed further light on the role of host genetics in S. haematobium infection.

Those SNPs identified here as being significantly associated with S. haematobium suscepti-
bility were not individually associated with levels of any systemic or parasite-specific cytokines,
despite having been associated with expression of their respective cytokines previously [68,84].
A number of reasons exist for this discrepancy, including differences in linkage structures
between genes in the study population of this research and that in the study populations of pre-
vious research. For example, neither paper previously finding associations between IL4
rs2070874*T and IFNG rs2069727*G and the expression of their respective cytokines studied
individuals of African heritage. It is known that individuals of African heritage possess genetic
linkage structures significantly different to those of European and other ancestries [109]; there-
fore, it would not follow that a genetic association in a non-African population would neces-
sarily be replicated in an African population. A weak but significant relationship was identified
between the PC representing IL4 SNPs rs2070874, rs2243248 and rs2243250 and CAP-specific
IL-10, however none of these variants were individually associated with these cytokines and
therefore it is not possible to deduce which is most likely to be the causative allele of this weak
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effect. Thus, these results do not provide evidence to hypothesise the underlying mechanism
between infection with S. haematobium and those variants identified as risk and protective
alleles.

This study focusses on an underrepresented group among genetic association studies, as
most population level genetic research focusses on individuals of European ancestry [24]. In
addition, the genetic analysis of infectious disease susceptibility is an underdeveloped field rel-
ative to other diseases including metabolic diseases and cancer [110]. As such, this study pro-
vides novel analyses and findings on both an underrepresented population and disease.
Genetic studies of individuals of African ancestry are particularly important in infectious dis-
eases given the plethora of endemic diseases found on the continent, and the unique genetic
background against which these occur. Population genetics is becoming increasingly recog-
nised as an important modulator of infectious diseases, influencing susceptibility and disease
severity [24]. Expanding analysis of the genetic basis of infectious disease susceptibility beyond
populations of European ancestry is beneficial to understanding how such diseases differen-
tially affect populations of different heritage and how interventions can be best informed to
account for this. For example, the SNP rs12979680 in the IL28B gene encoding type III IFN-A-
3 has been found to associate with improved clearance and response to treatment in hepatitis
C virus infection; however, this polymorphism is vastly more common among individuals of
Asian and European ancestry compared to those of African ancestry, and this difference in
host genetics is thought to partially underlie disparities in hepatitis C virus infection outcomes
between African-Americans and European descendants [111,112]. Furthermore, genetics has
been suggested as an underlying factor in the higher frequencies of allergic and atopic diseases
observed among individuals of African heritage compared to those of European heritage
[113,114]. Host genetics has also been hypothesised to be an underlying factor in the way in
which the SARS-CoV-2 pandemic has manifested in sub-Saharan Africa, as substantially lower
morbidity and mortality arising from the pandemic has occurred compared to European and
North American countries [115,116]. The contextualisation of genetic associations with popu-
lation-level allele frequencies is of additional benefit, as here in this study the novel protective
and risk alleles were found to have higher and lower frequencies, respectively, in the study
population relative to European populations. The frequencies of a range of immune system
polymorphisms reported in this study is valuable as a contribution to the overall understand-
ing of immunogenetics of both Zimbabweans and individuals of sub-Saharan African descent.
Such understanding and continued research may contribute in the future to the use of popula-
tion immunogenetics in the design and implementation of interventions against a range of
infectious diseases.

The study presented here benefits from a number of strengths; this paper focusses on an
underrepresented population and disease, thereby filling a gap in research into host genetic
susceptibility. Furthermore, the sample size allowed the analysis of rarer alleles and the charac-
terisation of the frequency of these SNPs within the population. However, there remains a
number of limitations to the work described here. The exclusion of individuals with either
Plasmodium, HIV or STH infection will, inevitably, have excluded a significant number of
individuals and a particular demographic from participation. Some estimates have suggested
that the prevalence of co-infection with Plasmodium and Schistosoma in some regions of sub-
Saharan Africa may be as high as 30% [117], however the exclusion of co-infections from this
study was necessary in order to control for potentially confounding concurrent immunological
responses to Plasmodium infection. Additionally, although urinary schistosomiasis increases
HIV risk and therefore may represent a significant proportion of all schistosome-infected indi-
viduals [118], prospective participants found to be infected with HIV were excluded to remove
the confounding effects of the immunosuppressive nature of HIV infection. An additional
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limitation of this study is the unequal age distribution, in that the median age skews signifi-
cantly young. While age was adjusted for in statistical modelling, it remains to be seen whether
adult age-related effects exist within the results described here.

In summary, here we report on the frequency of SNPs within cytokine and TF genes and
describe differences between the Zimbabwean study sample and African and European popu-
lations. In addition, we identify novel dominant protective and risk alleles at IL4 rs2070874*T
and IFNG rs2069727*G, respectively, for urogenital schistosomiasis and significantly associate
the IFNG gene with schistosomiasis susceptibility for the first time. These findings add to the
growing understanding of the role of genetic variation in schistosomiasis, emphasise the dual-
ity of Ty responses against schistosomes, and indicate important points of future investigation
that may reveal more about the mechanisms of the host immune response to schistosome
infection. These findings identify where genetic elements associated with elevated T2 reactiv-
ity are more frequently observed among the study sample, contributing to a developing under-
standing of immunogenetics among individuals of African ancestry and highlight the need to
improve the understanding of population-specific immunogenetics in the context of schistoso-
miasis, helminth infections, and neglected tropical diseases more widely.
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